ELECTRONI C OPHTHALM C LENS W TH PUPI L CONVERGENCE SENSOR BACKGROUND
OF THE INVENTION 5 1. Field of the Invention The present

I nvention relates to a powered or electronic ophthalmc I ens having a
sensor and associ ated hardware and software for detecting pupi
convergence, and 10nore particularly, to a powered or electronic
ophthalmc | ens conprising a sensor and associ ated hardware and
software for detecting pupil position and convergence to change the
state of the powered el ectronic ophthaln1c | ens. 2. Discussion_of
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mniaturized, it is becomng increasingly nore likely to create

wear abl e or enbeddabl e m croel ectronic devices for a variety of uses.
Such uses may include nonitoring aspects of body chem stry,

adm nistering controll ed dosages of nedications or therapeutic agents
Vi a vVaBagHESRBLNDIGHBHEANNMVEN HEHN1g automatical ly, in response to
measur ements, or in response to external control signals, and
auggenting the performance of organs or tissues. Exanples of such
devi ces include glucose infusion punps, pacemnmekers, defibrillators,
ventr|cular1asqggkﬁgﬁyhggﬁn@md neurostinulators. A new, particularly
useful field of application is in ophthal mc wearable | enses and
contact |enses. For exanple, a wearable | ens nmay 25incorporate a | ens

assenbly haviig, Ale it iRGARIN By 1P bURERAR & LI8GHShiE BpRINAIRRIe® having

a sensor and associated hardware and software for detecting pupil convergence, and

10 more particularly, to a powered or electronic ophthalmic lens comprising a sensor and
associated hardware and software for detecting pupil position and convergence 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 {o 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 [ens 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
1



enhance performance of the eye. In another exanple, either with or

wi t hout adjustable focus, a wearable contact |ens may incorporate

el ectronic sensors to detect concentrations of particular chem cals
in the precorneal (tear) film The use of enbedded el ectronics in a

| ens assenbly introduces a potential requirenent for 1 comunication
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
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such as contact |enses and intraocul ar | enses, currently are utilized

to correct vision defects such as nyopi a (nearsightedness), hyperopia
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t herapeuti c reasons. Cgntact |enses have been utilized comrercially

to i npreRfangeyisien as wed aste coosokvisichdefeddnt act | enses were made or
fabricated fromhard materials, 20were rel atively expensive and
fragile. In addition, these early contact |enses were

Contact lenses may be utilized to correct myopia, hyperopia, astigmatism as well

as other visual acuity defects. Contact lenses may also be utilized to enhance the

15 natural appearance of the wearer's eyes. Contact lenses or “contacts” are simply
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



fabricated frommaterials that did not allow sufficient oxygen

transm ssion through the contact lens to the conjunctiva and cornea
whi ch potentially could cause a nunber of adverse clinical effects.

Al t hough these contact |l enses are still utilized, they are not
suitable for all patients due to their poor initial confort. Later
devel opnments in the field 25gave rise to soft contact |enses, based
upon hydrogels, which are extrenely popular and widely utilized
today. Specifically, silicone hydrogel contact |enses that are
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alerts. Alternately, or in
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,
20 provide novelty image displays and even provide wakeup alerts. Alternately, orin
addition to any of these functions or similar functions, the contact lenses may
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 to any of these functions or simlar functions, the contact
| enses may i ncorporate conponents for the noninvasive nonitoring of
the wearer's biomarkers and health indicators. For exanple, sensors
built into the lenses nmay allow a diabetic patient to keep tabs on
bl ood sugar | evels by anal yzi ng conponents of the tear film 25w t hout
the need for drawi ng blood. In addition, an appropriately configured
lens may incorporate sensors for nonitoring cholesterol, sodium and

potassium | evels, as well as other biological markers. This, coupled
with a edditonsengensbuil e e leases maulbe @ilicestadgleptlight ircident wavhe eye
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as a cdhicaoesd efnmdditioreil chmpensmtsonnent in which it is to be utilized,
t he physical realization of the device nmust overcone a nunber of
probl ens, including nounting and interconnecting a nunber of
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a number of electronic compenents 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.



As these are powered | enses, energy or nore particularly current
consunption, to run the electronics is a concern given battery
technol ogy on the scale for an ophthalmc lens. In addition to normal
current consunption, powered devices or 25systens of this nature
generally require standby current reserves, precise voltage control
and switching capabilities to ensure operation over a potentially

w de range of operating paraneters, and burst consunption, for
exanple, up to eighteen (18) hours on a single charge, after
potentially remaining idle for years Accordingly, there exists a
need for a z reljable
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changes t hat occur en a person
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 (64) 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
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Anbi ent |ight sensors or photosensors are utilized in nmany systens
and products, for exanple, on televisions to adjust brightness
according to the roomlight, 250on lights to switch on at dusk, and on
phones to adjust the screen brightness. 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
al so inportant to note that different types of blink detectors may be
30i npl emented with conputer vision systens directed at one's eye(s),
for exapgnera digitizedia a campiuterz &hitwara ramning vethe semputer sanweedgnizen
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certain physiological functions, such as a blink, 'and utilizing them
t o act i and PARRESSINIBAY gl utiiaed to create smart systems.

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 to 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 ocbserving 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.



15el ectroni c or powered ophthalmc | ens according to the type of
bl i nk sequence detected by a sensor. The sensor being utilized having
to be sized and configured for use in a contact lens. Alternately,
pupi | convergence rather than or in addition to blinking may be
20utilized to control the functionality of a contact lens in certain
ci rcunst ances. When an individual focuses on a near object, for
exanpl e when readi ng, his/her pupils converge to fix the gaze of both
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convergence, and utilizing themto activate and/or control an

el ectroni c or powered ophthalmc |l ens according to pupil convergence
detected by a sensor. The sensor being utilized is preferably sized

and
SUMMARY OF THE INVENTION

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

20 requiring bulky external observation equipment or spectacle lenses. The sensor system
has the necessary low power consumption and small size to be implemented in a
contact lens. The system has the necessary signal conditioning and sample rate for
pleasant, natural use. The system has the necessary signal conditioning and
communication methods to avoid false positive and false negative convergence

25  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
optic zone and a peripheral zone, and a pupil position and convergence detection

30 system incorporated into the peripheral zone of the contact lens, the pupil position and
7



10configured for use in a powered or electronic contact |ens. SUMVARY
OF THE | NVENTI ON 15The el ectronic ophthalmc lens wth pupi
convergence sensor in accordance with the present invention overcones
the limtations associated with the prior art as briefly described
above. The sensor detects pupil position and convergence as a
conveni ent method for changing the state of an electronic ophthal mc
devi ce, for exanple, changing focus for a presbyopic user. The sensor
is integrated into a contact |lens instead of 20 requiring bul ky
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powered ophthalmc lens. The powered almc lens conprises a
cont acconggrgenea bagidchen ioropation fmélwaa@ww godithék seeondzioumd!, pesitipreand
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t he perip Zone O e con ens position an

conver genfigurde tenddedi thy siugrticoatroldiiggal angdmpiemért sdereeet@nmthaaldhttion.
posi tion, a conmunication device configured to send and receive
information to/fromat |east a second pupil position and convergence

detection SySi@BrddI With ahStHet BSsbcR tAB Pr&dtdit #vention is directed to a powered
ophthalmic lens. The powered ophthalmic lens comprises a contact lens, and a pupil
position and convergence detection system incorporated into the contact lens, the pupil
position and convergence detection system including a sensor to determine pupil
position, a communication device configured to send and receive information to/from at
least a second pupil position and convergence detection system incorporated into a
peripheral zone of a second contact lens, a system controller cooperatively associated
with the sensor and the communication device and configured to determine pupil
position and convergence based on information from the sensor and the second pupil
position and convergence detection system and output a control signal, and at least one
actuator configured to receive the output control signal and implement a predetermined
function.

10
In accordance with yet another aspect, the present invention is directed to a

powered ophthalmic lens. The powered ophthalmic [ens comprises an intraocular lens,
and a pupil position and convergence detection system incorporated into the intraocular
lens, the pupil position and convergence detection system including a sensor to
determine pupil position, a communication device configured to send and receive
information to/from at least a second pupil position and convergence detection system
incorporated into a peripheral zone of a second contact lens, a system controfler

cooperatively associated with the sensor and the communication device and configured
8



zone of a second contact |ens, a systemcontroller cooperatively
associated with the 5 sensor and the conmuni cati on devi ce and
configured to determ ne pupil position and convergence based on
information fromthe sensor and the second pupil position and
convergence detection system and output a control signal, and at

| east one actuator configured to receive the output control signal
and i nplenent a predeterm ned function. I n accordance with
anot her aspect, the present invention is directed to a powered
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and r eoedsie arenfemerally tefertred fo asritet adopavhodatieaefiex.plpdthepwsids], aearzh

conver genc tection system.incprporated into a.peripheral zane of a

ot na bt ks PR Ui dip Ao Rt BERRbR Wb SR g SEhS R e

Wi th t benaRgs & iRtk §d SR yeabh tie gavietecadd. diN plgkidiendrbis based

determ ne pupi l Egsi tion and convergence based on information from

the sef8HMe gARMEHE 0§ Hl?o%@t% f!_Yl'liC"p'@sﬁ triepalefremed Hoat terflistanes betyesn the
syst ?”Wd‘%yé&lérﬁ’dﬁhe?‘di%%é Hons b8GPbye ﬁ‘i‘l‘ﬁe%bijé&?%tecggge éﬁ%lé%to%lation
configured to receive the output control sfgnal and I nplenment a

pr edet betwesndupilmonvergenta @ndrfecusing dmueat tljactsepapibsonvergensevieay tieor

el ectropi ht hal m ¢ | ens_whi i..n Qr i sition d
corer fOIrEd BB Asfob§ Ll ahBeFoneBhRRdlIRaf B SimBRpuRind e
cryst apbieeof £0srigte peiviey optic tthallvgedn irdividgdlivath sresbyspis td foruy ofuRrer e
5to increase its add power as the individual attenpts to focus on a
near dfigtReOGtect. At the same time as the crystalline Iens
accommodat es, two ot her actions occur; nanely, each eye (pupil) noves
slightly inward towards the nose, convergence, and the pupils get a
bi t snal | er Therprasies) invehiiore harg genenally relates\ie eapdviered lcontact lens

conver gence._.an i, 0SLS.. n | ferred s (the a tive
"ot o RSP YERE Re L AR sl i b g oA SRR
obj ect actliatingxsaaribblevbens opidif irgludaids The elsvtropitndyisters inshadegcorieoo insre
t he gaze of both eryes on the same | ocation. This phenonenon is based

on t heP3kRIHRs PR RAVELTSAANERH: RAWER MaBagemenh AFFUrY. (NSRS PRISHEaNsers,
di st anggclgkME@foh RRcuitry, conirol algorithms and circuitry, and lens driver circuitry.

25 Control of a powered ophthalmic [ens may be accomplished through a manually

operated external device that communicates with the lens wirelessly, such as a hand-
9



two eyes and the distance fromeach eye to the object. Because of the
correl ati on between pupil convergence and focusi ng on near objects,
pupi| convergence may be 15utilized to trigger actions in an

el ectronic ophthalmc | ens, for exanple, changing the power of a

vari abl e power optic to allow an individual with presbyopia to focus
on near distance objects. The present invention nore generally
relates to a powered contact | ens 20 conprising an electronic system

whi ch perforns any nmber of functions, includjng, actuating a
vari ab @H@m@eeﬁﬁi Aliemately) epmiee! offhe fawsred o dalpiclens Mayfdes one

or 10T @cBsthbREHERISVIS FedibABk oP B¥Rol SRIHAS Sire IGURIM IRDRESFRENFof ER&HEF%Y’

one or nore sensors, cl ock generation circuitry, control algorit
and ci sensars\puilktintp therlgnsimayeatetestibhioks ayd/opbinpatiarnef Baseduperthe

ont e niPSa| G TRod St AR el EBGeb oI SRS R el S8 e o
hangl- 2xaingle] its eaactivemioiver M befendd eitlyer focud 619kl refar bbRcpome tidant object.

ophthalmc |l ens may he acconplished via feedback or control signals
di r ect Afefmalehy Ohin éfé‘gi‘@? to, pypil sRBYRIPENCE BRY Hethized to phange the “%?@ﬁ@ a

may deh8krdd Appigaddiens, bl i nk patterns. Based upon the pattern or
sequence of blinks, the powered ophthalmc I ens may change state, for
S5exanple, its refractive power in order to either focus on a near
object or a distant object. Alternately or in addition to, pupil
convergence nmay be utilized to change the state of a powered

appb i c8RIBER DERSRIPTION 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
invention, as illustrated in the accompanying drawings.

15
Figure 1 illustrates an exemplary contact lens comprising a blink detection

system in accordance with some embodiments of the present invention.

Figure 2 illustrates a graphical representation of light incident on the surface of
20 the eye versus time, illustrating a possible involuntary blink pattern recorded at various
light intensity levels versus time and a usable threshold level based on some point
between the maximum and minimum light intensity levels in accordance with the

present invention.

25 Figure 3 is an exemplary state transition diagram of a blink detection system in

accordance with the present invention.

Figure 4 is a diagrammatic representation of a photodetection path utilized to
detect and sample received light signals in accordance with the present invention.

30
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10 BRI EF DESCRI PTI ON OF THE DRAW NGS The foregoing and ot her
features and advantages of the invention will be apparent fromthe
follow ng, nore particular description of preferred enbodi nents of
the invention, as illustrated in the acconpanying draw ngs. 15
Figure 1 illustrates an exenplary contact |ens conprising a blink
detection systemin accordance with sone enbodi nents of the present
invention. Figure 2 illustrates a graphical representation of |ight
i ncident on the surface of 20the eye versus tinme, illustrating a
possi bl e i niguiadds ¢ Mecktiagean ef digitalcemddiening legiciio @scondgnee with the
I nt ensigtyedr@¥Rlchitidgr sus time and a usable threshold | evel based on
sone pgl nt I-.bet ween the nmaxi mum and mnimumlight intensity levels in
accordance with the present invention. 25Figure 3 is an exenplary

tate transition_.di agra f a blink.detectjon systemin accordance
i ththe-pr BiRe ok SR fealng ot S ITE R lgst i Bl BT BB 1 on
of a pbﬁég@.@trﬁ,@hﬁm path utilized to detect and sanple received |ight

signals in accordance with the present invention. 30 Figure 5
is a block diagramof digital conditioning logic in accordance with

the present ri¥&Rti 8A-exemplary timing diagram in accordance with the present

invention.

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

accordance with the present invention.

Figure 9 is an exemplary timing diagram for automatic gain control in accordance
with the present invention.
15
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.

Figure 11 is a diagrammatic representation of an exemplary electronic insert,
20  including a blink detector, for a powered contact lens in accordance with the present

invention.

Figure 12A is a diagrammatic, front perspective representation of the eyes of an
individual gazing at a distant object.
25
Figure 12B is a diagrammatic, top perspective representation of the eyes of
Figure 12A.

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

30 individual gazing at a near object.
11



Figure 6 is a block diagramof digital detection |logic in accordance
wi th the 5present invention. Figure 7 is an exenplary timng
diagramin accordance with the present invention. 10Figure 8 is a

di agrammatic representation of a digital systemcontroller in

accordance with the present invention. Figure 9 is an
exenplary timng diagramfor autonmatic gain control in accordance
with the present invention. 15 Figure 10 is a diagrammatic

representation of |ight-blocking and |ight-passing regions on an
exenplary integrated circuit die in accordance with the present

I nvention. . Figure 11 is di agrammatic representation of _.an
exenpl ary eFIEH? JABAS PRLGTTEMIBAY, fop RATTRFCLY B SRRSGEFUL o horRyps of

power eg; ti@a@t | ens in accordance with the present invention.
|%98 13AL

Figure 1

Ais a diagrammatic, front perspective representation of the

eyes of an individual gazing at a distant object. 25 Figure 126

i:ngSr gi ‘igrA?iﬂHHré G4 id QQii%eréﬁfrg&BfiﬁBIrég%Q{agﬁﬁ Yl %&@Plaﬁ‘@y}ﬁ)’ﬁési%n and

I agranma

per specbnvergerqe saestrahaving @ cdnmausigation thame @rmeynehdoEingegemtioat a

near

10

15

20

25

30

Ogjegf\%én two eyes in accordance with the present invention.
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.

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.

DETAILED DESCRIPTION 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
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
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
12



Figure 13B is a diagranmatic, top perspective representation of the
eyes of Figure 13A. 5Figure 14 is a diagrammtic representation of
two exenplary pupil position and convergence sensors having a

comuni cati on channel for synchronizing operation between two eyes in
accordance with the present invention. Figure 15A is a

di agrammatic representation of an exenplary pupil position and 10
convergence detection system i ncorporated into a cont act Iens I n
accordance with the present inventiaon gure 15B i

onl ar g8 dAsEesHoERbaBRR APPEAI RSO0t diselay SPHUEb mf@rrrrgaéme to translate
det ect 'sﬁ@eéﬁ’ ﬁﬁ@g%ﬁ’t forEligyEs tl%%a‘to $ﬁer w?ual cubk $ohe :Iﬂ@vi g @t@ﬁ’?‘%ﬁtt? c

represehtation an exenplary the correlati en’ pupi
conver genide bmapd prosbssing aaduﬁer@ﬁmm ThESEREES MAM t@-_déﬁfﬁ‘ld?l:iﬁl-_aﬂRWED

Str oot drebeaierfo spein eIl AhhETRts. BB} Bt RS ReRbRb iR e as
bri ef | yrrafeiment 6 elbetricsTon amRiee vearedlvanies prijociry anmhade/ontdané estia,

circuits and corrponents maé be integrated into these, polynerjc
st r uct fRreaxamele, vwihaub povarigbletfpeys en)tf%@nﬁspromd@maﬁﬁw@%gﬁ displays and

conmunigGah F%l(ﬂ?%bg@@p alkPROMHerRHAR! 5ER adRIRIGHAb Sy 3 M iRctions or

light-emtting dio and m niatufe antennas may be Integrated I nto
cont actsumllanéwmtwna, thesootachlenses mﬂyaetmppraia |corrtp@npotse‘nt Ehemprrmascml y

Funct OIRSTRHG gt Mo b sPEBRRGSEISH R n ! Fhcnfits LR Gl b 0%

comg achulltan®ehe mebendﬁsnc@m ed:hamati@rpmuedmoelrde@rtabsl ovibtods e @by N

and Zogrqglggl%gcc%%ap)%nleh%sj gfs the tearJ fllTlm wit IorLTJHI%a needd 1Io¥ géming blood. In addition,
an appropriately configured lens may incorporate sensors for monitoring cholesterol,
sodium, and potassium levels, as well as other biclogical markers. This coupled with a
wireless data transmitter could allow a physician to have almost immediate access to a

15  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 light incident on the eye to compensate for ambient light conditions or

for use in determining blink patterns.

20 The powered or electronic contact lens of the present invention comprises the
necessary elements to correct and/or enhance the vision of patients with one or more of
the above described vision defects or otherwise perform a useful ophthalmic function.

In addition, the electronic contact lens may be utilized simply to enhance normal vision
or provide a wide variety of functionality as described above. The electronic contact

25 lens may comprise a variable focus optic lens, an assembled front optic embedded into
a contact lens or just simply embedding electronics without a lens for any suitable
functionality. The electronic lens of the present invention may be incorporated into any
number of contact lenses as described above. In addition, intraocular lenses may also

incorporate the various components and functionality described herein. However, for
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30the 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 tine, to offer visual cues froma navigation system
and to provide inage processing and internet access. The | enses may
be designed to allow the wearer to see in low |light conditions. The
properly designed el ectronics and/or 5 arrangenent of electronics on
| enses may allow for projecting an inmage onto the retina, for

exanpl easejof ggplenation thediselopduwill dpeuscon an slegyiodig letafd\b@&tsb doriege

di spl ayogs cﬁfﬁef%&%’]n%ﬁ gag&%\ﬁéﬁgmeq}aﬂ{;bﬁsﬁc%on :nat ely, or in addition

to any ese func I ons simlar the contact |enses
may i ncorporate conponents for the noninvasive nonitoring of the

wearer's bi rkers and ealth indic tors For ex sensors built
oo T he | enBeo et ANeBIPa My By S a AP R S SRR e o

sugar pewelsd ayntaaaéug b&apﬁgﬁg%@é&r&fc serheahichl ddtuaks BUtiableSocus
need for draw ng ition, an appropriately configured |ens

may i nepliper ameotk@aﬁ fJ@wgemdewﬁﬁs configuied kolregement any sumMbaT ofmemerous

pot ass iy Bﬁ¥ et &@b%‘ﬁé%fm t'l*ﬂ%rel%tginﬁ’crg%gs%mqﬂﬂlﬁﬁég ond Bt more Bg{tgﬁes

with a wreless anam 1 cou sicran
al nost or othedipatver aom:es piuwer r &g eneenit’ c:u*cbitm]pdne bemose synmrs,hﬂutk t he

d for th t tt | abor atary. havi
b1 ood BPasiAtoR e s elapebires sl by hdlent eRuriyRperre ' "
utipi Z@meﬂaxﬁ bemesblmpdrféﬁtmay vaF, ddpRerity é@tl@@aﬁﬂééb?déﬁfed

anbient |ight conditions or for use’in determ ning blink patterns.
20The Bm%@@%i'tbpfﬁleééwom c contact lens of the present invention
conprises the necessary elenents to correct and/or enhance the vision
of patients with one or nore of the above described vision defects or
ot herwi se p€ohtioiofarnaettmbniophaipawered bpintbaintn ledsmag dietdcoomplistesd

Vi ot on TBPUgl BT AIalY FPRaEAta eREr A sevia ne! SRahuh (el B e 3ed Sush s
Thes el atanartidld esmb@ainit. For example, a fob may wirelessly communicate with the
powered lens based upon manual input from the wearer. 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 pattern or sequence of blinks, the powered ophthalmic lens
20 may change state, for example, its refractive power in order to either focus on a near

object or a distant object.

Alternately, blink detection in a powered or electronic ophthalmic lens may be
used for other various uses where there is interaction between the user and the
25  electronic contact lens, such as activating another electronic device, or sending a
command to another electronic 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

executes a blink sequence that it detected, it causes the mouse pointer to perform a
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25 lens may conprise a variable focus optic | ens, 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 incorporate the various conponents and functionality
descri bed herein. However, for ease of explanation, the disclosure
wi ||l focus on an electronic contact |ens to correct vision defects

i nt endéammaands isHgih as geublgaglickingi asprs Bem) highlighting a1t iderener selewing amenu
may betgﬁployed in a powered ophthal mc | ens or 5powered contact |ens
conprisirng an electronic system which actuates a vari abl e-focus
optic or any other device or devices conflgured to inpl enent any

nunber of n nct i on t hat ma for nme The [ Qni
Cystem i nol UERGRERR ARt s & PSR SR Feik Cadmls s dtudeots
nmangage gRaMactdristitd bf Mink8NRr @kample |§ﬁéﬂ@r§perﬁdmdfs@eﬂ% adiria@6n of the blink,
circuitry, control Igorlthns and circuitry, and | ens driver

ci r cui theyintertdink slupation, end dhe pwaber ebbliika dne givanting perigdpEirialggritm in
th

an ol oarerarncs pHEhE BrecelPE iis bh SabIhGRant Incident oG B 5% o4

t hr oughedaimsaogilé yatepEreadetérmkiaelrhrlnak pdﬁemsearersm:'ed(amdwminmm"ed; tanihieh

the | ens ch as te upit. For may
i rel cliept Bt b iR Sudlatlies phlnisnelon RO ietas B nput
fremt bfgo\v“rﬂﬂﬁ hay tﬁggéﬂf acthity ¥h theosyistarh cohtréile?, 0P WRaREI) B hbiplate thd 18RS
may be acconplish via feedback or control signals directly fromthe

wear er d“F‘?J’rtOé"k'aﬁﬂ‘Péhe diactye Pewer of 18lens-he | ens may detect blinks
and/or blink patterns. Based upon the pattern or sequence of blinks,
t he powered ophthalmc | ens 20may change state, for exanple, its
refractive PBlindng istherdpid dasirg aheopeoiogof the eyelidarandip aoteseentlﬁal

ol act 1 BIEECEEh e.va RS Ge tady PO Tated o08eteotd 8P ner o
these irféli\jicﬂliaﬁé BEhK @heh ebjeauidi@edtelly apskdr e proximity to the eye. Blinking
provides lubrication over the anterior surface of the eye by spreading tears. Blinking
also serves to remove contaminants and/or irritants from the eye. Normmally, blinking is
done automatically, but external stimuli may contribute as in the case with irritants.
However, blinking may also be purposeful, for example, for individuals who are unable
20 to communicate verbally or with gestures can blink once for yes and twice for no. The
blink detection algorithm and system of the present invention utilizes blinking patterns
that cannot be confused with normal blinking response. In other words, if blinking is to
be utilized as a means for controlling an action, then the particular pattern selected for a
given action cannot occur at random; otherwise inadvertent actions may occur. As blink
25  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
men and women blink at a rate of ten (10) involuntary blinks per minute, and the

30 average time between involuntary blinks is about 0.3 to seventy (70) seconds.
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25el ectronic contact |ens, such as activating another electronic
device, or sending a conmand to another el ectronic device. For
exanpl e, blink detection in an ophthalmc |lens nay be used in
conjunction with a canera on a conmputer wherein the canera keeps
track of where the eye(s) noves on the conputer screen, and when the
user executes a blink sequence that it detected, it causes the nouse
pointer to performa comuand, such as double-clicking on an item
highlighting an item or selecting a nmenu item A blink detection
algorithmis a conponent of the systemcontroller which detects
S5characteri st I ;

the durati o%tno Ian& érﬂtEc?dlmheﬂ{ C"‘e‘;ﬁer - bF de@déﬁg‘ gior%rﬂ‘?ﬁ%& ?%88%8‘?1%&%
of bli ikthe follewigig\etepd.i me period. The algorithmin accordance wt h

t he present ,invepntion reljies on sanplin IL, i nci dent on e e

L Certan sdm! eDelife an et era, Bk ik Pat s EerevleaSduisrpanu
conpar @fintt Befebfior ecent history of incident |ight sanples. Wen
patterns match, the blink detection 10al gorithmmay trigger activit

in the systém cobemple the, in¢@rningxiginplevel atn eade consistenhwith gigteading viae blink
change EQ&%{G%fél‘ﬂPlt éé/c‘?lpﬁ(?ﬁ@d’lurﬂgp} Qﬁlkgens Blinking is the rapid

cI05|ng openi n e eyelllds and is an essential function of
t he eye. Bl Bnki nGoprpaire tHeshistoey eﬁlsarﬁplemlifght levgls toltheeexsactédrbliekanpl e,

15i ndividual s blin n o nexpec Iy appear in proximty to
the ey8SUE§N9K; 3Ry %W%e%%@bh"&‘i?ﬁ o‘ﬁ{ ‘the anterior surface of
thggeye by gpr ea@bﬂ@nél@ﬂﬁﬁ}lerﬁéht%blﬁlﬂ( ‘PrhFK” §6ﬁl¥&ﬁ:ett6 uﬁtﬁ@é’t‘é%omons of the
contam nants and/or irritants fromthe eye. mal Iy, blinkin
template to be ignored during comparisons, e.g. near tranSItlons Thls may a ow for a
user to deviate from a desired “blink sequence,” such as a plus or minus one (1) error
window, wherein one or more of lens activation, control, and focus change can occur.

Additionally, this may allow for variation in the user's timing of the blink sequence.

15
An exemplary blink sequence may be defined as follows:
1. blink (closed) for 0.5 s
2. openfor0.5s
3. blink (closed) for 0.5 s
20
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].
25 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].

Optionally, a wider transition region may be masked out to allow for more timing

30 uncertainty, and is given by
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done automatically, but external stinmuli may contribute as in the
case wth irritants. However, blinking may al so be purposeful, for
exanpl e, for individuals who are unable 20 to comruni cate verbally or
Wi th gestures can blink once for yes and twi ce for no. The blink
detection algorithmand systemof the present invention utilizes

bl i nki ng patterns that cannot be confused with normal blinking
response. In other words, if blinking is to be utilized as a neans
for controlling an action, then the particular pattern selected for a
gi ven action canhiink otaskr & [1rg0ddm1,00herivl, 44, Orlative,t0etit acti ons
may occur. As blink 25speed may be affected by a nunber of factors,

i ncluding fatigue, eye injury, nedication and di sease, blinking

patterns for CO“NtQﬂnaté'?@tﬂ%% e EIMABkdheRERD Y. sirdle IdMGIRINRNA thRYase
ot her vari abl_es that affect blinking. The average length of

i nvol udttay blink with aj 24-sampledemplaie. @vemb¥ut one hundred (100) to four

h d (400 t
rats of ten (10) aeorones o TN RRRGEO RIE0, P00 B0TR S0 Fe”

time between |nvoluntary blinks is about 0.3 to seventy (70) seconds

Summar i ed. 1S PHECHATE R afleghdfogelscte SRS RlofHRRly e ieeEany aoes

"bli nkngemmt até%;@hﬁ@ sefdaml | execute for positive 5blink
det ecti on. Sampl e the incomng light level at a rate

consistent with detecting the blink sequence and rejecting

I nygl unt aryﬁg{‘édﬂlﬁﬁ may bg bq\?lﬁweg?é@ﬁﬁ %gﬁééﬂ)é?bﬁ@%lﬁ%?%ﬁ@[@%%ﬁ émﬁfé%

| evels to t ex ect sequenc
t enpl aggaiost thal temlatamd Opaskoriktid lpgicapopenation i ol emklsi'\ma@a (XEHyubace

L ormar IS RE S ISk ie o HRLBN G o & Birk A, AHE'ish verify it all

devi at enimaskedhidesty bitd mdith tHe Resplatec &For exdriplea sdliydinasedin thiebliak arsk
error wi ndow, wherein one or nore of | ens activation, contr

antl { oEBPIARARRY Y PSS ALP(RBHENSS o1 § K gk 13t ¥eike 1 ogic 1,
vagi at b@ink Rak e N ik BIinkirM8siOfenidifiebh kbt pRRYHEMRE sedience. 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
utilized.

20

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
same length as the blink template, sample history and blink_mask. If the matched

25 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 fogic 1 where the mask is a logic 0. Accordingly, the more places in a
blink mask template where the value is specified as logic 0, the greater the margin of

30 errorin relation to a person’s blinks is allowed. MATLAB®is a high level language and
17



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 20
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, 1,1]. 25The blink mask is defined to nask out the sanples
just after a transition (O to mask out or ignore sanples), and is
given by blink mask=71,1,1, 0,1,1,21,1, 0,1,2,1,1, O0,1,1,1,1, O,1].
Optionally, a wider transition region may be masked out to allow for
m)r e t implegn S Batioreior aLimeyicalasuiinpdatipny efsualizatiain ard pregkamininglaty] is a

pat t o REOHEY OBMSIANBEse NEUEK. Magpachifiptie Ifiajsn mmpriantid pRichaLbe o
1.5s blgrédteritemianB-staddmt ©'stig e Blifc mBiksN &mPte, the greater the potential for
false positive matched to expected or intended blink patterns. It should be appreciated
5 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
lens to zoom in or out on an intended object while another blink pattern may be utilized
10  to cause another device, for example, a pump, on the lens to deliver a dose of a

therapeutic agent.

Figure 1 illustrates, in block diagram form, a contact lens 100, comprising an
electronic blink detector system, in accordance with an exemplary embodiment of the
15  present invention. In this exemplary embodiment, the electronic blink detector system
may comprise a photosensor 102, an amplifier 104, an analog-to-digital converter or
ADC 106, a digital signal processor 108, a power source 110, an actuator 112, and a

system controller 114.

20 When the contact lens 100 is placed onto the front surface of a user’s eye the
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
user's eye.

25

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
amplifier 104. The photosensor or photodetector 102 may comprise any suitable

30 device. In one exemplary embodiment, the photosensor 102 comprises a photodiode.
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5blink_tenplate =[1,1,1,1,0,0, 0,0,0,0,0,0, 0,0,0,0,0,0O0,
0,1,1,1,1,1]. It is inportant to note that the above exanple is
for illustrative purposes and does not represent a specific set of
data. 10Detection nmay be inplenmented by logically conparing the

hi story of sanples against the tenplate and nask. The | ogi cal
operation is to exclusive-OR (XOR) the tenplate and the sanple

hi story sequence, on a bitw se basis, and then verify that all
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may be adjusted by the system controller 114, in a feedback arrangement, to maximize
the dynamic range of the system. In addition to providing gain, the amplifier 104 may

15 include other analog signal conditioning circuitry, such as filtering and other circuitry
appropriate to the photosensor 102 and amplifier 104 outputs. The amplifier 104 may
comprise any suitable device for amplifying and conditioning the signal cutput by the
photosensor 102. For example, the amplifier 104 may simply comprise a single
operational amplifier or a more complicated circuit comprising one or more operational

20 amplifiers. As set forth above, the photosensor 102 and the amplifier 104 are
configured to detect and isolate blink sequences based upon the incident light intensity
received through the eye and convert the input current into a digital signal usable
ultimately by the system controller 114. The system controller 114 is preferably
preprogrammed or preconfigured to recognize various blink sequences and/or blink

25 patterns in various light intensity level conditions and provide an appropriate output
signal to the actuator 112. The system controller 114 also comprises associated

memory.

In this exemplary embodiment, the ADC 106 may be used to convert a

30 continuous, analog signal output from the amplifier 104 into a sampled, digital signal
19



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 nmask tenplate, the greater the potential for false positive
mat ched to expected or intended blink patterns. It should be
appreciated 5 that a variety of expected or intended blink patterns
may be programred into a device wwth one or nore active at a tine.
More specifically, nultlple expected or intended bllnktgatterns may
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I ow | Ry AETPRY B SRam e o iE Lunt (BbSRst vt cotor 102 nay
coppri se any suitable 30 device. In one exenplary enbodi nent, the

photosensor 102 conprises a photodiode. 1In a preferred exenplary
embodi ment , AtISWeseHEE bHksURPliEfprYes Farawmerors components comprising the

blink detection system. The power may be supplied from a battery, energy harvester, or
other suitable means as is known to one of ordinary skill in the art. Essentially, any type
of power source 110 may be utilized to provide reliable power for all other components
20 of the system. A blink sequence may be utilized to change the state of the system
and/or the system controller. Furthermore, the system controller 114 may control other
aspects of a powered contact lens depending on input from the digital signal processor
108, for example, changing the focus or refractive power of an electronically controlled
lens through the actuator 112.
25
The system controller 114 uses the signal from the photosensor chain; namely,
the photosensor 102, the amplifier 104, the ADC 106 and the digital signal processing
system 108, to compare sampled light levels to blink activation patterns. Referring to
Figure 2, a graphical representation of blink pattern samples recorded at various light

30 intensity levels versus time and a usable threshold level is illustrated. Accordingly,
20



conplinmentary netal -oxi de sem conductor (CMOS process technol ogy) to
increase integration ability and reduce the overall size of the

phot osensor 102 and the other circuitry. The current 103 is
proportional to the incident |ight | evel and decreases 5substantially
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 anplifier 104 may anplify a signal to a
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|icated circuit conprising one or nore operational 20 anplifiers.

As “set forth above, the photosensor 102 and the anplifier 104 are
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i ncl udsagplesefdlinkpatiemt dardssevarioys lighting levels are simulated over the course of
a seventy (70) second time interval wherein the visible light intensity levels transmitted
through the eye are recorded during the course of the simulation, and a usable
threshold value is illustrated. The threshold is set at a value in between the peak-to-

25 peak value of the visible light intensity recorded for the sample blink patterns over the
course of the simulation at varying light intensity levels. Having the ability to
preprogram blink patterns while tracking an average light level over time and adjusting a
threshold may be critical to being able to detect when an individual is blinking, as
opposed to when an individual is not blinking and/or there is just a change in light

30 intensity level in a certain area.
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processi ng, detecting, and ot herw se mani pul ati ng/ processi ng sanpl ed
data to permt incident |ight detection for downstream use. The
digital signal processor 108 nmay be preprogramred with the blink
sequences and/or blink patterns described above. The digital signal
processor 108 al so conprises associ ated nenory. The digital signal

t oprocessor 108 may be inplenented utilizing analog 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
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The actuator 112 may comprise any suitable device for implementing a specific
20  action based upon a received command signal. For example, if a blink activation
pattern is matched compared to a sampled light level as described above, the system
controller 114 may enable the actuator 112, such as a variable-optic electronic or
powered lens. The actuator 112 may comprise an electrical device, a mechanical
device, a magnetic device, or any combination thereof. The actuator 112 receives a
25  signal from the system controller 114 in addition to power from the power source 110
and produces some action based on the signal from the system controller 114. For
example, if the system controller 114 signal is indicative of the wearer trying to focus on
a near object, the actuator 112 may be utilized to change the refractive power of the
electronic ophthalmic lens, for example, via a dynamic multi-liquid optic zone. In an

30 alternate exemplary embodiment, the system controller 114 may output a signal
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5 changes in anbient light intensity may have on the eye and eyelid
may al so mtigate and/or prevent error in detecting blinks, such as
how much visible light an eyelid blocks when it is closed in
lowintensity light levels and in high-intensity light levels. In
ot her words, in order to prevent erroneous blinking patterns from
being utilized to control, the |level of anmbient light is preferably
accounted for as is explained in greater detail below 10 For
exanple, in a study, it has been found that the eyelid on average
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P o Rt b e Aole i Tt B obPrelit 8% comiel abtiibe
detect sydtem @statedhitiltltrahsitibhs ftka SHIFRStRLBOBE N e BAGT Sfate 306 the
i ndividual is not blinking and/or there is just a change in |ight

30i nt eR¥HtE pushes the mpst epqeativ resebeed ADC outbulies phteg shtt regiaten te bold
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of a bfitshkonpteatd torg thegshaid salue tes envids a single hitf{ bbr Opfur thd saBplenmjusf
gener a%ni 5%te}' 90nmirii|1nizréa§/to%%e requirements. The system or state machine then
20 ftransitions to a COMPARE state 308 in which the values in the sample history shift
register are compared to one or more blink sequence templates and masks as
described above. If a match is detected, one or more output signals may be asserted,
such as one fo toggle the state of the lens driver, bl_cp_toggle, or any other functionality
to be performed by the powered ophthalmic lens. The system or state machine then
25 transitions to the DONE state 310 and ass-erts a bl_done signal to indicate its operations

are complete.

Figure 4 illustrates an exemplary photosensor or photodetector signal path
pd_rx_top that may be used to detect and sample received light levels. The signal path

30 pd_rx_top may comprise a photodiode 402, a transimpedance amplifier 404, an
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50bvious to one skilled in the art that the nmethod of activating

and/ or controlling the systemcontroller 114 may require the use of
one or nore activation nethods. For exanple, an electronic or powered
contact |ens may be programrabl e specific to an individual user, such
as programmng a lens to recognize both of an individual's blink
patterns and an individual's ciliary nuscle signals when perform ng
various actions, for exanple, focusing on an object far away, or
focusing on an object that is near. In sone exenplary enbodi nents,
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agent sihiahl periemde sinvier éghdtiontdl ereyding . sammpléed digital eegrieaentation of the
output of the analog portion of the photosensor signal path. The photodetect enable,
pd_en, and the photodetect gain, pd_gain, are received from the digital signal
processing and system controller 410.
20
Figure 5 illustrates a block diagram of digital conditioning logic 500 that may be
used to reduce the received ADC signal value, adc_data, to a single bit value pd_data.
The digital conditioning logic 500 may comprise a digital register 502 to receive the
data, adc_data, from the photodetection signal path pd_rx_top to provide a held value
25 on the signal adc_data_held. The digital register 502 is configured to accept a new
value on the adc_data signal when the adc_complete signal is asserted and to
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
latched to reduce system current consumption. The held data value may then be

30 averaged, for example, by an integrate-and-dump average or other averaging methods
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enbodi ment, the actuator 112 may conprise a punp and reservoir, for
exanpl e, a mcroel ectronechani cal system (MEMS) punp. As set forth
above, the powered | ens of the present invention nay provide various
functionality; accordingly, one or nore 5actuators may be variously
configured to inplenent the functionality. Figure 3 illustrates
a state transition diagram 300 for an exenplary blink detection
systemin accordance with the blink detection algorithmof the
present invention. The systemstarts in an IDLE state 302 waiting for
an enabhplegiepted irbiiggai legic,1i0 thethasseld ganeratien cirbeit 80vhkd producgone or
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25 threshold calculation circuit is configured to receive the pd_p! and pd_vl values and is
further configured to calculate a mid-point threshold value pd_th_mid based on an
average of the pd_pk and pd_vl values. The threshold generation circuit 504 provides

the threshold value pd_th based on the mid-point threshold value pd_th_mid.
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10whil e the conplete signal, adc_conplete, is transmtted thereto.

The cl ock signal, adc_clk, may be received froma cl ock source
external to the signal path, pd_rx _top, or fromthe digital signal
processi ng and systemcontroller 410. It is inportant to note that
the adc_cl k signal and the systemclock may be running at different
frequencies. It is also inportant to note that any nunber of
different ADCs may be utilized in accordance 15with the present

i nvention which may have different interface and control signals but
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I mpl enented in digital logic, in the threshold generation circuit 504
to produce one or nore thresholds on the signal pd_th. The held data

val ue nmay tmedfupthee enp@bRely esibddirasmaifahe threéiold g@nél’fwoﬁ@&cmt smprtae
thresholds to produce a one-bit data val ue on the signal g dat a.
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gai n 0&9%% o‘}%é’ Bﬁt_bl? vgl%,na %Qﬂ:ula?\gh Réich Hak/tb%rllr{bgerﬁ%ﬁt%(a with a simple right
shift by three bits and a subtraction as is well-known in the relevant art. The threshold
calculation circuit may select the threshold value pd_th to be the lesser of pd_th_mid
20 and pd_th_pk. In this manner, the pd_th value will never be equal to the pd_pk value,
even after long periods of constant light incident on the photodiode which may result in
the pd_pk and pd_vl values being equal. It will be appreciated that the pd_th_pk value
ensures detection of a blink after long intervals. The behavior of the threshold
generation circuit is further illustrated in Figure 9, as discussed subsequently.
25
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
shift register 602 adapted to receive the data from the photodetection signal path

30 pd_rx_top, Figure 4, or from the digital conditioning logic, Figure 5, as illustrated here on
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406 in the photodetection signal path via the signal pd_gain,
illustrated in Figure 4, according to the cal cul ated threshold val ues
and/ or according to the held data value. It 10is inportant to note
that in this exenplary enbodi ment six bit words provide sufficient
resol ution over the dynam c range for blink detection while

m ni m zi ng conpl exity. I n one exenpl ary enbodi nent, the
threshol d generation circuit 504 conprises a peak detector, a valley
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threshol d generation circuit é er adapted to update the
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ex pzect elgnglal may he igeasmtéa by laccqpivot stdéd mbhmla tbatga abpqnaté]fromf theldigital
detection logic 600. This control state machine may be part of the digital signal

processing and system controller 410.

Figure 7 illustrates a timing diagram of the control signals provided from a blink

20 detection subsystem to an ADC 408 (Figure 4) used in a photodetection signal path.
The enable and clock signals adc_en, adc_rst n and adc_clk are activated at the start
of a sample sequence and continue until the analog-to-digital conversion process is
complete. In one exemplary embodiment the ADC conversion process is started when
a pulse is provided on the adc_start signal. The ADC output value is held in an

25 adc_data signal and completion of the process is indicated by the analog-to-digital
converter logic on an adc_complete signal. Also illustrated in Figure 7 is the pd_gain
signal which 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
levels to stabilize prior to conversion.

30
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5 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
I n the photodetection signal path. In this manner the states of the
peak detector and valley detectors, as held in the pd_pk and

pd_vlval ues, respectively, and the threshold value pd_th as
calculated fromthe pd_pk and pd_vl values are updated to match the
changes in signal path gain, thereby 10avoiding discontinuities or
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enbodi nment of the present invention. The digital detection |ogic 600

may conprise a shift register 602 adapted tg receive the data from
the phot odet 8¢ SWr%Ylﬁ%Waﬁﬁfpﬁnéo‘ﬁauf%@ Yop Gty illustrate the aperian the
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signal pd_data, whic a one bit val ue. regi ster 60
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Conpar [S55RSF ST ke idifleEls, o Bist pbRr b Blor SRR SES e one
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606. The digital detection logic 6 her conprise a counter

608 or hundred (100) percent, but a lower value dependmg on the transmission properties of
the eyelid for the wavelengths of light incident on the eye. Figure 9B illustrates the
adc_data_held value that is captured in response to the photocurrent waveform of
Figure 9A. For simplicity, the adc_data_held value is illustrated as a continuous analog

25 signal rather than a series of discrete digital samples. It will be appreciated that the

digital sample values will correspond o the level illustrated in Figure 9B at the
corresponding sample times. The dashed lines at the top and bottom of the plot
indicate the maximum and minimum values of the adc_data and adc_data_held signals.
The range of values between the minimum and maximum is also known as the dynamic

30 range of the adc_data signal. As discussed below, the photodection signal path gain is
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other logic to suppress successive conparisons that nmay be on the
sane sanple history set at small shifts due to the masking
operations. In a preferred exenplary 10enbodi nent the sanple history
is cleared or reset after a positive match is found, thus requiring a

full, new matching blink sequence to be sanpled before being able to
identify a subsequent match. The digital detection |logic 600 may
still further conprise a state machine or simlar control circuitry

to provide the control signals to the photodetection signal path and
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signals. Figure 9F illustrates the pd_data value generated by comparison of the
adc_data_held value to the pd_th value. Note that the pd_data signal is a two-valued
signal which is low when a blink is occurring. Figure 9G illustrates a value of tia_gain
versus time for these example waveforms. The value of tia_gain is set lower when the

20 pd_th starts to exceed a high threshold shown as agc_pk_th in Figure 9E. It will be
appreciated that similar behavior occurs for raising tia_gain when pd_th starts to fall
below a low threshold. Looking again at the second portion of each of the Figures 9A
through 9E the effect of the lower tia_gain is clear. In particular note that the
adc_data_held value is maintained near the middle of the dynamic range of the

25 adc_data and adc_data_held signals. Further, it is important fo note that the pd_pk and
pd_vl values are updated in accordance with the gain change as described above such
that discontinuities are avoided in the peak and valley detector states and values due

solely to changes in the photodetection signal path gain.
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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 descri bed above, in addition to a state machine to
control the sequence of operations in a blink detection algorithm
The 10 digital blink detection subsystemdig blink 802 may be adapted
to receive an enable signal fromthe nmaster state nachine 804 and to
provi de a conpl etion or done indication and a blink detection
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20 1004 must be insulated from the circuits underneath and the bond pads 1006 to prevent
short-circuit conditions. Such insulation may be provided by the passivation already
present on the die as part of normal wafer passivation, e.g. oxide, nitride, and/or
polyimide, or with other dielectric added during post-processing. Masking permits light
blocking layer openings 1010 so that conductive light-blocking metal does not overlap
25 bond pads on the die. The light-blocking region 1004 is covered with additional dielectric
or passivation to protect the die and avoid short-circuits during die attachment. This final

passivation has passivation openings 1008 to permit connection to the bond pads 1006.

Figure 11 illustrates an exemplary contact lens with an electronic insert

30 comprising a blink detection system in accordance with the present embodiments
30



response to the adc_data_hel d value in sone exenplary enbodi nents of
the threshold generation circuit. Note that the pd_th_pk value is

al ways sone proportion of the pd _pk value. Figure 9E illustrates the
adc_data held value with the pd th _md and pd_th _pk val ues. Note that
during long periods of tine where the adc_data_held value is 10
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It is important to note that the blink detection system of the present invention has
broader uses than for vision diagnostics, vision carrection and vision enhancement.

These broader uses include utilizing blink detection to control a wide variety of
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for incorporation into contact |enses, as nentioned previously. The

| i ght-bl ocking region 1004 is preferentially formed with a thin,
opaque, reflective material, for exanple alum num or copper already
use i n sem conductor wafer processing and post- processing. |f

i npl emented with nmetal, the material form ng the |ight-blocking

regi on 201004 nust be insulated fromthe circuits underneath and the
bond pads 1006 to prevent short-circuit conditions. Such insul ation
may be provided by the passivation already present on the die as part
of nor farictionéliy ferdadividanisosith phypicabisdbilitins.t The dlinkadetectiopaiayitve sket,up
or with other Og_éel ectric added during post-processing. Msking

per mi t §MYGHR" Proeki ng 1 ayer openings 1010 so that conductive

l'i ght - bl ocking netal does not overlap 25 bond pads on the die. The
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i Tt hetrigger attforlsl ih ki élgcteoni®ophthabnic lens, for example, changing the power of a
variable power optic to allow an individual with presbyopia to focus on near distance
20 objects. Itis also important to note that the sensed data, in addition to or in alternate
use may simply be utilized as part of a collection process rather than as a triggering
event. For example, the sensed data may be collected, logged and utilized in treating
medical conditions. In other words, it should also be appreciated that a device utilizing
such a sensor may not change state in a manner visible to the user; rather the device
25 may simply log data. For example, such a sensor could be used to determine if a user
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

30 individual who is gazing at a distant object which requires far focus, for example, driving
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Addi tional enbodi nents of the blink detection algorithmnmay allow for
nore variation in the duration and spacing of the blink sequence, for
exanple by timng the start of a second blink based on the neasured
ending time of a first blink rather than by using a fixed tenplate or
by wi dening the nmask "don't care" intervals (0 values). 20 It
wi || be appreciated that the blink detection algorithmmy be
inplemented in digital logic or in softmare running on a
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|nc0rporate a pupl position and conver gence detection system

pr oces¥agks Weovavedant o disteat @b}p@t a@lthpugh theneyageBodt mgve,she laaglgsd 204
i vi SRERrE BEE' ety BeEibrdes, bR ARRAhe MuTigiehee Ron i 05 guo

tioe aeye$162m }ssmabih e thamtheadictamee danethe éyas mdmetb the bbjeosundaur ;
nanely, each elye (pupil) noves slightly inward towards the nose,
10convBPEENEECMNand the pupils get a bit smaller (miosis). The changes
in the crystalline | ens, convergence and mosis are generally
referred to_as the accommd_ative reflex. In other words, when an

i ndi vi dual Figtees3hang 1|$Bal4usitﬂt@étpauferey@ﬁdﬁﬁpésuhﬁ@ntmléaﬁnwgr tohtheser
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whitkh usder cnhrsea\mjioe hotritestratedyris close or near rather than distant. Slnce the distance

between the eyes 1300 is now appreciable relative to the distance from the eyes 1300
to the object under observation, the eyes 1300 converge to keep the object under
observation within the field of view. As illustrated, via exaggeration, pupils 1302
converge and move closer together. Lines 1301 drawn between the pupils and the

20 object under observation are no longer parallel, and the angles 1304 are less than
ninety (80) degrees. This phenomena may be easily observed by having a subject first
focus on his or her finger at an approximate distance of two (2) feet with his or her arm
fully extended. As the subject brings his or her finger closer, his or her eyes will
converge towards his or her nose becoming “cross-eyed.”

25

Figure 14 illustrates a system by which the convergence described with respect

to Figures 12A, 12B, 13A and 13B may be sensed and communicated between a pair of
contact lenses 1400. Pupils 1402 are illustrated converged for near object viewing. Pupil
position and convergence detection systems 1404 incorporated within contact lenses

30 1400 that are positioned on eyes 1406 track the position of the pupils 1402 and/or the
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15 the di stance between the two eyes and the distance from each eye
to the object. A nore detailed description is given subsequently.
Because of the correlation between pupil convergence and focusing on
near objects, pupil convergence may be utilized to trigger actions in
an electronic ophthalmc |ens, for exanple, changing the power of a
vari abl e power optic to allow an individual with presbyopia to focus
on near distance 200bjects. It is also inportant to note that the
sensed data, in addition to or in alternate use may sinply be
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Figures 13A and 13 ustrate a pair of eyes 1300 substantially

si ni | amaydakedeformlaf sbseluérion ielativguosiion2ar ey simply bsi a fronergence
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case, if a given contact lens detects convergence itself and receives a convergence
indication from the adjacent contact lens, it may activate a change in stage, for
20 example, switching a variable-focus or variable power optic equipped contact lens to the
near distance state to support reading. Other information useful for determining the
desire to accommodate (focus near), for example, lid position and ciliary muscle activity,
may also be transmitted over the communication channel 1401 if the contact lenses are
so equipped. It should also be appreciated that communication over the channel 1401
25  could comprise other signals sensed, detected, or determined by each lens 1406 and
used for a variety of purposes, including vision correction, vision enhancement,

entertainment, and novelty.

In accordance with one exemplary embodiment, a digital communication system

30 comprises a number of elements which when implemented, may take on any number of
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bet ween the eyes 1300 is now appreciable relative to the distance
fromthe eyes 1300 to the object under observation, the eyes 1300
converge to keep the object under observation within the field of
view. As illustrated, via exaggeration, pupils 1302 converge and nove
cl oser together. Lines 1301 drawn between the pupils and the 20

obj ect under observation are no |onger parallel, and the angles 1304
are less than ninety (90) degrees. This phenonena nmay be easily
observed by having a subject first focus on his or her finger at an
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with respect to Figures 12A, 12B, 13A and 13B nay be sensed and
comuni cat ed between a pair of contact |enses 1400. Pupils 1402 are
illustrated converged for near object view ng. Pupil position and
convergence_det ection systens 1404 incorporated within contact |enses
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control I'er, menory, power supply, and a transceiver as is described
i nlelet ansodaibs thalictassed inte eharat erspden uheee redundapey isdatiodugediinie the
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conver gedukteayphsse clveguensydr atiplitude ofat high fissiuseey cainier signacappraptiate
| ensesfo%%?]smission over or through the channel. The channel is the medium through which
the waveforms travel, and the channel may introduce interference or other corruption of
20 the waveforms. In the case of the wireless communication system, the channel is the
atmosphere. The digital demodulator receives the channel-corrupted waveform,
processes it and reduces the waveform to a sequence of numbers that represent, as
nearly as possible, the transmitted data symbols. The channel decoder reconstructs the
original information sequence from knowledge of the code utilized by the channel
25 encoder and the redundancy in the received data. The source decoder decodes the
sequence from knowledge of the encoding algorithm, wherein the output thereof is

representative of the source information signal.
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may take the form of absolute or relative position, or may sinply be
a "convergence suspected” signal if the eye noves in the expected
direction of convergence. In this case, if a given contact |ens
detects convergence itself and receives a convergence indication from
t he adjacent contact lens, it may activate a change in stage, for 20
exanple, switching a variable-focus or variable power optic equi pped
contact lens to the near distance state to support reading. O her
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generate output in a suitable format for the remainder of the components of the system
1500. The signal processor 1504 may be implemented utilizing analog circuitry, digital
circuitry, software, and/or preferably a combination thereof. It should be appreciated
that the signal processor 1504 is co-designed with the sensor 1502 utilizing methods

30 that are known in the relevant art, for example, circuitry for acquisition and conditioning
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sequence from know edge of the encoding algorithm wherein the output
thereof is representative of the source information signal.

It is inportant to note that the above described el enents may be
realized in hardware, in software or in a conbination of hardware and
software. In addition, the comuni cation channel nay conprise any
type of channel, including wired and wireless. In wireless, the
channel may be configured for high frequency 5el ectronmagnetic
signals, |ow frequency el ectromagnetic signals, visible light signals
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20 requirements. Transceiver 1510 and antenna 1512 may work in the radio frequency
(RF) bands, for example 2.4 GHz, or may use light for communication. Information
received from transceiver 1510 is input to the system controller 15086, for example,
information from an adjacent lens which indicates convergence or divergence. System
controller 1506 uses input data from the signal processor 1504 and/or transceiver 1510

25 to decide if a change in system state is required. The system controller 1506 may also
transmit data to the transceiver 1510, which then transmits data over the
communication link via antenna 1512. The system controller 1506 may be implemented
as a state machine, on a field-programmable gate array, in a microcontroller, or in any
other suitable device. Power for the system 1500 and components described herein is

30 supplied by a power source 1514, which may include a battery, energy harvester, or
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of an acceleroneter are different than the circuitry for a nuscle
activity sensor or optical pupil tracker. The output of the signal
processor 1504 is preferentially a sanpled digital stream and may

i ncl ude absolute or relative position, novenent, detected gaze in
agreenent with convergence, or other data. Systemcontroller 1506
receives input from5the signal processor 1504 and uses this
information, in conjunction with other inputs, to control the
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| eng, Baﬁthﬁmemk&am@ mgmwmrf‘eaﬁar %u@%‘fat@el e@tz drid®1 URD RS e & fod with
frequency, anplitude, and format for reliable communication between

eyes, reﬁnepbtmé?lgu@sStﬂthand) h2Bathe degres ef conupigenceriy Iavo \Weegain theomas,

2

(" s dg 1ot e BLSRR I R BB MR R BRIEIE TESRIRIRY,

| nf or mlabmmgemmls\rmh TA mshmse;e&; weay Heb4€t in she Sl;mllemtamntrbéellscemm@m}: ]
contro exa 1 NT.0r om a acent ens | C
Coai coft B35 obF oot 1AL 5 SR e shate s tas SRohPaBPPUTBR 1880 dor dxample,

I npit f&h@mymﬁme 8hERith aaaqmaéa fwhe? e ANSERGIdtiS §§§ef€i g@ﬁg badilvgs

to decide if a change in systemstate is required. stem

cont r othesrfogsaeg theyvariable eptihwitn Nodsidaoaveriwren ﬁh&ﬁa@ho is Pggsed gpingh
then tp g@& s data over the communication link via antenna 1512. The
system controll er 1506 nmay be inplenmented as a state nmachine, on a
field-progranmmabl e gate array, in a mcrocontroller, or in any other

PRI e A MTCARY s B TN GOt N
babd er ¥re PBEE GY tHEABHRHefHl .z0BE of a contact lens rather than in the optic zone. In
accordance with an alternate exemplary embodiment, it is important to note that the
positioning of the electronics need not be limited to the peripheral zone of the contact
lens. All of the electronic components described herein may be fabricated utilizing thin-
film technology and/or transparent materials. If these technologies are utilized, the
25 electronic components may be placed in any suitable location as long as they are
compatible with the optics.
The activities of the acquisition sampling signal processing block and system
controller (1504 and 1506 in Figure 15B, respectively) depend on the available sensor
inputs, the environment, and user reactions. The inputs, reactions, and decision

30 thresholds may be determined from one or more of ophthalmic research, pre-
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simlar device as is known to one of ordinary skill in the art. The

power source 1514 nmay also be utilized to supply power to other

devi ces on the contact |ens 1501. The exenplary pupil position and

convergence detection system 1500 of the 5present invention is

i ncorporated and/or otherw se encapsul ated and insul ated fromthe

saline contact |ens 1501 environnent. Figure 16 illustrates an

exenpl ary, sinplified correl ati on between convergence 1600 and focal
| ength states 1602, 1604, and 1606 as is commonly docunented in the
opht halpregramnuiag arainiag, whé adpplivedeaming plgetithnes. &ics exanpleaite geusal as

descri

conver SOAERt RS BP BGL e itcSndy Bp S ek BIHE £ 8 appicaplp o

with rastpeatﬂ pbpulbtign DéesérSParahﬂrelﬁngrdd‘lmedégbeﬂ/stﬁm contygllegeHowevear, an
hi gh. A go‘ifé/j ][{06'35”& be set in th stem control |l er (el enment

1506 of“ HL? 9%@&%@0 %ﬁ@o%?ee@??f@ﬁu reCesRANARN ¢
| ens, ftr@rn.ﬁg?%géas&uﬂa oﬂéaﬁft BEHS 'aﬂgptﬂ/eylééirﬁh;k slg@ﬁfﬁnwmcth%&fﬁﬁuagwefwﬁ%

the threshold is passed ng positiv focusing the variable
opti c V#3INPNES imapeiegas of eetfeni¢ npbt@labw dequgaﬁs@tme geemplanegat i ve.

In one éﬁtytr%‘(;@s;é? frwn&ﬁ&pﬁgﬁgtg&%&?{@n thh fidia g R84, Swhich

i nter connec ons de'in eral™ zone con act | ens

r at her cbhmmma:ate@mtbnhe deviocaewhémirecuser dizsites wehihfoans.al tearmag @lgorithm
t he

exenpl ar odi nmen is inportant to,.note that osj tioning of
The o1 BLNGIRES RERdiem erBnPe RETRa TRite HE Msehery eraas aoB abtes i fob°
COE!@ ackignai® refihéd |rﬂérnfah§e<§é|8ﬁfalg2mtl¢rn§0m§'ﬂ@m|ﬁg gessd LHRE IR TS Sha By,
be fabricated utilizing thin- | m t echnol ogy and/or transparent

mat er i aftgr whichithe deviee staud @@@ré@ autenpmioslyaiith e seaseiapyts @niddot
corrponﬁ%qﬁreqﬂgf > placed in any suitable location as long as they are
conpat i bl'e wth the optics. The activities of the acquisition
sanmpling signal processing bl ock and system controller (1504 and 1506

in Fi gure 15BintraaguiasiensehiOldsmigas mﬁtﬂ%n@laaﬁeﬂamf@ 8¥Mhabf rempeassthe
t he enthsgé@ ns.a\gﬁuggsc%’a L}l/tﬂlgéﬁtférQH&Vld-ﬂgﬁ \#flﬂplﬂét‘%racﬁseapélh@?to 04 various

deci sio thresh e determ ne rom one or

ophs halefiactive sears hAn Rk typically comprises a small plastic lens with plastic side struts
called haptics to hold the lens in position within the capsular bag in the eye. Any of the
electronics and/or components described herein may be incorporated into IOLs in a

manner similar to that of contact lenses.

20 Although shown and described in what is believed to be the most practical and
preferred embodiments, it is apparent that departures from specific designs and
methods described and shown will suggest themselves to those skilled in the art and
may be used without departing from the spirit and scope of the invention. The present
invention is not restricted to the particular constructions described and illustrated, but

25  should be constructed to cohere with all modifications that may fall within the scope of

the appended claims.
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progranm ng, training, and adaptive/learning algorithns. For exanple,
the general characteristics of pupil convergence may be

wel | -docunented in literature, applicable to a broad popul ati on of
users, and pre-programred into systemcontroller. However, an

i ndi vidual 's deviations fromthe general expected response may be
recorded in a 5training session or part of an adaptive/l earning

al gorithm which continues to refine the response in operation of the
el ectroni c ophthal m c device. In one exenplary enbodi nent, the user
may train the device by activating a handheld fob, which conmmunicates
with the deyjGRy | Mt uger desires near focus. A learning
algorlthnlln the device nmay then reference sensor inputs in nenory
before and after the fob 10signal to refine internal decision

al gorit hns. 1Thi sAtgoa\'renédlgppmlmid leroy ltiee bawbre‘dOGipmlwnﬂ@be,nsa:bhﬁrrlswy ch
t he devi ce woul d operaE% ayt mously with only sen uts and not

require the fob. a contact leps I ‘t' Ing @i aptic|zeRg a9¢ 4 eerR r%] 210 Rs@hat is

i npl anted in theagygi aaé.t.bﬁ@ha%ﬁvér@@neé wetcrlibn aestbﬁnﬁcorbbran@ar.rn@ the
utilized for individuals with cataracts or sinply to treat various

15r ef r astipherabzons &f thagontact teppi el ntspllmﬁﬁuonm coryregeancpldgtedtion] ens
x E Ei ﬁls?%EhCmélhgrngfé %éﬁs%r?&b%f‘é?mﬂ?e%%ﬁfp&gﬁ@ﬁh H}ﬁ%uluggt?orf é‘e\ﬁ’c? ' t' on

e capsu ag I n e eye roni cs an
c_orrponeot:ﬁngedm s@aﬂah@r@eﬁumﬁorﬁmtmn@mffrpmaﬁlealstlawsecohﬂlmjpilrpoa[tmramelr

simlar to that f contact | enses hou and_descri ped
what iEO’B\éGf'”E‘éR}‘éed glgcin ?@e'ﬁd%‘forB?r ‘?‘ﬂ@ Q%&Pﬁ genedf %ﬁﬁ‘mfﬁ%ﬂ tact
itis maé%%tehhaéntﬂﬂ:ea&@weﬁﬁt.\félpasmea hthdRE isBASoredid tHBt hods
descri bed and shown w | grgest t hensel ves to those skilled in the

art anaowwtlagéi@vwetw gpead forigteinane pHgil spsifion and goneergenes

par t1 obfard 8 nfATARIERGR e SRR oD 143 sBRtnd PERTRSIE SaLboaraense
constr deteetlom eystemearel oatpht alkcbninul diigriat,adridoatdesdtatnerajudtar Configunedtd he

scope recelve the output control signal and implement a predetermined function.

2. The powered ophthalmic lens according to Claim 1, wherein the sensor

comprises at least one photodetector positioned to capture an image of the eye.

3. The powered ophthalmic lens according to Claim 2, wherein the at least
one photodetector 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 [east one neuromuscular sensor configured to detect neuromuscular

activity associated with eye movement.
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t he appended clains. WHAT IS CLAIMED I S: 1. A powered
ophthalmc lens, the powered ophthalmc | ens conprising: a contact

| ens including an optic zone and a peripheral zone; and

a pupil position and convergence detection systemincorporated into
t he peripheral zone of the contact |lens, the pupil position and
convergence detection systemincluding a sensor to determ ne pupi
position, a comruni cation device configured to send and receive
information to/fromat |east a second pupil position and convergence
det ecti on s@st emlhapomssederlthplie lepsracoptieg to Claimel, ofheseindbe papil

cont ac , ler i . i L t he
sensor tpg%@ﬂﬁ ﬁgaccéﬁnj}%ﬁ@ggg i’fﬂtgg&héﬁisggtggﬁﬁrﬁ@%w%épg%?%b@tgf grro\#lb%]%rpu pi |
posi t i eonfiguded dmverejensigndlasedn the semsor, perfoan digitainsignel prexsssingahd he
second B il positio ?]ll’ld c?nver% nce detection system and output a
contr o EqDUéHQ ,Oréi‘?fﬁeg? e BTeOHE ﬁ'eﬁ%rat or configured to receive the

out put control signal and inplenment a predeterm ned function.
2. The powered ophthalmc | ens according to Claim1, wherein the

sensor conpri sesTAé pbeafdd @ﬂﬂh@l*ﬁﬂbM%taﬂﬁ:bﬂﬂn%%CIdirﬂr@QvHéPeiﬁ%dal e an
i mge of the eye. 3. The powered ophthal mc |ens according to

O ai m PIOGRESPIFIMPliRESASSOEiiad BREIGRKot odet ect or compri ses a
rear-facing camera configured to detect changes in inmages, patterns,
or contrast to track eye novenent. 4. The powered ophthal mc

| ens accordikng t i i i |
nocel or onet B ot o RBYRlek oMRRERYE 1erRBTBRARY (S CHR £ 3eein o8 ottt
cont acantl ensvergence detectidimeygiomeiugteopimpiidas a pbwassaupdnr di ng t o

Claim 1, wherein the sensor conprises at |east one neuronuscul ar
sensor configured to detect neuronuscular activity associated with

eye noveneng. A powered ophthalmic lens, the powered ophthalmic lens comprising:

a contact lens; and

a pupil position and convergence detection system incorporated into the
the contact lens, the pupil position and convergence detection system including a
sensor to determine pupil position, a communication device configured to send and
receive information to/from at least a second pupil position and convergence detection
system incorporated into a peripheral zone of a second contact lens, a system controller
cooperatively associated with the sensor and the communication device and configured
to determine pupil position and convergence based on information from the sensor and
the second pupil position and convergence detection system and output a control
signal, and at least one actuator configured to receive the output control signal and

implement a predetermined function.

10.  The powered ophthalmic lens according to Claim 9, wherein the sensor

comprises at least one photodetector positioned to capture an image of the eye.

11.  The powered ophthalmic lens according to Claim 10, wherein the at least
one photodetector comprises a rear-facing camera configured to detect changes in

images, patterns, or contrast to track eye movement.
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6. The powered ophthalmc | ens according to Claim1, wherein the
pupi | position and convergence detection systemfurther conprises a
signal processor configured to receive signals fromthe sensor,
perform digital signal processing, and output one or nore to the
system control |l er. 7. The powered ophthalmc | ens according to
Claim 6, wherein signal processor conprises associated nenory.

8. The powered ophthalmc |lens according to Caim1l1, wherein pupil
position and convergence detection system further conprises a power
supply. 9. A powered ophthalmc |ens, the powered ophthalmc |ens

conpri si ng: 1. coMhapbweedbopihdimic lens accordingtdPCRiim P WHeréiRNh@8ensor
convergence detection systemincorporated into the the contact |ens,

t he pupPIMPHEss &t easkene asrRleppEierdodackanewmeniaf aklaast poRiphipesye or
sensor @C%ﬂgggl%ge pupi | position, a conmunication device configured
to send and receive information to/fromat |east a second pupil
position and convergence detection systemincorporated into a

peri pher al ne a seconpd ntact | ens system cont.rol.l er

Cooper at | veld as 08 PalBHE L RARTHEE lerscaspoufnd o bR ecsin e sensrce
and cogbmpvEeslat lRasedes Reurenuspilar BORddriconfigured a6 BeRicY ABGRNMAAZ A/ r ON
information fromthe sensor and the second pupil position and

conver getdty anspeiatechwith g¥e BVEMENSUt put a control signal, and at

| east one actuator configured to receive the output control signal
and inpl ement a predeterm ned function. 10. The powered

opht hal mi ¢ éns &bepoderay ophtGhiaiielahs adeerdigta Glainéh sdereinripe pspis at
| east gne..phot odet ect or s{t'.oned tto ﬁ ture an i nmage aL%rt he eye.

11, ThEOSFERLARd cEpYERERRY Beleclie Srpm iRt bR 4 SO ARPEF T e at
| east ooefigured aslricetiefignalghibhste senserpeffanh RNgitABighal Fronésging, emdt 0
detect changes in i nages, patterns, or contrast to track eye
novemeABtPUL One or morg o't steSPBHOht hal i c | ens according to O aim

9, wherein the sensor conprises at | east one acceleroneter to track
novenent of at |east one of the eye or the contact |ens. 13.

The powver edq9pht 11gd BbketRNSpREARNIE IME dcRofdi) B Claithial finBrdif Sigh@NSOr

conprises at |east one neuronuscul ar sensor configured to detect
neur orlESEEseT CEEIpPrEes\as§esistidanedony.t h eye novement . 14. The
power ed ophthalmc lens according to Caim9, wherein the pupil

position and_conyergence detection system further caonprises a signal
processor ciig "ego‘f’_ﬁr qdoRh MG fnsIaccerding ’{Onélrag@ﬁg&hpr%@,ppgﬂ ﬁgs't'on
di gi tahlﬂ% bgﬁ\?’érg@ﬁc%ﬁgt%bfikﬂﬁl s?éTanQHHﬁéFccﬁﬁﬁ]iéHs bRerl Sugdhg System

controller. e powered ophthalmc lens according to Caim
14, wherein signal processor conprises associated nenory.

17. A powered ophthalmic lens, the powered ophthalmic lens comprising:

an intraocular lens; and

a pupil position and convergence detection system incorporated into the
intraocular lens, the pupil position and convergence detection system including a sensor
to determine pupil position, a communication device configured to send and receive
information to/from at least a second pupil position and convergence detection system
incorporated into a peripheral zone of a second contact lens, a system controller
cooperatively associated with the sensor and the communication device and configured

to determine pupil position and convergence based on information from the sensor and
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16. The powered ophthal mc |lens according to Claim9, wherein pupi
position and convergence detection system further conprises a power
supply. 17. A powered ophthalmc | ens, the powered ophthal mc |ens
conprising: an intraocular |ens; and a pupil position and
convergence detection systemincorporated into the intraocul ar |ens,

t he pupil position and convergence detection systemincluding a
sensor to determ ne pupil position, a comunication device configured
to send and receive information to/fromat |east a second pupi

posi ti the sewbndqrupdmepsitive atet @rivegernsestatentionaysieon and duimit @ entrol

peri pheral , zone , of secopnd contact lens, a system controller

Rooper S PL RV 2 A5t RE ACtAT canboum ease i ouBHRRT el oI A ce
and cofthplgcpt alpedstbahifeddumdtinl posi tion and convergence based on
information fromthe sensor and the second pupil position and
convergence detection system and output a control signal, and at

| east one actuator configured to receive the output control signal
and i npl ement a predeterm ned function.
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