ELECTRONI C OPHTHALM C LENS W TH EYE GAZE SENSOR BACKGROUND OF THE
INVENTION 5 1. Field of the Invention The present invention
relates to a powered or electronic ophthalmc |ens having a sensor
and associ ated hardware and software for detecting eye gaze
direction, and 10 nore particularly, to a powered or electronic
ophthalmc | ens conprising a sensor and associ ated hardware and
software for detecting eye gaze direction to change the state of the
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associated hardware and software for detecting eye gaze direction to change the state

of the powered or electronic ophthalmic lens.

2. Discussion of the Related Art
15
As electronic devices continue to be miniaturized, it is becoming increasingly
more likely to create wearable or embeddable microelectronic devices for a variety of
uses. Such uses may include monitoring aspects of body chemistry, administering
controlled dosages of medications or therapeutic agents via various mechanisms,

20 including automatically, in response to measurements, or in response to external
control signals, and augmenting the performance of organs or tissues. Examples of
such devices include glucose infusion pumps, pacemakers, defibrillators, ventricular
assist devices and neurostimulators. A new, particularly useful field of application is in
ophthalmic wearable lenses and contact lenses. For example, a wearable lens may

25 incorporate a lens assembly having an electronically adjustable focus to augment or
enhance performance of the eye. In another example, either with or without adjustable
focus, a wearable contact lens may incorporate electronic sensors to detect
concentrations of particular chemicals in the precorneal (tear) film. The use of

embedded electronics in a lens assembly introduces a potential requirement for
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enbedded el ectronics in a lens assenbly introduces a potenti al

requi renent for 1 conmunication with the electronics, for a nethod of
powering and/ or re-energizing the electronics, for interconnecting
the electronics, for internal and external sensing and/or nonitoring,
and for control of the electronics and the overall function of the

| ens. 5The human eye has the ability to discern mllions of colors,
adj ust easily to shifting light conditions, and transmt signals or
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lenses placed on the anterior surface of the eye. Contact lenses are considered
medical devices and may be worn to correct vision and/or for cosmetic or other
therapeutic reasons. Contact lenses have been utilized commercially to improve vision
since the 1950s. Early contact lenses were made or fabricated from hard materials,

20 were relatively expensive and fragile. In addition, these early contact lenses were
fabricated from materials that did not allow sufficient oxygen transmission through the
contact lens to the conjunctiva and cornea which potentially could cause a number of
adverse clinical effects. Although these contact lenses are still utilized, they are not
suitable for all patients due to their poor initial comfort. Later developments in the field

25 gave rise to soft contact lenses, based upon hydrogels, which are extremely popular
and widely utilized today. Specifically, silicone hydrogel contact lenses that are
available today combine the benefit of silicone, which has extremely high oxygen
permeability, with the proven comfort and clinical performance of hydrogels.

Essentially, these silicone hydrogel based contact lenses have higher oxygen



and widely utilized today. Specifically, silicone hydrogel contact

| enses that are avail able today conbine the benefit of silicone,

whi ch has extrenely high oxygen perneability, with the proven confort
and clinical performance of hydrogels. Essentially, these silicone
hydr ogel based contact |enses have hi gher oxygen perneability and
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incorporate components for the noninvasive monitoring of the wearer's biomarkers and
health indicators. For example, sensors built into the lenses may allow a diabetic
patient to keep tabs on blood sugar levels by analyzing components of the tear film

25 without the need for drawing blood. In addition, an appropriately configured lens may

incorporate sensors for monitoring cholesterol, sodium, and potassium levels, as well
as other biological markers. This, coupled with a wireless data transmitter, could allow
a physician to have almost immediate access to a patient’s blood chemistry without the

need for the patient to waste time getting to a laboratory and having blood drawn. In



addition, sensors built into the lenses may be utilized to detect

i ght incident on the eye to conpensate for anmbient |ight conditions
or for use in determning blink patterns. The proper conbi nation of
devices could yield potentially unlimted functionality; 5however,
there are a nunber of difficulties associated with the incorporation
of extra conmponents on a piece of optical-grade polyner. In general,
it is difficult to manufacture such conponents directly on the |Iens

for a @In, 8EnéRa BRNSIntAHeWhdesafayBE Rkl A @nebtedtiightipBiIeat bfithe eye
pl anar devices on a non-planar surface. It is also difficult to

manuf adeweapensaisdoeampirnt dghirmmeitionstas feress inclsteraniniag blink pademens
need to be iomniaturized and integrated onto just 1.5 square
centineters of a transparent polynmer while protecting the conponents
fromthe |ifhé grapeyicombirationah debiece geuldlyield potdrdiailduifmited funthonedike

a contact |ens, confortable and,safe for the a, ith the adde

R naieweyer hea T ropEaa e wilfies Sesoastel fatThe dhddted BEp f REE
const r aigitSorfintsn AR Bficaryiage poiiheraSn yehord ack difibgt teand t he
environment in which it is to be utilized, the physical realization

of t he revifastuie suctho@npenenta difagbeen Bte lgps Mrenpumberceiuaasrpsmaaallqp
and int i I i z

aur t ace TOGRIRESH Plkrofhit sftnsF BeiobaBn ATBRREFLATAR, Ot Rfisd uRftah
t her e ewirsarsufactose aale. pfloe campgnentede hamilacad gn @Garie Ensotesiddalbley
robust electronjc contact |ens. As these are powered |epses
end? gy BNt and e aIRc PR Mt t5 SHHEBRBETBRET 81 7 AR epgent Baivmer
el ectr qnﬁicéspﬂoﬁec@n?@ﬁ@@mpghws fildad ey houicce@Inagsht on thBeyscalig afsor an
ophthalmc lens. I'n addition to normal current consunption, powered

devi cesdifiicutt bz akemscastagtiens eripioriablsesnd safeyor tbgurgaser vih g addad ent
reserVe(ﬁickﬂé?scbfsﬁddﬂ%ﬁa‘?%mﬁw kel and switching capabilities to

ensure operation over a potenfially wi de range of operating
paranmeters, and burst consunption, for exanple, up to eighteen (18)
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device must overcome a number of problems, including mounting and interconnecting
a number of electronic components on a non-planar surface, the bulk of which
comprises optic plastic. Accordingly, there exists a need for providing a mechanically

20 and electrically robust electronic contact lens.

As these are powered lenses, energy or more particularly current consumption,
to run the electronics is a concern given battery technology on the scale for an
ophthalmic lens. In addition to normal current consumption, powered devices or

25  systems of this nature generally require standby current reserves, precise voltage
control and switching capabilities to ensure operation over a potentially wide range of
operating parameters, and burst consumption, for example, up to eighteen (18) hours
on a single charge, after potentially remaining idle for years. Accordingly, there exists a
need for a system that is optimized for low-cost, long-term reliable service, safety and

30 size while providing the required power.



30si ze while providing the required power. I n addition,
because of the conplexity of the functionality associated with a
powered | ens and the high level of interaction between all of the
conponents conprising a powered |lens, there is a need to coordinate
and control the overall 5operation of the electronics and optics
conprising a powered ophthalmc |lens. Accordingly, there is a need
for a systemto control the operation of all of the other conponents
that is safe, lowcost, and reliable, has a |ow rate of power
consunption and is scalable for incorporation into an ophthalmc
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bri ght nesbsany number of possible blink patterns, for example, if the individual is dosing off.
15 Blink detection may also be utilized to provide certain functionality, for example,
blinking may be utilized as a means to control one or more aspects of a powered
ophthalmic lens. Additionally, external factors, such as changes in light intensity levels,
and the amount of visible light that a person's eyelid blocks out, have to be accounted
for when determining blinks. For example, if a room has an illumination level between
20  fifty-four (564) and one hundred sixty-one (161) lux, a photosensor should be sensitive

enough to detect light intensity changes that occur when a person blinks.

Ambient light sensors or photosensors are utilized in many systems and
products, for example, on televisions to adjust brightness according to the room light,

25 on lights to switch on at dusk, and on phones to adjust the screen brightness.
However, these currently utilized sensor systems are not small enough and/or do not

have low enough power consumption for incorporation into contact lenses.

It is also important to note that different types of blink detectors may be

30  implemented with computer vision systems directed at one’s eye(s), for example, a
5



However, these currently utilized sensor systens are not small enough
and/ or do not have | ow enough power consunption for incorporation
into contact lenses. It is also inportant to note that different
types of blink detectors may be 30i npl enented with conputer vision
systens directed at one's eye(s), for exanple, a canera digitized to
a conputer. Software running on the conputer can recognize visual
patterns such as the eye open and cl osed. These systens may be
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Accordingly, there exists a need for a means and method for detecting certain
physiological functions, such as a blink, and utilizing them to activate and/or control an
15 electronic or powered ophthalmic lens according to the type of blink sequence detected
by a sensor. The sensor being utilized having fo be sized and configured for use in a

contact lens.

Alternately, pupil convergence rather than or in addition to blinking may be

20 utilized to control the functionality of a contact lens in certain circumstances. When an
individual focuses on a near object, for example when reading, his/her pupils converge
to fix the gaze of both eyes on the same location. This phenomena is based on the
geometry of the system, a triangle being formed by the two eyes and the area of focus,
and attention being brought to a specific, nearby object. This effect is used in the

25 design of spectacles, stereoscopes, and related instruments to ensure clear and
comfortable vision when gazing at nearby objects. This effect may also be monitored in
a clinical setting, for example by recording a user’s pupil positions by observing them
with a camera and performing pattern recognition functions. Pupil convergence could
also be detected by a similar camera and detection system implemented in spectacle

30 lenses.



Alternately, pupil convergence rather than or in addition to blinking
may be 20utilized to control the functionality of a contact lens in
certain circunstances. Wen an individual focuses on a near object,
for exanpl e when reading, his/her pupils converge to fix the gaze of
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el ectronic contact |lens. 15 SUMVARY OF THE | NVENTI ON The el ectronic
ophthalmc lens with gaze direction sensor in accordance with the

15  SUMMARY OF THE INVENTION

The electronic ophthalmic lens with gaze direction sensor in accordance with the
present invention overcomes the limitations associated with the prior art as briefly
described above. The sensor detects and tracks pupil position as a convenient method

20 for changing the state of an electronic ophthalmic device, for example, changing focus
for a presbyopic user. The sensor is integrated into a contact lens instead of requiring
bulky external observation equipment or spectacle lenses. The sensor system has the
necessary low power consumption and small size fo be implemented in a contact lens.
The system has the necessary signal conditioning and sample rate for pleasant, natural

25 use. The system has the necessary signal conditioning and communication methods to

avoid false positive and false negative convergence detection.

In accordance with one aspect, the present invention is directed to a powered
ophthalmic lens. The powered ophthalmic lens comprises a contact lens including an

30  optic zone and a peripheral zone, and an eye gaze tracking system incorporated into
7



present invention overconmes the limtations associated with the prior
art as briefly described above. The sensor detects and tracks pupi
position as a convenient nethod 20 for changing the state of an

el ectroni c ophthal m c device, for exanple, changing focus for a
presbyopi c user. The sensor is integrated into a contact |ens instead
of requiring bul ky external observation equi pnment or spectacle
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sensor output a control signal, and at least one actuator configured to receive the output
control signal and implement a predetermined function.

25
Eye tracking is the process of determining either or both where an individual is

looking, point of gaze, or the motion of an eye relative to the head. An individual's gaze
direction is determined by the orientation of the head and the orientation of the eyes.
More specifically, the orientation of an individual's head determines the overall direction

30 of the gaze while the orientation of the individual's eyes determines the exact gaze
8



25 Eye tracking is the process of determning either or both
where an individual is |ooking, point of gaze, or the notion of an
eye relative to the head. An individual's gaze direction is

determ ned by the orientation of the head and the orientation of the
eyes. More specifically, the orientation of an individual's head
determ nes the overall direction 30 of the gaze while the orientation
of the individual's eyes determ nes the exact gaze direction which

i N tur Bird&ichi Whikle th Riyn [Rniesd Bntrat drightatiort dfehbeadd. Infoenatrin sfrwhadre an
where an individual is gazing provides the abilif eterm ne the
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i ndi vi tndididual fsogarngproyidesine grilibnte datedningthy W&i‘i\{@ﬂﬁ?ﬁﬁ?ﬁ%&fﬁtﬁeﬂt'%d
in an i SCLRI | : p i i LhhVve
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as a direct .input into a controller or conputer.to.contral I
ot} onfSseare 7 MefalrSSeRnty 4y Reme Ry USR5 % o
cont r oliré8n@atinteScaitrMbh6r calByiteet car@l Bebihgr BEEIN. Yinahed eords,
functions. Sinple eye novenents nmay be utilized in a manner sim Lﬁérsng

to "swhipee eypimavemants BEydreutiiBatddn conirel doe RotNsf Pt Firgst g

appl i caty ; el : 688, i
2ppl i e CompIp s bEHETBIRpleSolhaferh e MaThe fuBRAR %R ilar o
t r acki reyipystvelmish aeee peeweacbmnuen ini teech-sorecasindrsnatrhane applicatiorentor

functionality to.th |yzed, .f '
miearanpls shivid & Gue B cBaEngp Shprkalos BBl pdlier Ry o
al so bgyusnd iredmkel EyanyazRURMRINOSystanEBrepriseahpliiizat ito rsstodeor

exanpl e, what individuals are paying l5attention t@ when E{;e .are
wat chi Agmrainisationsnd fupeiesehly tdbase wae arriPaibyZefKior SXR@PEatiEIng eve

col | ec%q,ep{eg,ggeci L SerbicArhE e B YE REradIdhd St §5A triciditpngg otkd 19e REIRSUIR

evi dence 0 Ic visual patterns. Accordingly, infofnmation
gar ner edy hiuoiped f eahimegcielapplicatpusi, formxampiatwheiyndiéduals lare paying a

dedt colt ot Bt oo AT Mo MG b el s B! Tha' ©

t r ackedata GRRERA ferh lisis aadkiag hengesretatistidatly zpeheedts pgvide evidence of
el ectroocul ograns. Search coi|ls or .indyctive seg ors a{e .devi ces
T

. | e .
whi ch FBEETF WstalPalien AerREdIBEIV IECTEIAOR HRINS erecting gygsr pupil
Essent beiherf peliipbas ahaahndeabytRaddesl [nto a contact I ens

type device an arity and anmplitude of the current 25generated
inthe coils varies with the direction and angul ar di spl acenent of

égﬁgg%/?bnp‘g%l' ﬁ%&eggérrﬁga\?ﬁ%ﬁgf cgﬁr;edjrieygﬁ %@E\E‘T’éb?g dBVic@s ﬂﬁ\flia(éﬁinb%ryetrngvement,
including video-based eye trackers, search coils and arrangements for generating
electrooculograms. Search coils or inductive sensors are devices which measure the
variations of the surrounding magnetic fields. Essentially, a number of coils may be
imbedded into a contact lens type device and the polarity and amplitude of the current

25 generated in the coils varies with the direction and angular displacement of the eye. An

electrooculogram is generated by a device for the detection of eye movement and eye
position based on the difference in electrical potential between electrodes placed on
either side of the eye. All of these devices are not suitable for use with a wearable,
comfortable electronic ophthalmic lens or powered contact lens. Therefore, in

30 accordance with another exemplary embodiment, the present invention is directed to a
9



posi tion based on the difference in electrical potential between

el ectrodes placed on either side of the eye. Al of these devices are
not suitable for use wth a wearable, confortable electronic
ophthalmc |l ens or powered contact |lens. Therefore, in 30 accordance
wi t h anot her exenplary enbodi nent, the present invention is directed
to a powered contact |ens conprising a gaze sensor incorporated
directly into the contact |ens. The present invention nore generally
rel at epolvered auiedteshcedthgeding anRizb senpsr istdgorned bizettrydniccthecohtaut
whi ch Ferforrrs any nunber of functions, including actuating a

vari abl®Sf ocus optic if included. The el ectronic systemincludes one
or nore batteries or other power sources, power managenment circuitry,
one or nore sensors, clock generation circuitry, control algorithns
and ci rcui t Tige peasent Ewentior nere genenally relates to a pagmned epnigtt l@gnpower ed

ht hal. m ¢ .|. be. lished t h .
okt o1 P BET B T s DL Py ST RehedPFS g
handhekgtuaR® besavBble-foblid eptiaif RicudedoMhe electbnichsysmmiricheticsirehad moe
| ens may be acconplished via feedback or control signals directl

from t Ratioras erothelopOSAR EEs. PENEHMANEaPMent ﬁf@’%@”?&{@ﬂ‘&ﬁeﬂ‘ég@ct
bl'i nks cﬁ)@ﬁ@%er@tibﬂ%ireﬁim’e&f}ﬁrol Qfg%ﬁ%m@aﬁd theLidpPatd IBhS dAves@rupAce Of
t ophth e

bl i nks, power e almc ns may change”state, for exanpl'e,
its refractive power in order to either focus on a near object or a

o ghant o0l B el i B H e Bl e SPLEEOS uany

pover edpagibd e derias thatGobith b cAESGRINARE GhsQvirdIEEsI PRAMINGS: hand-
held remote unit. Alternately, control of the powered ophthalmic lens may be
accomplished via feedback or control signals directly from the wearer. For example,
sensors built into the lens may detect blinks and/or blink patterns. Based upon the

15  pattern or sequence of blinks, the powered ophthalmic lens may change state, for

example, its refractive power in order to either focus on a near object or a distant object.
Alternately or in addition to, pupil convergence and/or gaze direction may be utilized to

change the state of a powered application lens.

20
BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other features and advantages of the invention will be
apparent from the following, more particular description of preferred embodiments of the

25  invention, as illustrated in the accompanying drawings.

Figure 1 illustrates an exemplary contact lens comprising a blink detection

system in accordance with some embodiments of the present invention.

10



The foregoing and ot her features and advantages of the invention wll
be apparent fromthe follow ng, nore particular description of
preferred enbodi nents of the 25invention, as illustrated in the
acconpanyi ng draw ngs. Figure 1 illustrates an exenplary
contact |lens conprising a blink detection systemin accordance with
sonme enbodi nents of the present invention. Figure 2
illustrates a graphical representation of light incident on the

surface of Fi@%r@ﬂ‘ﬁlu‘éﬁ‘éﬁéésa biafBical FprsdertdtiondofdighPmeidehton EeburoR of
blink pattern recorded at various light intensity |evels versus tine

and a eevarfue ime) Husteating %a@%%blsmn%#mawdv K RdieteEasordrs Fha@rintien
and m P%ﬁwﬁ?eh'sﬂhltevél%v%fsglssﬁfné QKSlasuéarﬁltfﬁ\?@a{m%%%és%dt&?scﬁﬁé BBt

i nvent i tate transition diagram
of a bbetweeﬂ:etheméximuBymcémlmmuaclngmmaanstw\leveisumeccp:n‘damﬂwutlmthmt| on.
10Fi gure s a diagrammatic representation of a photodetection path
ut i ?l ZBE?SPBt '(H‘é‘?'é N-and sanpl e received light signals in accordance
with the present invention. Figure 5 is a block diagram of
digital conditioning logic in accordance with the present .invention.

15 FFigure3és pr exempleex seabpasiion dgogm af aoré'ﬂlé@l@mtion syslem in
accor d%@&oerg%éé‘wkﬂﬂweopr%%smmbéﬁ(t?d?]t I on. Figure 7 is an

exenpl ary am’i n accordance with the present 20i nvention.
Figure 8 is a d| agrammati c representation of a digital system
CO% roller #%u?é: ﬁcl)sr g ad?acgerar\#rrga |ctrggre%fraﬁt%?on of 4 p oan%tectlon path utilized to

detect and sample received light signals in accordance with the present invention.

Figure 5 is a block diagram of digital conditioning logic in accordance with the
present invention.
15
Figure 6 is a block diagram of digital detection logic in accordance with the

present invention.

Figure 7 is an exemplary timing diagram in accordance with the present

20 invention.

Figure 8 is a diagrammatic representation of a digital system controller in

accordance with the present invention.

25 Figure 9 is an exemplary timing diagram for automatic gain conirol in accordance

with the present invention.

Figure 10 is a diagrammatic representation of light-blocking and light-passing
regions on an exemplary integrated circuit die in accordance with the present invention.

30
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25Figure 9 is an exenplary timng diagramfor automatic gain contro
in accordance with the present invention. Figure 10 is a

di agrammatic representation of |ight-Dblocking and |ight-passing
regions on an exenplary integrated circuit die in accordance with the
present invention. 30 Figure 11 is a diagrammtic
representation of an exenplary electronic insert, including a blink
detector, for a powered contact |lens in accordance wth the present

i nvention. ﬁﬁb@fﬁs@&a’g%rﬁnﬁhé@é;ﬁ%tbﬁen bf ambxeapRPEeeietirénic insert,
representati on of the eyes of an individual gazing at a distant

obj ect including a bin@juﬁ@temB fos apowiese aprtact lens t%%ﬁ@éﬂ%]&@d’d'm/@e present
represc—;}r\}%ia]{I on of the eyes of Figure 12A. 10 Figure 13Ais a
di agr anm |c,' front perspective representation of the eyes of an
|nd| vi dual gazing at a near object. Figure 13Bis a

agrammat i erspective rep, entatian of the eyes 15Fi re

158 Byl T2R% & DG et Bt re s e Brmrb ey AT of g 6955 874
exerrpl g{dwiwbhz,ﬂ@sdt@&gaﬁp@bggnvergence sensors having a
comuni cat | on "channel for synchron|2|ng operation between two eyes in

accordance with the present invention. 20
Figure 12B is a diagrammatic, top perspective representation of the eyes of

Figure 12A.

10
Figure 13A is a diagrammatic, front perspective representation of the eyes of an

individual gazing at a near object.

Figure 13B is a diagrammatic, top perspective representation of the eyes of

15  Figure 13A.

Figure 14 is a diagrammatic representation of two exemplary pupil position and
convergence sensors having a communication channel for synchronizing operation
between two eyes in accordance with the present invention.

20
Figure 15A is a diagrammatic representation of an exemplary pupil position and

convergence detection system incorporated into a contact lens in accordance with the

present invention.

25 Figure 15B is an enlarged view of the exemplary pupil position and convergence

detection system of Figure 15A.

Figure 16 is a diagrammatic representation of an exemplary plot of the
correlation between pupil convergence and focal distance.

30
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Figure 15A is a diagranmatic representati on of an exenplary pupil
position and convergence detection systemincorporated into a contact
| ens in accordance with the present invention. 25Figure 15B is an
enl arged view of the exenplary pupil position and convergence
detection system of Figure 15A. Figure 16 is a diagramatic
representation of an exenplary plot of the correlation between pupil
convergence and focal distance. 30 Figure 17A is a

di agr ammat i gigufd PP P8 HRRPEHhLRic! REYitgReEicttive RerEsértaticry ebthefeyas of an
i ndi vi dual gazing to the right. Figure 17B is a

di agr ainsiidual cpaipgpe fgpdght ve representation of the eyes of 5Figure
17A. Figure 18 is a diagrammatic representation of the geonetry
associated with various gaze directions in two dinensions in

accor dance Rigute 1 TR ipa digrammaltientopqrersgectivOEpresEhabESTRhP YR ofF
THE PRFFE EMBODI MENTS Conventional contact |enses are

pol ¥ne |9(5”%ti|5’ﬁct ures with specific shapes to correct various vision
problens as briefly set forth above. To achi eve enhanced
functionality, various circuits and conponents may be integrated into
t hese pol ynEigiee 188 a dearrematicserresamtlian obistgaomely aspocigted with

m cr opy,Qe : | ;

ot uat SIS0 iz o ERIBHTH EEI] Al 7 e o R s S A Rion.
integrated into contact |enses via custombuilt optoelectronic

compongpt.s 1 onNAE AR TION OF THE PREFERRED EMBODIMENTS

Conventional contact lenses are polymeric structures with specific shapes to
correct various vision problems as briefly set forth above. To achieve enhanced
functionality, various circuits and components may be integrated into these polymeric

15  structures. For example, control circuits, microprocessors, communication devices,
power supplies, sensors, actuators, light-emitting diodes, and miniature antennas may
be integrated into contact lenses via custom-built optoelectronic components to not only
correct vision, but to enhance vision as well as provide additional functionality as is
explained herein. Electronic and/or powered contact lenses may be designed to

20  provide enhanced vision via zoom-in and zoom-out capabilities, or just simply modifying
the refractive capabilities of the lenses. Electronic and/or powered contact lenses may
be designed to enhance color and resolution, to display textural information, to translate
speech into captions in real time, to offer visual cues from a navigation system, and to
provide image processing and internet access. The lenses may be designed to allow

25  the wearer to see in low light conditions. The properly designed electronics and/or
arrangement of electronics on lenses may allow for projecting an image onto the retina,
for example, without a variable focus optic lens, provide novelty image displays and
even provide wakeup alerts. Alternately, or in addition to any of these functions or
similar functions, the contact lenses may incorporate components for the noninvasive

30 monitoring of the wearer’s biomarkers and health indicators. For example, sensors
13



correct vision, but to enhance vision as well as provide additional
functionality as is explained herein. Electronic and/or powered
contact | enses may be designed to 20provi de enhanced vision via
zoomin and zoomout capabilities, or just sinply nodifying the
refractive capabilities of the | enses. Electronic and/or powered
contact | enses may be designed to enhance col or and resolution, to
display textural information, to translate speech into captions in

real thiRintbh@idrRes Yﬁa%#@|ov@§%l$aﬁe‘ft@ Mabemty ikaab itas G §Io©ﬂlsugﬁdleﬁv@is by
provi de 1 nmage processing and internet access. The | enses ma

desi g nedalvanglcpﬁwozsﬂﬂs@ leataar fitrp witbeui welr@ﬁdlfpgﬁr@%@ﬂwalppﬁo?ﬁ% addifian,
L
pr oper ﬁggsgﬂgﬁg? F#Ir&ﬁ‘l nﬁgg n%Br géetéo%%ﬁ%&tfo%oﬂlﬁﬁr‘id Q’(E)Brlgs?tem

| enses 0 ec O the t1na
gxarrlpl 9od|wrn1;]I hndtpomssmm Bvehs, taetv\ussi a}qomther lbleimglcaprrmvkeie Abisetdup|edmaitfe a
i spl ays and even proyi de keup alerts. tern or .in addition
o pleeRsetA Famaiieheon SHoRia e s gan (o et et iouRbdiafe ASiteh S
”By ' nﬁQtr é?ﬂ*s%lﬁodtaﬁmﬁ@ﬁ?mhmf the a8} thegsitient RONBStEtiaid Hatting td he

wearer’'s biomarkers and heal th indicators, For example, sensors

bui | t laboraterveancehaving hiepdarawn & additien.isensats kit inte thedepsenmay e
bl ood ggﬁ%ﬁ tB \é?éc?h@%bﬁ éﬁ(tzt%rp@\e 8'&%mp%n9£tetfﬂﬁaﬁi%?erntwlj1Con tf&ﬂ%tor

t he ne raw n tron, ‘an appropriate gur ed
| ens rragrUSBdmdpmrmirengsbmﬁomattéms. m)nl toring chol esterol, sodi um and
pot assium | evels, as well as other biological markers. Thi s coupl ed
with a 5 wireless data transnitter could allow a physician to have

al nost i MedhahBwardEsSelb&rahi® abhtabt lefs bf Brbrebamintdnlionicohpiises it
need for the patient to waste tinme getting to a |aboratory and havi n%]

bl ood Heesasary elemenis iogrprresé ABdOs epdamge thatvisiomef patipsds Wit pngor more o
utili Zﬁ% 38 \%e&ees%F %di Ofdfor! &5‘ 5{%%‘}- o%r%vﬂ% eptf'éef‘frﬁrﬁ"loa EQéfEF&b?‘EEQnT:@functlon.

anbi en condrti ons or use in m ni ng patterns. 10
The poWea@aﬂtam ted etHctronlcmomtmitwts mewbecmltl[lzdtbsmpégs@'&nhamvem'rmal vision

of That PERTLS & Ham ity RLEBChraneas fbE tar bR e andrinrarted or

Ot her WcHR gy Eoinptise Hyafibbledabid @bt lens w@s@mmwﬁaﬁlﬁmpﬁﬂaﬁmmd@d mto
el ectronic contact lens may be utili zed si nply to enhance nortglg!?

vi si onaxsarachiensididust simely ereedsting elecirenies Wihawh a [PngdorRIvcey!
above. ;IRBcRLARGT TRYFeckBRIAERs of the present invention may be incorporated into any

number of contact lenses as described above. In addition, intraocular lenses may also
20  incorporate the various components and functionality described herein. However, for
ease of explanation, the disclosure will focus on an electronic contact lens to correct

vision defects intended for single-use daily disposability.

The present invention may be employed in a powered ophthalmic lens or
25  powered contact lens comprising an electronic system, which actuates a variable-focus
optic or any other device or devices configured to implement any number of numerous
functions that may be performed. The electronic system includes one or more batteries
or other power sources, power management circuitry, one or more sensors, clock

generation circuitry, control algorithms and circuitry, and lens driver circuitry. The

14



| ens may conprise a variable focus optic |lens, an assenbl ed front
optic enbedded into a contact |lens or just sinply enbedding

el ectronics without a lens for any suitable functionality. The

el ectronic lens of the present invention nay be incorporated into any
nunber of contact |enses as described above. In addition, intraocul ar
| enses may al so 20 i ncorporate the various conponents and
functionality described herein. However, for ease of explanation, the

di sclo ! i BfndGn thensqlifed6F d@sitedvi si on
def ectg&:hﬁ]tegr%gj{h%%?%gl Sﬁgnﬁsﬁg%g?'@y@c?% gp@gabnl |tyCI IThe pr esent

i nvent functiomalityef tepdénsied i n a powered ophthal mic | ens or 25power ed
contact |ens conprising an electronic system which actuates a
vari abl e-focus optic or any other device or devices configured to

i npl ement  agynidirdie @éctromeord polverat bmﬂaamatensaya@be;aeccbmpm.d The
el ectroni c system i ncl udes, one or nor eﬁgat teries,
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gener ara'h%ﬁd‘Hél& Hérﬁétﬁz urﬁ;topBF Qkarﬁ%l%oé 'fét?ﬁ%y%ﬂalé%d!yeékbﬁwﬁ'bbnlc@f@wﬁtﬁfﬂﬁe

driver circult | exi of thesSe conmponents may vary
dependpagersd lene bae@ﬂjup@d wmnuab@putefdomdh@we@r@rl ﬁlgerraﬁteb/h@omt@wf the

Cont rol__of t

seconp PSR aPHERbTE RS s PRASHRL SAYA Rielbick Bl shifals directly
Commlrlfr@ﬁi mf@ v\lf)%atrhr tiher é)f%impie ssetisorshuilt h*tandmbhd nnamtetectm:;tkls aRdfor blink
exa e, ar'tlo my wWreless conmmuni cat e wer e ens. hased
upégp rRAtems; #@%dﬂpemt%eau%r&rcgrseqm%%ﬂ %’V@kﬁ g ERNRSE GpnihENic 1ens
power e%%@g%@@e' RPExARPI s FOERINL ips e invbriel eeailigoss sroaheat

signal s romthe wearer. For exanple, sensors built into the
| ens mabjedbora distantmikiechnd/ or blink patterns. Based upon the pattern
or sequence of blinks, the powered ophthal mc | ens may change state,
for exanple, its refractive power in order to either focus on a near
obj ect or aAtestataty, tmhkeietectléhtueerpmmrgd obtlenkouietopbthiatmici lanamayer ed

or electronic ophthalmc |ens d for other variaqu ses

ohat o DR Borios T NERHE UE6h MIRr RS (B IS aorHiRBHE the UEh e

cont ac)dcBiic c%lrh@&bt@e%sagaéwaé 'aeﬂleﬁllﬁ@tafh%ifhe@'e%‘cﬂrfoﬂw de Vit iof %endlh?

sending a comand to anot her el ectronic device, For exanple i nk

det ect commandde anstheralesteonic device. For example, blink detection in an ophthalmic
lens may be used in conjunction with a camera on a computer wherein the camera
keeps track of where the eye(s) moves on the computer screen, and when the user

20 executes a blink sequence that it detected, it causes the mouse pointer to perform a

command, such as double-clicking on an item, highlighting an item, or selecting a menu

item.

A blink detection algorithm is a component of the system controller which detects
25 characteristics of blinks, for example, is the lid open or closed, the duration of the blink,
the inter-blink duration, and the number of blinks in a given time period. The algorithm in
accordance with the present invention relies on sampling light incident on the eye at a
certain sample rate. Pre-determined blink patterns are stored and compared to the

recent history of incident light samples. When patterns match, the blink detection

15



| ens may be used in conjunction with a camera on a conputer wherein
the canera keeps track of where the eye(s) noves on the conputer
screen, and when the user 20executes a blink sequence that it
detected, it causes the nouse pointer to performa comand, such as
doubl e-clicking on an item highlighting an item or selecting a nenu
item A blink detection algorithmis a conmponent of the system
controll er which detects 25characteristics of blinks, for exanple, is
the i gdig8Rem ﬁfayqrigg%ctiwhfirﬂ%%b@m ebntidler [Tbi Bkamplletd adtieatedthiedns
duration, and the nunber of blinks in a given time period. The

al gor i dtivarita cheage thene&a@iitehpewer ¢fribadans. i nvention relies on sanpling
| ight incident on the eye at a certain sanple rate. Pre-determ ned
blink patterns are stored and conpared to the recent history of

i nci dent | i Blvtkis@sthe sapithutosigadndopseningbéthe ¢yslidblandis deeeseritiah
algorithmmay trigger_activity in.the system contr.ol|le for exanpl e,
o act [UPRHn oh el ks BIFANSProlpat e/ Ty G ige poher PR he

| ens.  Bldivididlgpiisk Whén bsjf@cgsh@%é%%a&dw“éb@@em PDxPhity ldehexski Gsinking i s

an essential 5function o e eye. Bl'inking protects the eye from

f or ei gprovigesdubrication ayeaths anteriprruiagasf sheeyhRy nRERdEI tegfss Blinking
unexpe | ' L. . i nki ' C e
e | cPpaie a8 TBhnevE sBoihiaht Ardidr M fro IfRISyRE MG Stinking s
Bl i nki dgn@bstorsaticely, Hub extenmalesticnditraay centtibuterady/iorthé case with grifantsn t he

g0 coREMENEY SIRKNBnBhes bedperpir by cxrrele. 16 Ve Py i fhie

may al §PcHBnRINJReS 9&hily bPWitR ¥RBRFEs cAPblinkehad faHaés and twige gorumabTiee
to communicate verbally or with gestures can blink gnce for, yes and

twi ce bbnk aetectivrealgpritiicn aed systeanofahg oresamtinygatiay vilzesinking Nefedient
| nvent | L L Ok i 1BEpGi Gh dRferGRAYSEB s to
nor mal 'tl—gaﬁicﬁbb%ﬂggefcg%rﬁ%ésﬂé\fvﬂﬁHB@'{'\%@?I%&E{E}H’S pl bl f]nki r{g I's tlo be d1
utilized witized a®amsedrarfoc oontraling ag aativradhérnthe parteulahpatisan selegieskfor a
pattern. sel ected for, a ) . . .
15 given acfion cannot occur at random; otherwise inadvertent actions may occur. As blink
speed may be affected by a number of factors, including fatigue, eye injury, medication
and disease, blinking patterns for control purposes preferably account for these and any
other variables that affect blinking. The average length of involuntary blinks is in the
range of about one hundred (100) to four hundred (400) milliseconds. Average adult
20 men and women blink at a rate of ten (10) involuntary blinks per minute, and the

average time between involuntary blinks is about 0.3 to seventy (70) seconds.

An exemplary embodiment of the blink detection algorithm may be summarized
in the following steps.
25 1. Define an intentional “blink sequence” that a user will execute for positive
blink detection.
2. Sample the incoming light level at a rate consistent with detecting the blink
sequence and rejecting involuntary blinks.
3. Compare the history of sampled light levels to the expected “blink

30 sequence,” as defined by a blink template of values.
16



15 given action cannot occur at random otherw se inadvertent actions
may occur. As blink speed may be affected by a nunber of factors,

i ncluding fatigue, eye injury, nedication and di sease, blinking
patterns for control purposes preferably account for these and any

ot her variables that affect blinking. The average |ength of
involuntary blinks is in the range of about one hundred (100) to four

hundred (400) mlliseconds. Average adult 20nmen and wonen blink at a
rate of ten4(10)obwrpéuy%ﬁréfnér{tlarﬂﬂﬁ;kpﬁfasm setncand irdieat@perras of e
bet ween involuntary blinks is about 0.3 to seventy (70) seconds.

An exetgphplate t@rﬁwgnamdtdwmgtwnﬂrisms,@ge@@ﬁrdwrﬁﬂ@am Tiisnnpayallow for a

summar | 2edold A€ bl & AP HIRR SeadfeeDodl At ph Rl RhASBhe (P ity

sequend@® execut e p05| i ve
2. SanpireidW) evhiergiarinedor matet of leveactaatian rcﬂinﬁotmsllfsd:mmhamml"can occur.

detecting the blink se uence and re ting,i nks.
3. %o 5!3@09%\'& N“'%t”&ﬁ é%?fﬁ'f'%@?ﬂ Pdﬁ% UP@%P@'%O tﬁ%%lé@bé%%lée&cebnnk
SOSequence as deflned by a blink tenplate of values. 16 4,

Optionally inplenent a blink "mask" sequence to indicate portions of
t he tenpl at Antexehwlaryblink deauerioegnay hpalefigemthss falows: near transitions.
Thi s may aI ow f iate froma desired "blink sequence,
such as a pI us o@ '}lﬁa(ﬁ@é%#&f)clifgerror wi ndow, wherein one or nore of
| ens activapj on, ogarforQl5 sand focus change can occur. 5Additionally,

thi II f [ h ' im f the blink
se'@@eﬁg al | ow gﬁnkv(%rolsg(tji%?ol‘éﬁst e user's timng of the blin

At a one hundred (100) ms sample rate, a twenty (20) sample blink template is

given by
blink_template =[1,1,1, 0,0,0,0,0, 1,1,1,1,1, 0,0,0,0,0, 1,1}.
15
The blink mask is defined to mask out the samples just after a transition (0 to
mask out or ignore samples), and is given by
blink_mask =[1,1,1,0,1,1,1,1,0,1,1,1,1,0,1,1,1,1, 0,1}
20 Optionally, a wider transition region may be masked out to allow for more timing

uncertainty, and is given by
blink_ mask =[1,1,0,0,1,1,1,0,0,1,1,1,0, 0,1,1,1,0, 0,11

Alternate patterns may be implemented, e.g. single long blink, in this case
25 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, 0,0,0,0,0,0, 0,1,1,1,1,1}.

It is important to note that the above example is for illustrative purposes and does
not represent a specific set of data.

30
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An exenpl ary blink sequence may be defined as follows: 1. blink
(closed) for 0.5 s 2. open for 0.5 s 3. blink (closed) for 0.5 s

At a one hundred (100) ns sanple rate, a twenty (20) sanple blink
tenplate is given by blink tenplate =[21,1,1, 0,0,0,0,0, 1,1,1,1,1,
0,0,0,0,0, 1,11. 15 The blink mask is defined to mask out the
sanples just after a transition (0O to mask out or ignore sanples),
and is given by blink mask=1[21,1,1, 0,2,1,1,1, O0,1,1,1,1, 0,1,1,1,1,

0,1]. 200t hapatiby ma v Beflefbarsl By @Qméw,gwﬁpamag e mﬁaw Mplé@

allow for nmore timng uncertainty iven by bljink
[ 1, 1, Oag@inst tmeiempla@e and masy, Tmelloglcql qper@tmﬂ is to excluswe OR (XOR) the

ff‘lh}[ gr Q%tsngp %%tetm%{ 121% @plgﬂis&ﬁls‘wﬁ%@@ ’onea Qi w1§é RS, ér%ﬂgmw \}é?#y tHafall

npl-ate;
bl i nk_uempablkédhistdri bits inatctDiH@ tethplate, Gpﬂeﬂamﬁle()a@ Imfsﬁra@ﬁ in the blink mask

0. 1 L :sLampEe]s above, in each place of the sequence of a blink mask that the value is logic 1,

a blink has to match the blink mask template in that place of the sequence. However, in
each place of the sequence of a blink mask that the value is logic 0, it is not necessary
that a blink matches the blink mask template in that place of the sequence. For
example, the following Boolean algorithm equation, as coded in MATLAB®, may be

10 utilized.
matched = not (blink_mask) | not (xor (blink_template, test_sample}),

wherein test_sample is the sample history. The matched value is a sequence with the
15  same length as the blink template, sample history and blink_mask. If the matched
sequence is all logic 1’s, then a good match has occurred. Breaking it down, not (xor
(blink_template, test_sample)) gives a logic 0 for each mismatch and a logic 1 for each
match. Logic oring with the inverted mask forces each location in the matched
sequence to a logic 1 where the mask is a logic 0. Accordingly, the more places in a
20 blink mask template where the value is specified as logic 0, the greater the margin of
error in relation to a person’s blinks is allowed. MATLAB®is a high level language and
implementation for numerical computation, visualization and programming and is a
product of MathWorks, Natick, Massachusetts. It is also important to note that the
greater the number of logic 0’s in the blink mask template, the greater the potential for
25 false positive matched to expected or intended blink patterns. 1t should be appreciated
that a variety of expected or intended blink patterns may be programmed into a device
with one or more active at a time. More specifically, multiple expected or intended blink
patterns may be utilized for the same purpose or functionality, or to implement different
or alternate functionality. For example, one blink pattern may be utilized to cause the

30 lens to zoom in or out on an intended object while another blink pattern may be utilized
18



It is inportant to note that the above exanple is for illustrative
pur poses and does not represent a specific set of data. 30

Detection may be inplenented by logically conparing the history of
sanpl es agai nst the tenplate and mask. The | ogical operation is to
exclusive-OR (XOR) the tenplate and the sanple history sequence, on a
bitw se basis, and then verify that all unmasked history bits match
the tenplate. For exanple, as illustrated in the blink mask 5sanples

above, td &L%%Cého%éifcb%v&fe ¥d?%xaﬁ~m@r@pmﬂ§; & Pl 1BKs fRedivehatdosbafwal ue
is logic 1, a blink has 'to match the blink nask tenplate in that

pl ace tb‘fer@n%ltlfy@jl@éhce However, in each place of the sequence of a

blink mask that the value is Iogic O, it is not necessary that a

bl i nk matches the blink mask tenplate in that place of the sequence.
For exanpl eFiguke1 inistratsispin Bock élagrahgmrm tahoondapi densoh)0, @smpviding 4m

MATLAB( r e Iou I 1ized. mat d =n bl i nk  mas not r
(bl T nkcSlebliphaeun detetior sy5ies) i aarene pabenaeiem e s piahppiRe

hi st or Mres@ﬁ?m%ﬁt?d?ﬁ‘Qn\{ﬁslsl@(ehﬁ)lﬁyménwﬁéﬁekb@omﬁ%ﬁﬁﬁdé@ﬁw Rysem
the blink tenplate, sanple history and blink mask. If the matched

sequent@yiasnaisel mphefosensor fiRgnar agwliientis Fnianalegciondigiel copverki Mg

It do ( ﬁrgg_ te ‘Taasrga | r
each gnd;?é: g(&)gltéib%%ﬂmﬁ 'S&tgea%h &S ch togl1(:(9oa\rh::){?lcgtQaV\tlllDPﬁ11§ dd &
invertejtbtemsdorftmrlereMcEach | ocation in the matched sequence to a | ogic
1 where the mask is a logic 0. Accordingly, the nore places in a
20B%i nk mask tenplate where the value is specified as logic 0, the

greater theywminghe cBhtaet FeWs 100 & Bl Ghtd hedrdiistiffacs obh iuBksSs kge the

al l owed. MATLAB(r) is a high |evel |anguage and
electronic circuitry of the blink detector system may be utilized to implement the blink
detection algorithm of the present invention. The photosensor 102, as well as the other
circuitry, is configured to detect blinks and/or various blink patterns produced by the

15 user's eye.

In this exemplary embodiment, the photosensor 102 may be embedded into the
contact lens 100 and receives ambient light 101, converting incident photons into
electrons and thereby causing a current, indicated by arrow 103, to flow into the

20 amplifier 104. The photosensor or photodetector 102 may comprise any suitable
device. In one exemplary embodiment, the photosensor 102 comprises a photodiode.
In a preferred exemplary embodiment, the photodiode is implemented in a
complimentary metal-oxide semiconductor (CMOS process technology) to increase
integration ability and reduce the overall size of the photosensor 102 and the other

25  circuitry. The current 103 is proportional to the incident light level and decreases
substantially when the photodetector 102 is covered by an eyelid. The amplifier 104
creates an output proportional to the input, with gain, and may function as a
transimpedance amplifier which converts input current into output voltage. The amplifier
104 may amplify a signal to a useable level for the remainder of the system, such as

30  giving the signal enough voltage and power to be acquired by the ADC 106. For
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I npl ementation for nunerical conputation, visualization and
programm ng and is a product of MathWrks, Natick, Massachusetts. It
Is also inportant to note that the greater the nunber of logic Os in
the blink nask tenplate, the greater the potential for 25 false
positive matched to expected or intended blink patterns. It should be
appreciated that a variety of expected or intended blink patterns may
be programmed into a device with one or nore active at a tinme. Mre
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net al - @Ignabt%téma@awd@rcmr T@@mstem 6@@5@@&%@@%@@9@?8. &II?@P%@E@@

I nt egrg‘ﬁé{ﬁ abl lity and reduce the overall size of the photosensor
102 an e’ot her

20 In this exemplary embodiment, the ADC 106 may be used to convert a
continuous, analog signal output from the amplifier 104 into a sampled, digital signal
appropriate for further signal processing. For example, the ADC 106 may convert an
analog signal output from the amplifier 104 into a digital signal that may be useable by
subseguent or downstream circuits, such as a digital signal processing system or

25 microprocessor 108. A digital signal processing system or digital signal processor 108
may be utilized for digital signal processing, including one or more of filtering,
processing, detecting, and otherwise manipulating/processing sampled data to permit
incident light detection for downstream use. The digital signal processor 108 may be
preprogrammed with the blink sequences and/or blink patterns described above. The

30 digital signal processor 108 also comprises associated memory. The digital signal
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25circuitry. The current 103 is proportional to the incident |ight

| evel and decreases substantially when the photodetector 102 is
covered by an eyelid. The anplifier 104 creates an output
proportional to the input, with gain, and may function as a

transi npedance anplifier which converts input current into output
voltage. The anmplifier 104 may anplify a signal to a useable |evel
for the remai nder of the system such as 30 giving the signal enough
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associ at ed, nenpr 20ln t s exenpl ary enbodi nrent, the ADC 106 nay be
uséel tg"’ H(%#%?'t & aGMAHds, anal og signal output fromthe anplifier
104 into a sanpled, digital si gnhal appropriate for further signal
processi ng. For exarrpl e, the ADC 106 may convert an anal og si gnal
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digital signal processor 108 may be preprogramed with the blin

sequen@6eOWHMader vaiavs Tpeleremay nitigele; aneiprapevent efes in detecting blinks
when sampling light incident on the eye, such as accounting for changes in light

intensity fevels in different places and/or while performing various activities.

25  Additionally, when sampling light incident on the eye, accounting for the effects that
changes in ambient light intensity may have on the eye and eyelid may also mitigate
and/or prevent error in detecting blinks, such as how much visible light an eyelid blocks
when it is closed in low-intensity light levels and in high-intensity light levels. In other
words, in order to prevent erroneous blinking patterns from being utilized to control, the

30 level of ambient light is preferably accounted for as is explained in greater detail below.
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30di gital signal processor 108 al so conprises associ ated nenory. The
digital signal processor 108 may be inplenmented utilizing anal og
circuitry, digital circuitry, software, or a conbination thereof. In
the illustrate exenplary enbodinment, it is inplenented in digital
circuitry. The ADC 106 along with the associated anplifier 104 and
digital signal processor 108 are activated at a suitable rate in
agreenent with the sanpling rate 5previously described, for exanple
every one hundred (100) ns. A pomer source 110 supplies power
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is expﬂ!@'ﬁﬁl@@]d.fﬁﬁ)@b@@{@}al gébgng abg.:, tg)vgietect when an individual is blinking, as
20 opposed to when an individual is not blinking and/or there is just a change in light

intensity level in a certain area.

Referring now again to Figure 1, in further alternate exemplary embodiments, the
system controller 114 may receive input from sources including one or more of a blink
25  detector, eye muscle sensors, and a fob control. By way of generalization, it may be
obvious to one skilled in the art that the method of activating and/or controlling the
system controller 114 may require the use of one or more activation methods. For
example, an electronic or powered contact lens may be programmable specific to an
individual user, such as programming a lens to recognize both of an individual's blink

30 patterns and an individual’s ciliary muscle signals when performing various actions, for
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For exanple, in a study, it has been found that the eyelid on average
bl ocks approxi mately ninety-nine (99) percent of visible light, but
at | ower wavel engths less light tends to be transmtted through the
eyel id, blocking out approximtely 99.6 percent 5of visible |ight. At
| onger wavel engths, toward the infrared portion of the spectrum the
eyelid may block only thirty (30) percent of the incident |ight. Wat
is inportant to note; however, is that light at different
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a near object, the actuator 112 may be utilized to change the refractive power of the
20 electronic ophthalmic lens, for example, via a dynamic multi-liquid optic zone. In an
alternate exemplary embodiment, the system controller 114 may output a signal
indicating that a therapeutic agent should be delivered to the eye(s). In this exemplary
embodiment, the actuator 112 may comprise a pump and reservoir, for example, a
microelectromechanical system (MEMS) pump. As set forth above, the powered lens of
25  the present invention may provide various functionality; accordingly, one or more

actuators may be variously configured to implement the functionality.

Figure 3 illustrates a state transition diagram 300 for an exemplary blink
detection system in accordance with the blink detection algorithm of the present

30 invention. The system starts in an IDLE state 302 waiting for an enable signal bl_go to
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exanpl e, focusing on an object far away, or focusing on an object
that is near. In sone exenplary enbodi nents, using nore than one
nmethod to activate an el ectronic contact |ens, such as blink
detection and ciliary muscle signal detection, nay give the ability
for each nethod to be crosschecked with anot her before activation of
the contact lens 5 occurs. An advantage of crosschecki ng may include
mtigation of false positives, such as mnimzing the chance of
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I nvention ma royjde various functionality: accordingly, one or, nore
15 tobe pelyfo:pmed by the powered op%%walm?c lens. ){'he system or &a% machine then

transitions to the DONE state 310 and asserts a bl_done signal to indicate its operations

are complete.

Figure 4 illustrates an exemplary photosensor or photodetector signal path

20 pd_rx_top that may be used to detect and sample received light levels. The signal path
pd_rx_top may comprise a photodiode 402, a transimpedance amplifier 404, an
automatic gain and low pass filtering stage 406 (AGC/LPF), and an ADC 408. The
adc_vref signal is input to the ADC 408 from the power source 110 (see Figure 1) or
alternately it may be provided from a dedicated circuit inside the analog-to-digital

25  converter 408. The output from the ADC 408, adc_data, is transmitted to the digital
signal processing and system controller block 108/114 (see Figure 1). Although
illustrated in Figure 1 as individual blocks 108 and 114, for ease of explanation, the
digital signal processing and system controller are preferably implemented on a single
block 410. The enable signal, adc_en, the start signal, adc_start, and the reset signal,

30 adc_rst_n are received from the digital signal processing and system controller 410
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actuators may be variously configured to inplenent the functionality.
Figure 3 illustrates a state transition diagram 300 for an exenpl ary
blink detection systemin accordance with the blink detection

al gorithm of the present 30i nvention. The systemstarts in an |IDLE
state 302 waiting for an enable signal bl _go to be asserted. Wen
the enable bl _go signal is asserted, for exanple, by an oscillator
and control circuit which pulses bl _go at a one hundred (100) ns rate
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| ens. The systemor state nachine then transitions to the DCNE state
310 and asserts a bl _done signal to indicate its operations ar
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(see Fbguh@sug)uapédoaldbﬁ mAEe! Thé ngﬁ@b’reg%té}rm id ednfigurat o deckipt at rexly
circuit inside the analog-to-di %htal SConverter 408. The OU(H)Ut from

the ADwelig®n thgadgatiala signal miwsnhe eea_sANPIRES siplaliis psserted an

otherwise hold the last accepted value when the adc_complete signal is received. In
this manner the system may disable the photodetection signal path once the data is

20 latched to reduce system current consumption. The held data value may then be
averaged, for example, by an integrate-and-dump average or other averaging methods
implemented in digital logic, in the threshold generation circuit 504 to produce one or
more thresholds on the signal pd_th. The held data value may then be compared, via
comparator 508, to the one or more thresholds to produce a one-bit data value on the

25  signal pd_data. It will be appreciated that the comparison operation may employ
hysteresis or comparison to one or more thresholds to minimize noise on the output
signal pd_data. The digital conditioning logic may further comprise a gain adjustment
block pd_gain_adj 508 to set the gain of the automatic gain and low-pass filtering stage
406 in the photodetection signal path via the signal pd_gain, illustrated in Figure 4,

30 according to the calculated threshold values and/or according to the held data value. it
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si gnal processing and systemcontroller block 108/ 114 (see Figure 1).
Al though illustrated in Figure 1 as individual blocks 108 and 114,
for ease of explanation, the digital signal processing and system
controller are preferably inplenmented on a single block 410. The
enabl e signal, adc_en, the start signal, adc_start, and the reset
signal, 30adc_rst_n are received fromthe digital signal processing
and systemcontroller 410 while the conplete signal, adc_conplete,
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nore thresholds to m nimze noise on the output signal pd_data. The
di éPt al conditioning logic may further conprise a gain adjustnent

bl ock pd_gaiTRe#gieshO8 deebitiontdheull 308 redy bé eurthér edapied tgaipdatnte values
| ow-pass filtering stage 406 in the photodetectlon S|gnal Lloath Vi a

the si ghthe M_ijaﬁﬂﬁ pq 1Y Lﬁg}p}sdﬂégquilspﬁg@h@nges in the pd_gain val If the
pd_gain value increases by one step, then the pd_pk and pd_vl values are increased by

a factor equal to the expected gain increase in the photodetection signal path. If the

25 pd_gain value decreases by one step, then the pd_pk and pd_val values are decreased
by a factor equal to the expected gain decrease in the photodetection signal path. In
this manner the states of the peak detector and valley detectors, as held in the pd_pk
and pd_vl values, respectively, and the threshold value pd_th as calculated from the

pd_pk and pd_vl values are updated to match the changes in signal path gain, thereby
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30according to the cal cul ated threshold val ues and/ or according to
the held data value. It is inportant to note that in this exenplary
enbodi nent six bit words provide sufficient resolution over the
dynam c range for blink detection while mnimzing conplexity. In one
exenpl ary enbodi nent, the threshold generation circuit 504 conprises
a Speak detector, a valley detector and a threshold cal cul ation
circuit. In this exenplary enbodi nent, the threshold and gain control
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S| qglal gBﬁéJ&tloh :r&tﬂ\?ts further illustrated in Figure 9, as discussed subsequently.

Figure 6 illustrates a block diagram of digital detection logic 600 that may be
used to implement an exemplary digital blink detection algorithm in accordance with an
embodiment of the present invention. The digital detection logic 600 may comprise a

20  shift register 602 adapted to receive the data from the photodetection signal path
pd_rx_top, Figure 4, or from the digital conditioning logic, Figure 5, as illustrated here on
the signal pd_data, which has a one bit value. The shift register 602 holds a history of
the received sample values, here in a 24-bit register. The digital detection logic 600
further comprises a comparison block 604, adapted to receive the sample history and

25  one or more blink templates bl_tpt and blink masks bl_mask, and is configured to
indicate a match to the one or more templates and masks on one or more output signals
that may be held for later use. The output of the comparison block 604 is latched via a
D flip-flop 606. The digital detection logic 600 may further comprise a counter 608 or
other logic to suppress successive comparisons that may be on the same sample

30 history set at small shifts due to the masking operations. In a preferred exemplary
27



25 pd_gai n val ue decreases by one step, then the pd_pk and pd_val

val ues are decreased by a factor equal to the expected gain decrease
in the photodetection signal path. In this nmanner the states of the
peak detector and valley detectors, as held in the pd _pk and pd_ vl
val ues, respectively, and the threshold value pd_th as cal cul at ed
fromthe pd_pk and pd_vl values are updated to match the changes in
signal path gain, thereby avoiding discontinuities or other changes
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here in a 24-bit register. The digital detection | aogic 600 further
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hi st or 3§|g?1'§pwh|ch is utilized to set the gain of the amplifiers before the ADC. This signal is
shown as being set before the warm-up time to allow the analog circuit bias and signal

20 levels to stabilize prior to conversion.

Figure 8 illustrates a digital system controller 800 comprising a digital blink
detection subsystem dig_blink 802. The digital blink detection subsystem dig_blink 802
may be controlled by a master state machine dig_master 804 and may be adapted to
25  receive clock signals from a clock generator cilkgen 806 external to the digital system
controller 800. The digital blink detection subsystem dig_blink 802 may be adapted to
provide control signals to and receive signals from a photodetection subsystem as
described above. The digital blink detection subsystem dig_blink 802 may comprise
digital conditioning logic and digital detection logic as described above, in addition to a

30 state machine to control the sequence of operations in a blink detection algorithm. The
28



250ne or nore blink tenplates bl _tpl and blink masks bl _mask, and is
configured to indicate a match to the one or nore tenpl ates and nmasks
on one or nore output signals that may be held for |ater use. The

out put of the conparison block 604 is latched via a D flip-flop 606.
The digital detection logic 600 nmay further conprise a counter 608 or
other logic to suppress successive conparisons that may be on the
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di g_bl indic16 2hempuxiveuradmpitredhirhom values of the adc_data and adc_data_held signals.
20  The range of values between the minimum and maximum is also known as the dynamic
range of the adc_data signal. As discussed below, the photodection signal path gain is
different (lower) in the second portion of the plot. In general the adc_data_held value is
directly proportional to the photocurrent, and the gain changes only affect the ration or
the constant of proportionality. Figure 9C illustrates the pd_pk, pd_vl and pd_th_mid
25  values calculated in response to the adc_data_held value by the threshold generation
circuit. Figure 9D illustrates the pd_pk, pd_vl and pd_th_pk values calculated in
response to the adc_data_held value in some exemplary embodiments of the threshold
generation circuit. Note that the pd_th_pk value is always some proportion of the pd_pk
value. Figure 9E illustrates the adc_data_held value with the pd_th_mid and pd_th_pk

30 values. Note that during long periods of time where the adc_data_held value is
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provi de control signals to and receive signals froma phot odetection
subsystem as descri bed above. The digital blink detection subsystem
dig blink 802 may conprise digital conditioning |ogic and digital
detection |logic as described above, in addition to a 30state nachine
to control the sequence of operations in a blink detection algorithm
The digital blink detection subsystemdig blink 802 may be adapted
to recei ve an enable signal fromthe master state machine 804 and to
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region 1002, a light blocking region 1004, bond pads 1006, passivation openings 1008,
and light blocking layer openings 1010. The light-passing region 1002 is located above

25 the photosensors (not illustrated), for example an array of photodiodes implemented in

the semiconductor process. In a preferred exemplary embodiment, the light-passing
region 1002 permits as much light as possible to reach the photosensors thereby
maximizing sensitivity. This may be done through removing polysilicon, metal, oxide,
nitride, polyimide, and other layers above the photoreceptors, as permitted in the

30 semiconductor process utilized for fabrication or in post processing. The light-passing
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relatively constant the pd_th_md val ue beconmes equal to the
adc_data_held value as the pd_v1l value decays to the sane | evel. The
pd th _pk value always renmai ns sonme anount bel ow the adc_data held
value. Also illustrated in Figure 9E is the selection of pd_th where
the pd_th value is selected to be the Iower of pd_th_pk and pd

th_ md. In 5 this way the threshold is always set sone distance away
fromthe pd pk val ue, avoiding false transitions on pd_data due to
noi se r
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possi b 0 reach the photosensors thereby maxi mzing sensitivity.

Thi s maps#eationias passivgition epeningg 1968 e pefmibsonmetian to dhe bend pads i 0.
pol yi m de, and ot her |ayers above the photoreceptors, as permtted in
t he 30sem conductor process utilized for fabrication or in post

processi ng. Figuee Hil ghistragsssamgxeraplagy ddiddctiays aits anredeationtc intartr
special processing to optimze |ight detectign, for exa
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requir I|g t “exposure.

comprises an electronic msert 1104. This insert 1104 includes a lens 1106 which is
activated by the electronics, for example focusing near or far depending on activation.
Integrated circuit 1108 mounts onto the insert 1104 and connects to batteries 1110, lens

25 1106, and other components as necessary for the system. The integrated circuit 1108
includes a photosensor 1112 and associated photodetector signal path circuits. The
photosensor 1112 faces outward through the lens insert and away from the eye, and is
thus able to receive ambient light. The photosensor 1112 may be implemented on the
integrated circuit 1108 (as shown) for example as a single photodiode or array of

30 photodiodes. The photosensor 1112 may also be implemented as a separate device
31



performance of the other circuitry may be degraded by photocurrents,
for exanple 5shifting bias voltages and oscillator frequencies in the
ultra-low current circuits required for incorporation into contact

| enses, as nentioned previously. The |ight-blocking region 1004 is
preferentially fornmed with a thin, opaque, reflective material, for
exanpl e al um num or copper already use in sem conductor wafer
processi ng and post- processing. If inplemented with netal, the
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1100 conprises a soft plastic portion 1102 which conprises an
el @tronic insert 1104. This insert 1104 includes a |lens 1106 which

i s activated fypb QE RlcRftdd Bt B%e bl dGXaMP Q?Bmﬁkﬁsﬂn@g BRAATpIShertad in
dependi ng on activ PIOH. Integrated circuit 1108 nounts onto the
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phd? os BALHPNed #orasgyn e tﬁ%PB%ﬁ?@d’ CIEfM- i ntegrated circuit 1108

(as shown) for exanple as a single photodiode or array of 30

phot odi odes. The photosensor 1112 may al so be inplenmented as a
separ at e deltiiginportant to note that the blink detection system of the present invention has

broader uses than for vision diagnostics, vision correction and vision enhancement.
These broader uses include utilizing blink detection to control a wide variety of
20 functionality for individuals with physical disabilities. The blink detection may be set up

on-eye or off-eye.

In accordance with another exemplary embodiment, a powered or electronic
ophthalmic lens may incorporate a pupil position and convergence detection system. In
25  the process of accommodation, the crystalline lens geometry is changed via action of
the ciliary muscle to increase its add power as the individual attempts to focus on a near
distance object. At the same time as the crystalline lens accommodates, two other
actions occur; namely, each eye (pupil) moves slightly inward towards the nose,
convergence, and the pupils get a bit smaller (miosis). The changes in the crystalline

30 lens, convergence and miosis are generally referred to as the accommodative reflex. In
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mounted on the insert 1104 and connected with wiring traces 1114.
When the eyelid closes, the lens insert 1104 incl udi ng phot odet ect or
1112 is covered, thereby reducing the light Ievel incident on the
phot odet ector 1112. The photodetector 1112 is able to neasure the
anbient light to determine if the user is blinking or not. 5

Addi tional enbodi nents of the blink detection algorithmmmay allow for
nore variation in the duration and spaci ng of the blink sequence, for

exanpl |l %hé"r] : [

endi ngsﬁéyrrewogcﬁg'a I'rs ﬁgw‘ﬁrﬁa@?oa%ﬁégsﬁ %%y%c?’ﬁg?gx%ﬁg%ﬁﬁﬁﬁ% g'[n?’jor
by wi dbisiardner pepitmsdnvedgm ta fix tieegazernf dothaegey O thel sareg Jocation. This |t
w Il be appreciated that the blink tecti,on al. | t b

ol enghEBanETeisqeEt ardhp eegmaty & She atem ER iy BRrERY roled from
M cr oc gHy diglahee betiserathgaivbtdyas lapditke dlstanioer fRsiariathleyetio Ryolject. A

I npl emented in a single application-specific |ntegrated circuit,
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may in of ihe RO 21 t i £Mnd N
25" hoore cor EPmRIE fhe BATed ila Y 0 BURCRRD RoodeRl i aiRe Y it
changedhedil aonditonof Intdiercivbidar i showldladsct loe Rppiesided thed aatttiosoulirings
the i ng{]c\:lﬁ g‘é%'nsgrt r%g{fr% cﬁaongfeos 52 iR Rafl§& visible to the user; rather the device

may simply log data. For example, such a sensor could be used to determine if a user

15  has the proper iris response throughout a day or if a problematic medical condition

exists.

Figures 12A and 12B illustrate different views of the two eyes 1200 of an
individual who is gazing at a distant object which requires far focus, for example, driving

20 acar, instead of near focus, for example, reading a book. Figure 12A illustrates a front
perspective of the eyes 1200, whereas Figure 12B illustrates a top perspective of the
eyes 1200. While gazing at a distant object, not illustrated, the pupils 1202 are centered
and track together. Lines 1201 between the pupils 1202 and the object under
observation are parallel as is shown by angles 1204 both being ninety (90) degrees.

25  This is because the distance between the two eyes 1200 on any individual is much less
than the distance from the eyes 1200 to the object under observation. As an individual
tracks the movement of a distant object, although the eyes 1200 move, the angles 1204
remain very close to ninety (90) degrees, again because the distance between the two
eyes 1200 is much less than the distance from the eyes 1200 to the object under

30 observation.
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di stance object. At the sane tinme as the crystalline |lens
accommodat es, two ot her actions occur; nanely, each eye (pupil) noves
slightly inward towards the nose, convergence, and the pupils get a
bit smaller (mosis). The changes in the crystalline 30l ens,
convergence and mosis are generally referred to as the acconmodative
reflex. In other words, when an individual focuses on a near object,
for exanple when reading, his or her pupils converge to fix the gaze
of both eyes on the sanme |ocation. This phenonenon is based on the
geonetry of the systemwhich is a triangle fornmed fromthe distance
bet ween t heFigureselds anthd 3Blikustiate amair of eyas 4300 suhstaniallyrrimile] tedhosen
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di st angeBRlGEd nabf obSrfhRs, LBy Mod &rrw%% {dhalepiihe cbpREEAdSAL a,

in addition to or 1n alternate 10use may si be utilized as part
of a cobsawsaiianwiihiodes §eldafhviaw. tAmilusisatadt via gyaggergtieanpils F3P2

exanpl e, the sensed data | | d, | i
Croat | FANYRRER 201 Tetvps asei R S b e ARG e hoels S the
altop{ echﬁe@ﬂuM@tob%ed%ﬁgF %r?hbllci;]rzjeﬁ@aﬁal@h mdstﬁasﬁglemﬂ)ﬁomare tasmrtyen I
state in a manner visible to the user; rather t I I

| 080 daDietFH0) drarRsse ThisRENAMEBALBRY YR R R
user 1phas di¥sBF A Ff('i:r(l) %‘!?ah%@%&%aﬁé"ﬂi%ﬁ@‘éﬁ@oQBWe@trleEH hi.@lor her arm

probl emati c nedi ca ition exists. Figures 12A and 12B illustrate
di f f er &nly exterwiedoAstthe subjecteyrings1B0r ber fnger swiser,digpbr ereves whzi ng

202 caronae SakEige earhgREe B B ordrbBued i ng & book. Fi gure
12A il lustrates a front perspective of the eyes 1200, whereas Figure
B Lo BB S Pl o LS s ke B et
inser PR 1241085 BACkg sisnan Wbsaiull s st oRbRgto o
ni net y coo@yt bageed400. Pupils 1402 are illustrated convgrg%r&%ore rs18ar object?/Eewinge.I Fr’]gpil
position and convergence detection systems 1404 incorporated within contact lenses
1400 that are positioned on eyes 1406 track the position of the pupils 1402 and/or the
20 contact lenses 1400, for example, with reverse-facing photodetectors to observe the
pupils 1402 or with accelerometers to frack movement of the eyes 1406 and hence the
pupils 1402. The pupil position and convergence detector systems 1404 may comprise
several components forming a more complex system, for example a 3-axis
accelerometer, signal conditioning circuitry, a controller, memory, power supply, and a
25  transceiver as is described in detail subsequently. Communication channel 1401
between the two contact lenses 1400 allows the pupil position and convergence
detection systems 1404 to synchronize on pupil position. Communication may also take
place with an external device, for example, spectacle glasses or a smartphone.

Communication between the contact lenses 1400 is important to detect convergence.

30 For example, without knowing the position of both pupils 1402, simply gazing down to
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25 This is because the distance between the two eyes 1200 on any

i ndi vidual is nmuch less than the distance fromthe eyes 1200 to the
obj ect under observation. As an individual tracks the novenent of a
di stant object, although the eyes 1200 nove, the angles 1204 remain
very close to ninety (90) degrees, again because the distance between
the two eyes 1200 is nuch |l ess than the distance fromthe eyes 1200
to the object under 30observation. Figures 13A and 13B illustrate a
pai r ofhedyft snshBiI08 dstebtddoad caivieygerios Byathetright Bys since Ithis pugit €404 has
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conver gatetmirdetdchod neyaltyens 1404 nay conpri se several conponents
formng a nore conplex system for exanple a 3-axis accel eroneter,
signal conditioning circuitry, a controller, nenory, power supply,

and a 25t r apsg&io¥@anceswitts o€ 8kéinbREy bmbdeainadt, 8 dRpNseMiupication system
Conmmuni cati on channel 1401 between the two contact |enses 1400 allo
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conver gence,
émodulator, a channel decoder and a source decoder.

The information source may comprise any device that generates information
25  and/or data that is required by another device or system. The source may be analog or
digital. If the source is analog, its output is converted into a digital signal comprising a
binary string. The source encoder implements a process of efficiently converting the
signal from the source into a sequence of binary digits. The information from the source
encoder is then passed into a channel encoder where redundancy is introduced into the

30 binary information sequence. This redundancy may be utilized at the receiver to
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30For exanpl e, w thout knowi ng the position of both pupils 1402,
sinmply gazing down to the |left may be detected as convergence by the
right eye since the pupil 1402 has sim |l ar novenent for both actions.
However, if the right pupil is detected noving down to the left while
the pupil of the left eye is detected noving down to the right,
convergence may be construed. Conmmunication between the two contact

| enses 1400 5may take the form of absolute or relative position, or
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digits e |n ormation fromthe source encoder is then passed into a
channel encoder where redundancy is introduced into the 30 binary
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to
hardware, in software or in a combination of hardware and software. In addition, the

20 communication channel may comprise any type of channel, including wired and
wireless. |n wireless, the channel may be configured for high frequency
electromagnetic signals, low frequency electromagnetic signals, visible light signals and

infrared light signals.

25 Figures 15 A and B are diagrammatic representations of an exemplary pupil
position and convergence detection system 1500 for control of one or more aspects of a
powered ophthalmic lens. Sensor 1502 detects the movement and/or position of the
pupil or, more generally, the eye. The sensor 1502 may be implemented as a multi-axis
accelerometer on a contact lens 1501. With the contact lens 1501 being affixed to the

30 eye and generally moving with the eye, an accelerometer on the contact lens 1501 may
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overcone the effects of noise, interference and the |ike encountered
on the channel. The binary sequence is then passed to a digital

nmodul at or which in turn converts the sequence into anal og el ectrical
signals for transm ssion over the channel. Essentially, the digital
nodul at or maps the binary sequences into signal waveforns or synbols.
5 Each synbol may represent the value of one or nore bits. The
digital nodulator may nodul ate a phase, frequency or anplitude of a
hi gh f i i or
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sensor 1502 detects convergence, the system controller 1506 may command the
actuator 1508 to change to a near focus state. System controller 1506 may both trigger
the activity of sensor 1502 and the signal processor 1504 while receiving output from
them. A transceiver 1510 receives and/or transmits communication through antenna

30  1502. This communication may come from an adjacent contact lens, spectacle lenses,
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anplifier, a transinpedance anplifier, an anal og-to-digital

converter, a filter, a digital signal processor, and rel ated
circuitry to receive data fromthe sensor 1502 and generate output in
a suitable format for the remai nder of the conponents of the system
1500. The signal processor 1504 may be inplenented utilizing anal og
circuitry, digital 15circuitry, software, and/or preferably a

conbi nation thereof. It should be appreciated that the signal
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respect to Figures 12A and 12B, the degree of convergence is low. When in the near
focus state 1604, as described with respect to Figures 13A and 13B, the degree of

30 convergence is high. A threshold 1608 may be set in the system controller {(element
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20 The exenpl ary pupil position and convergence detection
system 1500 of the present invention is incorporated and/or otherw se
encapsul ated and insulated fromthe saline contact | ens 1501
environnment. 25Figure 16 illustrates an exenplary, sinplified
correl ati on between convergence 1600 and focal length states 1602,
1604, and 1606 as is comonly docunented in the ophthal mc
Iiterature When in the far focus state 1602 and 1606, as descri bed
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IS passed goi ng positive then focusing the variable optlc wi th no add
power when the threshold is passed goi ng negati ve. Eye

tracking i SE&Q %ﬂﬁ%&eﬁiro@@é%ﬁﬂé@éﬂﬂgnﬁbt&%r oF b&ﬁ%éf‘@%h‘?nﬁoiduat is

i ndi vi dual t of gaze, or “the notion an eye
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i ndi vidual 's eyes determ nes the exact gaze direction V\,gl ch in turn
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i ndi vi ocus of attentio I's information may be utilized
in anylrrdtmdilml mgazingprqﬂldeaet@embllépm detatrnioe, the ms\udmaigf@@gm@ftatmtlon

2B BT R0 PTRRGAR SR SRR oy b
uti | i zegl@bngcognitive science, psychology, human-computer interaction, marketing
15 research and medical research. For example, eye gaze direction may be utilized as a
direct input into a controller or computer to control another action. In other words,
simple eye movements may be utilized to control the actions of other devices, including
highly complex functions. Simple eye movements may be utilized in a manner similar to
“swipes” which have become common in touch-screen and smartphone applications, for
20 example, swiping to unlock a device, change applications, change pages, zoom in or
out and the like. Eye gaze tracking systems are presently utilized to restore
communication and functionality to those who are paralyzed, for example, using eye
movements to operate computers. Eye tracking or gaze tracking may also be utilized in
any number of commercial applications, for example, what individuals are paying
25  attention to when they are watching television, browsing websites and the like. The
data collected from this tracking may be statistically analyzed to provide evidence of
specific visual patterns. Accordingly, information garnered from detecting eye or pupil
movement may be utilized in a wide range applications. Once again, it is also important
to note that the sensed data, in addition to or in alternate use may simply be utilized as

30 part of a collection process rather than as a triggering event. For example, the sensed
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direct input into a controller or conputer to control another action.
In other words, sinple eye novenents nmay be utilized to control the
actions of other devices, including highly conplex functions. Sinple
eye novenents nmay be utilized in a manner simlar to "sw pes" which
have becone conmon in touch-screen and smart phone applications, for
20 exanple, sw ping to unlock a device, change applications, change
pages, zoomin or out and the |like. Eye gaze tracking systens are
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the eye. An erectroocul ogramis generated by a device tor the
det ect icomfartatey elevhroammeonthitaichiclzas or powered contact lens. Therefore, in

20 accordance with another exemplary embodiment, the present invention is directed to a

powered contact lens comprising a gaze sensor incorporated directly into the contact

lens.

Figures 17A and 17B illustrate a pair of eyes 1701 substantially similar to those
25 illustrated in Figures 12A and 12B, with the exception that in this example the object
under observation, not illustrated, is to the right of the user. Figure 17A illustrates a front
perspective of the eyes 1701, whereas Figure 17B illustrates a top perspective of the
eyes 1701. The position to the right is used for illustrative purposes, but it should be
appreciated that the object under observation could be at any visible point in three-

30 dimension space with the corresponding changes in eye gaze. As illustrated, via
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posi tion based on the difference in electrical potential between

el ectrodes placed on either side of the eye. Al of these devices are
not suitable for use wth a wearable, confortable electronic
ophthalmc |l ens or powered contact |lens. Therefore, in 20 accordance
wi t h anot her exenplary enbodi nent, the present invention is directed
to a powered contact |ens conprising a gaze sensor i ncorporated
directly into the contact lens. Figures 17A and 17B illustrate a pair
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ight. Lines 1705 drawn between the pupils 1703 and the object under

obser vhoihdassthanaiiney degrees, Waen geaing streighiishead at & naarkisobigele 1§ be

Tro1.  RigEed s 00 UeriSi, 1O ndl8ffll B T LARSETRENEZE doRfoR S
i's greafope gehamliprsameplgs 0POYe degerest mHydseutdingd és dafeemine alsotutasndt o

DFEVIOUﬁ figures where the a es were either both ninety (90)
deé?eege WbJQ’PWQT”&H PEPAt a distant object, or both |ess

t han ninety degrees when gazing straight ahead at a nearby object.
As is illustrated in two di nmensions, the angle may be used to
det er i ne ghigered8illuskatesithe gep@einasiems as%%ﬁ‘@i?@g‘”tﬁ'f"aés%s 8% 8nent

T encrbblirte o 08165 B0 0eRE ol BOAMALRAENBINE R Qs
associ mrgdtswmbdsied@r Bos yand E. A line connects each eye 1801 and 1803 to each

15 target. A triangle is formed by each of the two lines connecting the eyes 1801 and 1803
with a given target in addition to a line connecting both eyes 1801 and 1803. As may be
seen in the illustration, the angles between the direction of gaze in each eye 1801 and
1803 and the line between the two eyes 1801 and 1803 varies for each target. These
angles may be measured by the sensor system, determined from indirect sensor

20 measurements, or may only be shown for illustrative purposes. Although shown in two-
dimensional space for simplicity of illustration, it should be apparent that gaze occurs in
three-dimensional space with the corresponding addition of an additional axis. Targets
A and B are shown relatively near to the eyes 1801 and 1803, for example, to be read
with near-focus accommodation. Target A is to the right of both eyes 1801 and 1803,

25  hence both eyes 1801 and 1803 are pointing right. Measuring the angle formed anti-
clockwise between the horizontal axis, illustrated collinear with the line connecting the
two eyes 1801 and 1803, and direction of gaze, both angles are acute for target A. Now
referring to target B the eyes 1801 and 1803 are converged on a target in front of and
between both eyes 1801 and 1803. Hence the angle, previously defined as anti-

30 clockwise from the horizontal axis and the direction of gaze, is obtuse for the right eye
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directions. Figure 18 is a top view Eyes 1801 and 1803 are shown
gazi ng upon various targets |labeled A; B, C, D, and E. Aline
connects each eye 1801 and 1803 to each 15 target. Atriangle is
formed by each of the two |lines connecting the eyes 1801 and 1803
with a given target in addition to a line connecting both eyes 1801
and 1803. As may be seen in the illustration, the angles between the
direction of gaze in each eye 1801 and 1803 and the |ine between the
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page eREEHBIAPLIErS odpreeing RevensRLAT PEYES-uHIEHE SEHRP Rt fler ke
theyt argpt r%?l i3] Hf?ﬂlnktbﬁmné Wﬁk%@c%‘%@hﬁ @nﬁoﬁ@%o@énﬁhﬁ&l@é‘bré&ﬂe&ﬁﬁe@tlon

These exa es Illustrate that as the object under gaze is farther
away, whgamglﬂydle detbrainedc & memoty eleyant iBelorapdonBHRidredken
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smal |, pﬁééﬁrﬁ@hd@b}sﬁ@é;&ormput& In addition, the system |Ilustrated in Figures 15A and
15B are equally applicable to the gaze and tracking system of the present invention.

25 The system is preferably programmed to account for gazing geometries in three-

dimensional space.

It is known in the art of optometry that the eyes do not remain completely stable
when gazing at a stationary object. Rather, the eyes quickly move back and forth. A

30 suitable system for detecting gaze position would include the necessary filtering and/or
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The direction of gaze may be determ ned by any nunber of suitable
devices, for exanple, wth reverse-facing photodetectors to observe
the pupils or with accel eroneters to tack the novenent of the eyes.
Neur omuscul ar sensors nay al so be 20utilized. By nonitoring the six
nmuscl es that control eye novenent, the precise direction of gaze may
be determ ned. A nenory elenent to store prior position and/or
acceleration may be required in addition to a position conputation
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mat er i GPROPatipleiibBeOpdRBol ogi es are utilized, the el ectronic

conponents may be placed in any suitable Iocatl on as long as they are
conpatible with the optics. The activities of the acquisition
sanpl i ng si ghalacivitexekthagcalisiionaamnnygtsignal sranession gck@shaysien
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inputs, the environment, and user reactions. The inputs, reactions, and decision
thresholds may be determined from one or more of ophthalmic research, pre-
programming, training, and adaptive/learning algorithms. For example, the general
characteristics of eye movement may be well-documented in literature, applicable to a

20 broad population of users, and pre-programmed into system controller. However, an
individual's deviations from the generai expected response may be recorded in a
training session or part of an adaptive/learning algorithm which continues to refine the
response in operation of the electronic ophthalmic device. In one exemplary
embodiment, the user may train the device by activating a handheld fob, which

25  communicates with the device, when the user desires near focus. A learning algorithm
in the device may then reference sensor inputs in memory before and after the fob
signal to refine internal decision algorithms. This training period could last for one day,
after which the device would operate autonomously with only sensor inputs and not

require the fob.
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i nputs, the environment, and user reactions. The inputs, reactions,
and decision thresholds may be determi ned from one or nore of

opht hal m ¢ research, pre- progranm ng, training, and

adaptive/l earning algorithms. For exanple, the general

characteristics of eye novenent nmay be well-docunented in literature,
applicable to a 20 broad popul ati on of users, and pre-progranmed into
systemcontroll er. However, an individual's deviations fromthe

gener al exphoirdchocekp brseorie). ibe lers thad édimipharted imihei ey arskisiptasesthe

art of an adaptive/l earnin ori.t.hmwhi.ch nt i nue refi .
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f or onmathayr siafiteeto hlat ochcdriactdevdese woul d operate aut ononously with
only sensor inputs and not require the fob. An intraocul ar
lens or 1OL is alens that is inplanted in the eye and repl aces the

crystal | i nealigfisgh dHowrRaindPBestiribedZ@ dvhalls heldivid ehibd shennobt prattcal ang
or sinply to treat various refractive errors._ An I CL_typicall
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| enses, .. Al thoygh 0 and d [ J o | e
the nodtVepiaRis r&lres;lﬂatea?g%q, P2 cgl%ﬁ%w%ﬁ%pgﬁs ﬁgﬁlr@egpa%gr'g‘%{%?%%% s
depar t yhead beabnspactelite coesiegrith alhthotificardmothat deydall hittinahd ssbpsvof
wi || suggest thenselves to those skilled in the art and may be used

wi t houthed@RpRANdeAF!3iM8m t he spirit and scope of the invention. The
present invention is not restricted to the particul ar constructions

described and illustrated, but should be constructed to cohere with
all nodifications that may fall within the scope of the appended
claims. WHAT IS CLAIMED I S: 1. A powered ophthalmc |ens, the

power ed ophthal mc | ens conprising:
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a contact lens including an optic zone and a peripheral zone; and

an eye gaze tracking systemincorporated into the peripheral zone of
the contact |lens, the eye gaze tracking systemincluding a sensor to
determ ne and track eye position, a systemcontroller cooperatively
associated with the sensor, the systemcontroller configured to
determ ne and track gaze direction in spatial coordi nates based on
information fromthe sensor output a control signal, and at | east one
act uat or copfHOUISCELAMVMEECIS: ve t he output control signal and

i npl ement a predeterm ned function. 2. The powered ophthal mc

| ens according to Claim1, wherein the sensor conprises at |east one

phot odet ect br ~ pod Pewerretiop@halaye (ans. Hie PaveEd OPhifiRimis/gns comprisigg: The
pover ed opht hal il ¢} @BeieAS iR HiAgah pfit 268 And WRBhBrdl BendlarPast

one phot odet ector "Conprises a r clng canera c igured to detect
changes in i magesn epathee tracking sgsianriaserpoated idk they penmesatsone of the
4. The powered q

ht hal m c | di Cl ai '
ensor CBABEBE NS P EREE WERENG SUSIRET BRI T5ebTaiak SRy ERfeh ek
I east @peneiitibhen §ystedconbiBliGrasiopetativelysassociated With Thesqrorrtad system
ophthalmc lens according to Claim1, wherein the sensor conprises at

| east eortrollen conigired & delersie ashirageEe dicger G eIl PRFOE R pased
act1vi Fyx.iﬁtcjﬁﬂgﬁcﬁ{ﬁ&n"ﬂaé e %’cﬁ' dg?ﬂlﬁ@é"ﬁntrol si{gnal,@andg?%a%%ﬁé @6tuator
mc rding to alm1l, whe

opht ha ens  acco ern the eye (agaze tracki ng
syst emchufiguned tcmTeiveshs catmit gnatrolmigtd esd implenidny @rrddeterminedifurction.
signals fromthe sensor, performdigital signal processing, and

out put one or nore to the systemcontroller. 7. The powered

ophthal m ¢ bens pgspbRRM bphtRalaiicehs adserdmgtosCiamalt, phecss $er sensor
conpri ses associ ated menory. 8. The powered ophthal mc |ens
accor dicagprisechbleastionaplegtadetesir Pagiiones o &%Pé%rr@i 3y ‘3 rfF]? &¥Eher
conpri ses a power supply. 9. The powered ophthalmc |ens
according to Claim1l, wherein the eye gaze tracking system further
conpri ses a3comiing pawered gyghamié enscaeeomding to Cleimd, wiheggin ltheaat legst

second o%g%ﬁﬂggt}dekgcqgr' comprises a rear-facing camera configured to detect changes in

images, patterns, or contrast to track eye movement.

4, The powered ophthalmic lens according to Claim 1, wherein the sensor
comprises at least one accelerometer to track movement of at least one of the eye or

the contact lens.

5. The powered ophthalmic lens according to Claim 1, wherein the sensor
comprises at least one neuromuscular sensor configured to detect neuromuscular

activity associated with eye movement.

6. The powered ophthalmic lens according to Claim 1, wherein the eye gaze
tracking system further comprises a signal processor configured to receive signals from
the sensor, perform digital signal processing, and output one or more to the system

controller.,
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10. The powered ophthal mc |lens according to Claim1l, wherein the

spatial coordinates are in two di nensions. 11. The powered
ophthal mc |l ens according to Claim1l, wherein the spatial coordinates
are in three dinmensions. 12. The powered ophthal mc | ens

according to Caim1, wherein the eye gaze tracking systemwrel essly
interfaces with an external device. 13. A powered ophthalmc |ens,

t he powered ophthalmc | ens conprising: a contact |ens; and

an eye gaze tracking systemincorporated into the contact |ens, the
eye gaze tracking systemincluding a sensor to determ ne and track
eye position, a Byspeweeauphthd eic coseecatdingtioyClais 6¢civhersin signal t he
sensor, the slystem controller configured to determ ne and track gaze
di r ect PGIYER$P sﬁ?&‘mréﬂeséaéﬁ?ﬂﬁwgtr@@mﬂﬁged on information fromthe sensor
output a control signal, and at |east one actuator configured to
recei ve the output control signal and inplenment a predeterm ned
function. g  The pdwertifofin@nfslcPBRicbaldMCtd ClaEm A GABEHIM the SyCh@iam
13, wherein the sensor conprises at |east one phot odet ect or

posi ti traeking systapt furlbeneomREIRS POWAESIERRY- 15. The power ed
ophthal mc | ens according to Claim 13, wherein the at |east one

phot odet ect or conprises a rear-facing canera configured to detect
changes in dmageshe pa\tvteferd‘nsphtbmlrm«:)m;smtost@gtoeﬁllaireﬂe\f\dmrm‘imﬂmaye gaze

16. The powered ophthal m c l.ens accordin wher ln t
sensor tré‘g'ﬂﬁg §¥§§”§{L"F§é§?m8ﬂ%esa% Eﬁmﬁﬂﬁcﬁ?'gp %VB e[”? %’]5 ICOMY t&é?t
| east Rt 9fsebHfd BYMRaBIchfe contact |ens. 17. The povvered
ophthalmc lens according to Claim 13, wherein the sensor conprises

at | east one neuronuscul ar sensor configured to detect neuronuscul ar

t t
opht hal i ¢ 1ons S8 BOPRPERKTERRS aceprcing o' Cairt IDWRNEARE, spatel

syst encbhordirztes a@ipriveeimansiogsnal processor confl gured to receive
signals fromthe sensor, performdigital signal processing, and
out put one or nore to the systemcontroller. 19. The powered

ophthal m c hens agespbdera @mﬁlﬂm.meh% acobRIigg o Siagnal, wheasie #sospatial
conpri ses associ ated nenory 20. The powered ophthal m c | ens

accor dicagrdinates QTWﬂBreWWFSWn?he eye gaze tracking system further
conpri ses a power supply. 21. The powered ophthalmc | ens
according to Caim 13, wherein the eye gaze tracking systemfurther
conpri ses al2omiihé patveord sythalmi¢ enscmentding ta Claimi, wihesgin thexgye gaze

second tra0 %gcstystlem wirelessly interfaces with an external device.

13. A powered ophthalmic lens, the powered ophthalmic lens comprising:
a contact lens; and
an eye gaze tracking system incorporated into the contact lens, the eye
gaze tracking system including a sensor to determine and track eye position, a system
controller cooperatively associated with the sensor, the system controller configured to
determine and track gaze direction in spatial coordinates based on information from the
sensor output a control signal, and at least one actuator configured to receive the output

control signal and implement a predetermined function.
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22. The powered ophthalmc | ens according to Caim 13, wherein the

spatial coordinates are in two di nensions. 23. The powered
ophthal mc | ens according to Caim 13, wherein the spati al
coordinates are in three dinensions. 24. The powered

ophthal mc | ens according to Caim 13, wherein the eye gaze tracking
systemw relessly interfaces with an external device. 25. A powered

ophthal mc | ens, the powered ophthalmc | ens conprising: an

i ntraocul ar 14.ensThepowered ophthalmic @ms@ﬁeo@jmetot@[a‘tmi'l ﬁgwbe@n'rethe sensor

incorporated into the intraocular ystem
| nor uapngpicetAuBat e i eRE RaSioned RPN s I e S %8,
control l er cooperatively associated with the sensor the syst em
control l er configured to deternine and track gaze. di rec%l on |

spatial coof@i nallkepowerad Gmthairmis leasiasrordingio Hein dasWhewin Btﬁata{eaSt
contr Obné ?g{det&,@tﬂ' ﬁ%ﬁ'nadrg,%gta (3P f&ﬁﬁd’@é:ﬂérgcéﬁﬁﬂ dHEd &é?eét%%hg‘:j@s frhe

out put sl gna I npl enment "a predeterm ned function.
|mages, patterns, or contrast to track eye movement.

16.  The powered ophthalmic lens according to Claim 13, wherein the sensor
comprises at least one accelerometer to track movement of at least one of the eye or

the contact lens.

17.  The powered ophthalmic lens according to Claim 13, wherein the sensor
comprises at least one neuromuscular sensor configured to detect neuromuscular

activity associated with eye movement.

18.  The powered ophthalmic lens according to Claim 13, wherein the eye
gaze tracking system further comprises a signal processor configured to receive signals
from the sensor, perform digital signal processing, and output one or more to the

system controller.

19.  The powered ophthalmic lens according to Claim 18, wherein signal

processor comprises associated memory.

20. The powered ophthalmic lens according to Claim 13, wherein the eye

gaze tracking system further comprises a power supply.

21.  The powered ophthalmic lens according to Claim 13, wherein the eye
gaze tracking system further comprises a communication system for communication

with at least a second contact lens.
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22.  The powered ophthalmic lens according to Claim 13, wherein the spatial

coordinates are in two dimensions.

23.  The powered ophthalmic lens according to Claim 13, wherein the spatial

coordinates are in three dimensions.

24.  The powered ophthalmic lens according to Claim 13, wherein the eye

gaze tracking system wirelessly interfaces with an external device.

25. A powered ophthalmic lens, the powered ophthalmic lens comprising:
an intraocular lens; and
an eye gaze tracking system incorporated into the intraocular lens, the eye
gaze tracking system including a sensor to determine and track eye position, a system
controller cooperatively associated with the sensor, the system controller configured to
determine and track gaze direction in spatial coordinates based on information from the
sensor output a control signal, and at least one actuator configured to receive the output

control signal and implement a predetermined function.
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