ELECTRONI C OPHTHALM C LENS W TH REAR- FACI NG PUPI L DI AMETER SENSOR 5
BACKGROUND OF THE I NVENTION 1. Field of the Invention The present
invention relates to a powered or electronic ophthal mc |ens having
10a sensor and associ ated hardware and software for detecting and/ or
sensing pupil dianmeter, and nore particularly, to a sensor and
associ ated hardware and software for detecting changes in pupil

di aneter and changing the state of an electronic ophthalmc |ens.
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Such uses may include nonitoring aspects of body chem stry,

adm ni stering 20control | ed dosages of nedications or therapeutic
‘agents via various mechani sns, including autonatically, in response
to neasurenents, or in response to external control signals, and
augnent | %he erformance of organs or tissues. Exanples of such
devp ce SAGHERAWND QR EHE INMENHRN unps, pacemakers, defibrillators,
ventricul ar assist devices and neurostinulators. A new, particularly
useful field of application is in 25ophthal m c wearable | enses and
contact |enses. For exanple, a wearable |ens nmay incorporate a |ens
assenbl y hati rfdeldpféretvestioreal |y adj ustabl e focus to augnment or
enhance performance of the eye. In another exanple, either with or

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

el ectroni ¢ sBmspresenbindentirt retabes tnd pawvieetsordlegtasriic ophiaialntib denscladndng

'n 16 he y [sggs(?orr%%%l as E)gi%Qd F]E!lrldvmarér Qﬁd ggﬁwg;e fjél' detecting and/or sensing pupil

diameter, and more particularly, to a sensor and associated hardware and software for

detecting changes in pupil diameter and changing the state of an electronic ophthalmic

lens.

15 2. Discussion of the Related Art

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

20 controlled dosages of medications or therapeutic agents via various mechanisms,
including automatically, in response to measurements, or in response to external
control signals, and augmenting the performance of organs or tissues. Examples of
such devices include glucose infusion pumps, pacemakers, defibrillators, ventricular
assist devices and neurostimulators. A new, particularly useful field of application is in

25  ophthalmic wearable lenses and contact lenses. For example, a wearable lens may
incorporate a lens assembly having an electronically adjustable focus to augment or
enhance performance of the eye. In another example, either with or without adjustable
focus, a wearable contact lens may incorporate electronic sensors to detect

concentrations of particular chemicals in the precorneal (tear) film. The use of
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enbedded el ectronics in a lens assenbly introduces a potenti al
requirenent for communication with the electronics, for a nethod of
powering and/ or re-energizing the electronics, for interconnecting
the electronics, for internal and external sensing and/or nonitoring,
and for control of the electronics and the overall function of the

l ens. 5 The human eye has the ability to discern mllions of
colors, adjust easily to shifting I[ight conditions, and transmt
S|gnals or information to the brain at a rate exceedlng that of a

hi gh- s peBRerisRd pIREtORISR ibe {ansrasseathhe troguees agotaniakbeauiremeatiosnd
i ntr aocéﬂrﬁhuh%ﬁ@? with4hé @ n%% oM hithed df go?@ﬁﬁg%%ﬁ)‘ﬁr% %ﬂe?g%ﬁﬁ tve

such as nyopi a near si ght ness hyper opi tedne
pr esby ogleatramids, det lntﬁmd:mrmutlng-ldveelectrormcs,p‘er inferdebarghedetrah sessing and/or

i ncor poy n ddi,t.i onal nt S nma utili tp en e Vi sion
e el | MBb It G et B eufar ey T kALt SRTERT | e
to sorrect nyopia, hyperopia, astignmatismas well 15as other visual
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adverse clinical effects hough ese contact lenses are still
utilized, they are not 25suitable for all patients due to their poor
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cli ni cabnfay flacambR thehntayieF Q4P 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

20 since the 1950s. Early contact lenses were made or fabricated from hard materials,
were relatively expensive and fragile. In addition, these early contact lenses were
fabricated from materials that did not allow sufficient oxygen fransmission 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

25  suitable for all patients due to their poor initial comfort. Later developments in the field
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.

30 Essentially, these silicone hydrogel based contact lenses have higher oxygen
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30Essentially, these silicone hydrogel based contact |enses have

hi gher oxygen perneability and are generally nore confortable to
wear than the contact | enses made of the earlier hard materials.
Conventional contact |enses are polyneric structures with specific
shapes to 5correct various vision problens as briefly set forth
above. To achi eve enhanced functionality, various circuits and
conmponents have to be integrated into these polymeric structures. For
exanpl e, control circuits, m croprocessors, conmunication devices,
power skeypIeakiity gad gk generatly Biose somfortaile Envear thgndhe gertactigases made

m ni at u%ﬁl ?@aﬁ@?%% dBat Q’%Ié ntegrated into contact |enses via

custom t opt o6l ectront ¢ conponents to not only correct vision,

but to enhance vision as well as provide additional functionality as
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to a patient's bl dod chem stry w thout the nee e patient to
wast e tprppefedesioned eleatroribe padior prrangemeant efelettoanicsiomlanses 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, or in
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, sensors built into the lenses may be utilized to detect

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

for a nunber of reasons, as well as nmounting and interconnecting
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hours on a single charge, after potentially remaining idle for years.
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| ow cost, | ong{-ter mreliable service, safety and 30size while
provi dilfias:@ng the envirmptigwhich itis to be utilized, the physical realization of the

device must overcome a number of problems, including mounting and interconnecting

a number of electronic components on a non-planar surface, the bulk of which

comprises optic plastic. Accordingly, there exists a need for providing a mechanically
20 and electrically robust electronic contact lens.

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

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

30 size while providing the required power.



In addition, because of the conplexity of the functionality
associated with a powered |lens and the high I evel of interaction
between all of the conponents conprising a powered lens, there is a
need to coordi nate and control the overall 5 operation of the

el ectronics and optics conprising a powered ophthalmc |ens.
Accordingly, there is a need for a systemto control the operation of
all of the other conponents that is safe, lowcost, and reliable, has
a lowrate of power consunption and is scal able for incorporation
into an ophthal mc |ens. Power ed or el ectronic ophthal mc
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Addi tion factors, such as anges in nt ensi
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out, have to be accounted for when determ ning blinks. For exanple,
If a roomhas an illumnation | evel between 20fifty-four (54) and one
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to detect |ight intensity changes that occur when a person blinks.
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30i npl enented with conputer vision systens directed at one's eye(s),
for exdatlpKEg ay be utilized as a means to control one or more aspects of a powere
ophthalmic lens. Additionally, external factors, such as changes in light intensity levels,
and the amount of visible light that a person’s eyelid blocks out, have to be accounted
for when determining blinks. For example, if a room has an illumination level between
20  fifty-four (54) 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  onlights 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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canera digitized to a conputer. Software running on the conputer can
recogni ze visual patterns such as the eye open and cl osed. These
systens may be utilized in ophthalmc clinical settings for
di agnosti c purposes and studies. Unlike the above descri bed detectors
and systens, these systens are intended for off eye use and to 5| ook
at rather than |l ook away fromthe eye. Al though these systens are not
smal | enough to be incorporated into contact |enses, the software
utilized nmay be simlar to the software that would work in
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Pupi | di aneter may be neasured, for exanple, by a canera facing t
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t hrough i mage, pattern, or contrast recognition, and cal cul ates pupil
di aneter. Pupil dianeter, whether 25dil ated or constri cted, is
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measur i o piplls di aneter are not suitable for use in contact |enses.
For exanpf caneras and recognition systens are typically found in
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have nEIthEA t he ze northhe Iom1cur3§pon gmﬁgar

f i
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20 control the functionality of a contact lens under certain conditions. Pupil diameter is a
measurable parameter of the eye which may be used to command changes in
ophthalmic devices. Pupil diameter may be measured, for example, by a camera facing
the eye. The camera captures images of the eye, determines the pupil through image,
pattern, or contrast recognition, and calculates pupil diameter. Pupil diameter, whether

25  dilated or constricted, is correlated with the level of light incident on the eye, focusing
up-close as opposed to far away, and some medical conditions. Ophthalmic devices
could change light transmission or focal [ength based on pupil diameter, or trigger other
events. Alternately, the sensed data may be simply collected and utilized for
monitoring medical conditions.
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5systens are also not intended to vary the state of an ophthalmc
devi ce based on changes in pupil dianeter. Accordingly, there exists
a need for a neans and nethod for detecting pupil dianeter and
utilizing this information to control an el ectronic or powered
ophthal mc lens. 10 SUVMWWARY OF THE | NVENTI ON The el ectronic
ophthalmc lens with rear-facing pupil dilation sensor in accordance
with the present invention overcones the limtations associated with
the prior art as briefly described above. 15 I n accordance
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vari abl e-focus optic if included. The el ectronic systemincludes one
or nore batteries or other power sources, power managenent circuitry,
0Ngp Or SUMATSNOPITHE SN9EKTIOREr ation circuitry, control algorithns
and circuitry, and ITens driver circuitry. 30 Control of a
power ed ophthalmc |ens may be acconplished through a manually

oper at ed ex | : i es.w : Jd i r.el essly,
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seggience of blinks, the powered ophthalmc | ens may change state, for

exanple, its refractive power in order to either focus on a near
obj ect or alngespEdancgpyittene pppeghdhrdresant érveatien iswdingsited {o a powered

ccomp PP RRal TGP T el P Ul P EnR Eolsp Aol s ipplcing an

wear er ppitaneieyand a peripheral zone, and a pupil diameter sensor system incorporated into

the contact lens for measuring pupil diameter, the pupil diameter sensor system

20 including at least one sensor, a system controller operatively associated with the at
least one sensor and configured for determining the diameter of the pupil and output a
control signal based on pupil diameter, and at least one actuator configured to receive

the output control signal and implement a predetermined function.

25 The present invention relates to a powered contact lens comprising an electronic
system, which performs any number of functions, including actuating a variable-focus
optic if included. The electronic system includes one or more batteries or other power
sources, power management circuitry, one or more sensors, clock generation circuitry,
control algorithms and circuitry, and lens driver circuitry.
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10t hr ough detected changes in the size of the individual's pupils.
The pupil|l dianeter sensor of the present invention is of the
appropriate small size and | ow current consunption to be integrated
into a contact lens. In one exenplary enbodi nent, the sensor is
fabricated with a silicon sem conductor process, thinned to

15approxi mately one hundred (100) mcrons or less, and diced to a die
size of approximately 300 x 300 mcrons or less. In an alternate
exenpl ary enbodi nent, the sensor is fabricated as a thin, flexible
devi ce whi clandnt of arpowerachephihaimi¢ keals rsdnpe actomplisheddbrougbresmannally
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anot he M B 'b‘ﬁ%’ﬁgd’ﬁ%?ﬂba%%r E%ﬁ%ﬁlgpéiﬁ %cgwérmtﬁ]%e%r@f d@amely,
30hﬁpe@|ﬂr89§h %fé&%éd él’ih’r@éghn trheesuké thHérm&Rnd{@ré BYgilPOI nts on the iris.
Agaln the sensor is |np enent ed u3|ng | ow current technlque asS are

common in the art, for exanple, high inpedance and | ow voltage. In

yet anot her Tﬁé%ﬂ@h RlafnSEPOSRE ined AEER1MKntoh ik TPUESHGG 48 sma

neasur e neur onus ar acC or examnpl e Yy Sensin

el ect r sixegmet lbw cumens cmrrhmtmm tote integrhted lwme;:jd:orﬁacttlgmé I baeiexemplary
apertur er.,sen () esli ed to o ate I n
P oyt BfRiTRRNt egRor (aaburdes Pueo ot PN RPECS0r eocasbatngRd ©
pups | apgﬂmtrﬁétemmdréa (PO rRxRIAR! cﬁrné!sseréha%é&mb a Hie&siseHsOr 1S

sanpled a rate which is fast €nough to confortabie and conveniently
det ect apla.r@xa@%tiEWeBthx 8@y erons @4 lesse liyem altginate exsnelasugmbedinent the ze

currenkg ﬁéﬂ?iﬁ:%tncgfédfég a tHS rfréx'ic;ﬂé' dBlibe %vrﬁ &ﬁnf{%ﬁﬁé ﬁf%egsgbﬂ Héapﬁﬁ%b%f a

harvester e sensor 1s Included rn a 0 consi
di anet eontatblegs vintylet anbither exgroplary émbodm&mj the semboeistfabrigittd hsahdery

on the e..ln this case he. s coul d detect ch es in il

i arr of SAl e nEAge bt il Tadons i etsRnict S Seiniip Bl n

copd el pbiaes ¥ tHe kB ESERSIrE tndyaddteshine WRIpH dRFReter and changes thereof by
detecting light reflection, impedance, electromagnetic field, neural activity, muscle

activity, and other parameters as are known in the ophthalmic art.

The pupil diameter sensor is designed to consume low current, permitting
25 operation in a contact lens from a small battery and/or energy harvester. In one
exemplary embodiment, the sensor is implemented as an unbiased or low-biased
photosensor detecting light reflecting off the iris. The sensor in this case may be
sampled at a low duty cycle and low frequency such that total power consumption is
minimized. In another exemplary embodiment, the sensor is implemented to detect

30 impedance across through the iris or at various points on the iris. Again, the sensor is
8



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 20i nvention, as illustrated in the acconpanying draw ngs.

Figure 1 illustrates an exenplary contact |ens conprising a blink
detection systemin accordance with sone enbodi nents of the present

I nvention. 25Figure 2 illustrates a graphical representation of |ight
i ncident on the surface of the eye versus tine, illustrating a

possi blirepiemasitetuaing lowicokrepbiechrique eésare edmanorviarthewst, Farghxample, high

I nt ensi. I ' r I vel based. on
sone. pUTHPIBEE b BERS kb TR SnBiel 3Re el STB0neRt e e6Eisc"
accor danplemeritéd theeps@sauromuscilaoactiva), for example, by gBRgngthes an
exenpl a[% state E,ransi tion_ di %ram of a blink detection systemin
accor dEIRETOMAINElh e oM ilie AysGres which control thejrig greriures

di agrammatic representation of a photodetection path utilized to
S5detect and_sanpl e received light signals in accordance with the
present i nvéheipypil diameter senforés designed 1ol ersitaldi ingr systernh vdiigh trigigers the

cond? . LR A 6L BRREFYHELEY b3 ERaEs S ARimbf 0
t he pr estodinentetita semsor is samifed arrate’/whishas faax enpligh 1o damionab &g am
'n acC8chrcli\(;ﬂerr]{l;eent}g\/’i éeQecthrele %regi?e? Pc;[ cI%anan% E)Ec:a?lqéngth, but slow enough to minimize
10 current consumption for operation off a small battery and/or energy harvester. The
sensor is included in a system to consider pupil diameter along with other inputs, for
example, ambient light incident on the eye. In this case, the system could detect
changes in pupil diameter in the absence of a decrease in ambient light, a situation
correlated with the desire to focus up-close.
15
BRIEF DESCRIPTION OF THE DRAWINGS

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

20 invention, as illustrated in the accompanying drawings.

Figure 1 illustrates an exemplary contact lens comprising a blink detection

system in accordance with some embodiments of the present invention.

25 Figure 2 illustrates a graphical representation of light incident on the surface of
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.

30



15 Figure 8 is a diagranmatic representation of a digital
system controller in accordance with the present invention.

Figure 9 is an exenplary timng diagramfor automatic gain control in
accordance 20with the present invention. Figure 10 is a

di agranmatic representation of |ight-blocking and |ight-passing
regions on an exenplary integrated circuit die in accordance with the
present invention. 25Figure 11 is a diagrammatic representation of an
exenplary electronic insert, including a blink detector, for a

power ed confiire Bdaaniaxemptay dhate dransitiontdirgramesfenblinkndetacticonsystem in

Fi gure j ! tic.representation of a powered ophthal mc
| ens hg\%\%%ﬂgzgé‘??Jﬂtggﬁ(g%g%ngwggﬁﬁﬁl di anet er sensor positioned on eye
in accordance with the present invention. 5Figure 13 is a

di agrammati ¢ representati on of a powered ophthal mc | ens having a
second exen%lgéﬁr?%ﬁﬁi lagragIppatisy repesrstatinn T | Ritedeiactignerath utilized to

accor dapeRt Whi Ba RIcRARALIIghD ¥8RLIsAA accordance with th& bRt Hbehford
0 or

bl ock diagramrepresentatio an electronic syste detecting
10and utilizing pupil dianmeter in accordance with the present

i et or veFiaee Bk a5 didatain At Bofip g R Ebaln iV BkedEnE Bith ghe

DETAI LbkedanbioiReRtidtoN OF THE PREFERRED EMBODI MENTS

10 Figure 6 is a block diagram of digital detection logic in accordance with the

present invention.

Figure 7 is an exemplary timing diagram in accordance with the present
invention.
15
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
20  with the present invention.

Figure 10 is a diagrammatic representation of light-blocking and light-passing

regions on an exemplary integrated circuit die in accordance with the present invention.
25 Figure 11 is a diagrammatic representation of an exemplary electronic insert,

including a blink detector, for a powered contact lens in accordance with the present

invention.

10



Conventional contact |enses are polyneric structures with specific
shapes to correct various vision problens as briefly set forth above.
To achi eve enhanced functionality, various circuits and conponents
may be integrated into these polyneric 20structures. For exanple,
control circuits, mcroprocessors, comrunication devices, power
supplies, sensors, actuators, light-emtting diodes, and m niature
antennas may be integrated into contact |enses via custombuilt

opt oel ectroni c conponents to not only correct vision, but to enhance
vi si on as weidurad2ps auiatrameeatic repedsehtatiohi od malovigredophthatniiel lehgiRdving
herein. FElectronic aggﬂgr gomered contact | enses may be desL&gEd to
25pr ovAdES 2y RHPY dgmEies SeRRRRAGS NG MBI EcEasepre MitndBe or

j ust  shppent iRAhfion.ng the refractive capabilities of the |enses.

El ectroni ¢ and/ or powered contact |enses nmay be designed to enhance
color and resolution, to display textural information, to translate
spegch into Lans i f i fer cyi f .
avr gat i on Eeels Ao EerdRnfiibior b Eiired Uil Ghs having
access a skeond ersmplarpypupit didersstgnsshsioo pakitioneBon Bhe imeecardanae witle then

| ow |'i ght c?ndit]ons. The properly designed el ectronics and/or

ar r ang€he&’ Hweﬁhﬁbtronics on | enses may allow for projecting an

i mge onto the retina, for exanple, wi thout a variable focus optic

| ens, provide novelty inmage displays and even provide wakeup alerts.
Al t er nat el yFigyre il f isa dladkashiegramaigpregentatinneoffame ecteriic systemfor detecting
functi & : i : s for the

nony v ag il BAPH Sl BR R R D SRR S e R TRRAREAD o1

i ndi cators. For exanple, sensors built into the |l enses may allow a

di abet i j ent K abs.on .bl ood s r. | eyel s by analyzin
Component o biotrH 35 faa PRk or A S8 THiLBHEar B desss i detorance
addi ti gfth tRé@ pradehepiveatiéel.y configured |lens may incorporate sensors

for monitoring cholesterol, sodium and potassiumlevels, as well as
ot her biol ogi cal markers. This coupled with a wireless data

tr anshEal E8HESGRIPHON BRYFLE FREEERREYFPER lEr(F'f]F;SédL:E ?eﬁfcfis

[TEeTT V W [TOU 1€
waste time getting to a | aboratory and having bl ood drawn. In

addition, sgnsors. bujlt .,into the |l enses may, _be util.jzed t et ec

i ght | nei dentvaopLeayatiShed are PR TG Hriyea N SRR o SRERs ons
or forcopéctivaridas eisionproblemd akbaeiyt s8tisrth bove. To athieve@WRBRELMP!

el ectroni¢c contact. | ens of the present inventjon conprises the

necessBingtienaivs vegows cenitscand erapeienisn maycRe nkrgratediiale these aelveiaris

‘F’)“'e% o?%ﬁ%&ﬂgéeg?[ﬁ%f%%ﬁ@f{i;"g‘?r%,B@**?'uﬁﬁc?’%{ﬁ%ﬁfbﬁé%rg%ﬁ%ﬁ”‘%t‘&* f&iese
power supplies, sensors, actuators, Iight—émitting 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

25  provide enhanced vision via zoom-in and zoom-out capabilities, or just simply modifying

the refractive capabilities of the lenses. Electronic and/or powered contact lenses may
be designed to enhance color and resolution, to display textural information, to franslate
speech into captions in real time, to offer visual cues from a navigation system, and to
provide image processing and internet access. The lenses may be designed to allow

30 the wearer to see in low light conditions. The properly designed electronics and/or
11



In addition, the electronic contact lens nay be utilized sinply to
enhance normal vision 20or provide a wide variety of functionality as
descri bed above. The electronic contact |ens may conprise a variable
focus optic lens, an assenbled front optic enbedded into a contact

| ens or just sinply enbedding electronics without a |l ens for any
suitable functionality. The electronic | ens of the present invention
may be incorporated into any nunber of contact |enses as described
above. In addition, intraocular |lenses may also 25 incorporate the
var i ouSIEHaEmeEheEEIgAHoNIoH eR IXeesingY a@%¥qr%@eﬁm@amfmmem@rthefrgmna

ase Oforue b VyBbRABSUBIIdS, BACHS AGR)RAEE AN ana

contact lens to correct vision cts I'h en or-sin
di sposa&ehiprouidd hakpu;eamnﬂs |m1seemntelynomm)adnh1|cmmlaweﬂ theseafupotierseot

ophthal m ¢ Ien d contact |ens co n,el ect.ronic

oot e iohs {1 SR ehsh Bl aarBoEaE TR R BF B U o

devi cesndiftating of &tk WearleBbrsmatkeAN AN HEREH mafcammermr%xfamwé | pSofshat
may be perforned. The el ectronic systemincludes one or

bat t er ibadt iblo hetensesonay aliew adiabetisaienhimiapniahs oa.hl@cm wq/ar leyls by
nore sg Hé@"zﬁlﬁ ﬁn‘é’é}d@e‘ﬂf@@( Ak Q4 fﬁH\ﬁl'kHoth‘ﬁhe Qéﬁ fof ldré\lnﬁg rb'lc#d?fﬁlnaéb‘altton

circuitry, driver circuitr ["ex
conponantappnapyialay wodigendilers mayurhmrp@"qtﬁ seswow fadesonitedng cholesterol,
functionlity f the.lens. Control.of .an electrani.c or a, .
oer o308 fofraddting Msls. g well 8BS histbgdl sfarkSls” i aPvy B with 2
opes at ehrefrskaidiatrabdsvitee cbblatallﬁwmpﬁyﬁdbﬁ% Watd alnfisst iiAedifid @Bcdss 8 a
hand-held rempbte unit. For ex may W rel essly communi cate

with t Ratighadhiaed PB%'SEfé{é’tﬂEl‘%'bHW rh%ﬁmr th%mﬁem #Q)w\aﬁteetlmeaeﬁmg toa
Al f h
ter nﬁb:?k%tgrf/?gﬁ pe blqgaeqreweﬁﬁ%deﬂtah @e}r@o?s !)Lenﬂ?ntﬂ'ﬁ‘%( Pﬁlseﬁ may be

acconp control sighals directly
wear er Mtilksd temtdighblen@emsommd ¢yd totepnpensaintor ampiergtligbt cdnditidess or

and/ or bllnk terns. sed ypon the pattern or sequence of blinks,
t he pov%rugg ‘Bgﬁ[%ﬁﬁ'W%bF%Bat&% Pr‘ay change state, for exanple, its

refisactive power in order to either focus on a near object or a

di st ant obj Alternately, blin det ection in a powered or
el ectronic fbﬁpﬁwﬁ%or elRsironi§ capfagtieas ob theopiesenlAY¢Higs Gsrrispsdhe

there hecddiapy alehicts REENMRER ahBRr BRRANEhel o 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

20 or provide a wide variety of functionality as described above. The electronic contact
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, intraccular lenses may also

25 incorporate the various components and functionality described herein. However, for
ease of explanation, the disclosure will focus on an electronic contact lens to correct

vision defects intended for single-use daily disposability.

The present invention may be employed in a powered ophthalmic lens or

30 powered contact lens comprising an electronic system, which actuates a variable-focus
12



20el 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 25conmmand, such as double-clicking on an item

highlighting an item or selecting a nenu item A blink
det ect iopfic at gAY bitemdesica of ePiees Bbnfjurtd & ﬁﬁﬁlbﬁi&\@@ hanbeF ofiirébrous
detects characteristics of blinks, for exanple, is the Iid open or

cl osed funaiengihatimanbe pefaened. iThe elegtanic system ipeliudAgs ane af meke bafteries
th
e “U%PﬁfhefP ﬁJek EBérch GoveriRan nQiéﬁ'?erﬂecr chefei'rsy, Ihé oﬁhﬂflé hgﬁ%ﬂlrgﬁlock

accordance vv| esent inverntion rell on sanp

i nci deuenmtlbhelreylé'yattomrata?goathmsanqbbhscwitryeandﬂheesdieiverr tr:ifomﬂw bTrhenk
pattierns afetst ed andﬁ%?redtothe [ ec ent Bi {58 i,nci d

i ght SAMRIELY Coa WXP{W‘E‘%"% IO eerc,etqf" R &l 88?'[% m may
tri ggefurrtibhility Yf the lehe. system control ler, for exanple, to activate
the Il ens 5driver to change the refractive power of the |ens.

Blinking is the rapid closing and opening of the eyelids and is an

essent i al 1 LBRkbOs A olbbfofy r 2B doRRaAEInd figy BLOcLEARILALP! On

obj ects, for exanp I ndi vi dual's en objects” unexp
appear through ammuq}lymerated externd|denlderthatiGpnimunivates with thedensrsushers

S0 oo st e Bk Faf e R a7k PRV FRISSH BmPidiy g Wit B8
Nor mal bywekdd leké beséd ugem enanuiabimpli feail the Wadrere xAltsrnatelys tontbliof ey

contribute as in the case with irritants wever, blinking may als
be pur BB@@EQ&# ophthglmig @%I@ay b8 PCP%P%WaW'g?WGQ? ar e%tmlé'qrels dir eCt'y

COMMUNirGA @o\RLNEY. | Fobafi, SABHH Bt %Btrﬁ]le% TP BolEBl bIKRS ffbr bink

tw ce for no etectlona ori thm and 'system
pr esenpaiterpenitSasad mppmtlz@patjennmnaegupme ef blinks, the powered ophthalmic lens

15 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

20 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

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

item.

A blink detection algorithm is a component of the system controller which detects
characteristics of blinks, for example, is the lid open or closed, the duration of the blink,

30 the inter-blink duration, and the number of blinks in a given time period. The algorithm in
13



t hat 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 given action
cannot occur at randony ot herw se inadvertent actions nmay occur. As
bl i nk speed may be affected by a number of factors, including
fatigue, eye injury, nedication 20 and di sease, blinking patterns for
control purposes preferably account for these and any ot her vari abl es
that affect blinking. The average length of involuntary blinks is in
t he raRgecrgpnedyith tgﬁ@rmﬁam&ngqr@rg"eﬁ@nf&mrmplwgri@hbm(%obpn the eye at a

ol S EEABASanME rARCPAIHE R MR i Vol hd Arpdbd 16 thd 10)

i nvol untary per mnute, an verag
i nvol unegary histonylcd incdderiidight £anBples. \Wikea majte(rkOnatobc tredslink2fstection  An

oo Bl TR SRle Bl i sth Gahlraller ¥ Sipile, SR gptae thg lens

seqsengfivert tdashadgl 38 rdﬁddt:v@)é@%t @f fherem®si tive blink detection.
2. Sanple the incoming light |level at a rate consistent with

detecting the blink sequence and reJectlng i nvol untary blinks. bl i nk
I
sequence, - Bafly & Braf GETG B opBiTho e Sygifs S ERERLER g, "
i npl enturictian of th&eymaBln‘ikwmmmﬂmte tha)eymﬁtomefbwmobjieotss farfexample,
I I i t
D! e SR s R v B P L B,

sugh aﬁrcﬁndﬁsuab@dEatmﬂmr eeartbjioesirticedfNle vye WhpRiHiM N Raps. BRilen®f
| ens activation, control, and focus change can occur. Additionally,

this nBPOReIRS tedempaeicRniasainantsiand/erdeitants fiom e eve.t NermpallynRlinking is
sequenggne égtoﬁ%ég%épm@rexte%mﬁnﬁmqﬂgy rsrgﬂgutg% Hehé RESe ARnfivkARYS:

1. blink (close open
However, blinking may also be purposeful, for exampie, for individuals who are unable
to communicate verbally or with gestures can blink once for yes and twice for no. The
15  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
speed may be affected by a number of factors, including fatigue, eye injury, medication
20 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
average time between involuntary blinks is about 0.3 to seventy (70) seconds.
25
An exemplary embodiment of the blink detection algorithm may be summarized
in the following steps. '
1. Define an intentional “blink sequence” that a user will execute for positive
blink detection.

14



3. blink (closed) for 0.5 s 15 At a one hundred (100) ns sanple
rate, a twenty (20) sanple blink tenplate is given by blink_tenplate
=I11,1, 0,0,0,0,0, 2,1,2,12,1, 0,0,0,0,0, 1,1]. 20The blink mask is
defined to mask out the sanples just after a transition (0 to mask
out or ignore sanples), 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 my be masked out to allow for nore timng
25uncertainty, and is given by blink mask=1[1,1,0, 0,1,1,1,0,
0,1,1,1,0, 9,1, 1gdmPle fhe]ihcoml l%;hght level atA f2¢ BahSistent WRR dStdBalg e blink
|rrplerrented e.g. single in this case a 1.5s blink with a
24- sanﬁﬁ@UQWrﬂ'@Jecé'ﬂgéthQi‘yntQOb‘PHfﬂfﬁ tenplate = [1,1,1,1,0,0,
0,0,0,0,0,0 0 tant to
note that the abgge%’gg%g.'si @stljog} f"#d d gliev%‘/lg té{tﬂép(é)x eésge%;lﬁ%es not
r epr es eafuencefeas cﬂefmen;ldiy a)bllrmlatwnpléﬂéatfeﬁtuesn may be inplemented by

| | | hi st o t th | at
ok Tha | 8o caPPogRalGeernet Db S @ iR ey it Forfir i
the sarghglaftl BIKY YnoRMWANMR coRp@iddnk Ve SEnORSHansitRIMe. Thi%ﬁnéi)?éllévb'fdrfhat

al | unmasked history bits match t he terrpl ate. For exanpl e,
i | | ust Haeldlg deiate &op) A desifed liksenuencgostch ana eiisrorgnie q_me (fl herror

sequengg, Rfw, LR PG KmbIPSF ILAE a¥faiBn] Sorltd® dhalfocus change can oceur.

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

10
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
15
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}.
20 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
25 uncertainty, and is given by
blink_mask =[1,1,0,0,1,1,1,0, 0,1,1,1,0, 0,1,1,1,0, 0,1].

Alternate patterns may be implemented, e.g. single long blink, in this case
a 1.5s blink with a 24-sample template, given by

30 blink_template =[1,1,1,1,0,0, 0,0,0,0,0,0, 0,0,0,0,0,0, 0,1,1,1,1,1].
15



10 a blink has to match the blink nmask tenplate in that place of the
sequence. However, in each place of the sequence of a blink mask that
the value is logic O, it is not necessary that a blink matches the
blink mask tenplate in that place of the sequence. For exanple, the
fol |l owi ng Bool ean al gorithm equation, as coded in MATLAB(r), nay be
utilized. 15 matched = not (blink_mask) | not (xor (blink_tenplate,
test _sanple)), wherein test _sanple is the sanple history. The nmatched
value is a sequence with the sanme length as the blink tenplate,
sanpl e history and blink _nmask. If the matched 20 sequence is al

logic |I's, then a good match has occurred. Breaking it down, not (xor

(blink_t enpltas Enparéant te aats téﬂthgiakg@ye@maml%iso‘or Hpsteative pHrBPRASCANGARES
a | ogi ﬁo@rép?ése?ﬂ‘%%g’é@fﬁ%{%gﬁbpgétﬁ oring with the inverted mask forces

each location 1n the matched sequence to a logic 1 where the mask is
a logic 0. Accordingly, the nore places in a blink mask tenpl ate

where the val ue.i ified as.lpgig 0, .th ter th in of
25error in DESHIPBAAOS araGter B fooaly SSairite e NRFIAEL FyTols
hi gh | gysins! MedERpRta R d inERIe MEHY RbicaNoHEHation e &@lushRRDR (XORY the

visualization and programm ng and s a product of MathWrks, Nati ck,
Massac HiBeiatesand the sanaplg histapysiacyance.@mabiwisedrasisang tleen werify tat all

nunmber o ' ' Kk r

pot ent [amapEaH isford oiB mateh Hie RingBEY FoFERaiof, dolifckieldl fitnb Bfink mask
pat t er samples altove| ih deehappeedi theedq8entdat a blivamiask thaifthexgleetiebgor 1,

i nt ended .bl i nk. patterns be programed into a vice wth,one or.
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be utilized 5 to causé& anof her “devi ce or exanp punp, on‘the

| ens tutilikedi ver a dose of a therapeutic agent. Figure 1

i Igstrat es, in block diagramform a contact |ens 100, conprising an
el ectronic blink detector system in accordance with an exenplary

enbodi ment  efatdhed =1RotAbisic Mhadk)\ @bt (x@R (blink_tenhHatex sl sampl€)yypodi nent ,
the electronic blink detector system may conpri se a photosensor 102,
an anplifier 104, an analog-to-digital converter or ADC 106, a

gingi ;atvhéi&lrﬁ‘?ést psra?ﬁ;ﬁ?wfhe]%plé hRSET THMNERNEd Yallds 3CddRieAte With the
ystem controller 114.

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

20 sequence is all logic 1's, then a good match has occurred. Breaking it down, not (xor
(blink_template, test_sample)) gives a logic 0 for each mismatch and a logic 1 for each
match. Logic oring with the inverted mask forces each location in the matched
sequence to a logic 1 where the mask is a logic 0. Accordingly, the more places in a
blink mask template where the value is specified as logic 0, the greater the margin of

25  error in relation to a person’s blinks is allowed. MATLAB®is a high level language and
implementation for numerical computation, visualization and programming and is a
product of MathWorks, Natick, Massachusetts. It is also important to note that the
greater the number of logic O’s in the blink mask template, the greater the potential for
false positive matched to expected or intended blink patterns. It should be appreciated

30 that a variety of expected or intended blink patterns may be programmed into a device
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15When 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 inplenment the blink detection algorithmof the present
i nvention. 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. 20 In this exenplary enbodi nent, the photosensor 102
may be enbedded into the contact |ens 100 and receives anbient |ight
101, converting incident photons into electrons and thereby causing a
cur r entwith ¢t eamete astiveratadimesMare speeificallys multinle axpaated ef tniemiedTﬁ@k
phot os t | S&: ' j

- one Peueins thep B ME A e fatfle Hlpd ot A RAIARNY Ut bRiforhant difbRf
phot odicod#erniate fungtiehaity. eBorescemppblay oneebiirddpatemt mdyhise pliltdeddo edase the

i npl enented in a conplinenta tal - oxi,de sem conduct or ( -
bt b e SHSICABIORVA G Ot BiendoR st e anaier POK Brierutia be wtlized
ovesal ko ghdse AhothBeddNed, 96ea&Rpld 02 pari, bRt T80 Gelifat 4 ddse dine
current 103 is proportional to the incident Iight |evel and decreases
30 subdhefapewia ggeien t he phot odetector 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

i nput curr ekiguratl diusitapes, irvblotkdmagraindoanmph comtect 1&64 10dycanmisifiy aa
signal to,a useable |level for the remainder of the system ,such

g1 o1 ng SlRBRIEGER BiesrexniaTe b EcanE RTINS BEetaelgt: FBRoUEh el s
1060 F@redepkdivRhEon.t RethR@ldniplafy sMbodmeneaRrs SRicirohi Hlifk \det Hnt
bl ocks since the output of the photosensor 102 may be quite small and

may be MAYEPMpriseRPheigaenediviOZo aremudifien hed.anpanalegto-dighalegnvsger or
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adj uspgwsogﬁaeaggﬂ%%?ﬁ@gﬁ Pgr ’1%1!)8\&?{ %Jlﬁggggg,c %%gﬁ’gé%h?'f?&? 0
maxi m sestemecahymdet t14.ange of the system 1In addition to providing
gain, the anplifier 104 may include other anal og signal conditioning
circuitry, such as filtering and other circuitry appropriate to the

phat osensor WA tas¢oatiet [dnisern0li 4lauet 6 theltientaitipfaté oeh ukeAs @2& the
conprise any suitable device for anplifying and conditioning the

si gnal esGtrplic ayguitnyof e bldcdrtsstor gystempmakpg iiiized iiepiemeit thedlink 4
may Si i : en&le n eaﬁﬁH

conpl i ggiteégt‘irg?&?mﬁ?n ?(f)rﬁﬁprl s?ﬁ@ng\?]%ﬁt%)ﬁ ?Dhr e oé%%éarﬁpggg%’aﬁ%gﬁgﬁf riwePtsh.er
As set cifeuitry inbonfigurediéo gatecblslksandi@asinds bliek pafiérng ipeodued yrtbe
confi gﬁ%grd detect and isolate blink sequences based upon the

i nci de 5 %‘%ﬁ' intensity received through the eye and convert the
inpeit current into a digital signal usable ultimately by the system
controller 114, The szst emcontroller 114 is preferably

n 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

25 device. In one exemplary embodiment, the photosensor 102 comprises a photodiode.
In a preferred exemplary embodiment, the photodiode is implemented in a
complimentary metal-oxide semiconductor (CMOS process technology) to increase
integration ability and reduce the overall size of the photosensor 102 and the other
circuitry. The current 103 is proportional to the incident light level and decreases

30  substantially when the photodetector 102 is covered by an eyelid. The amplifier 104
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preprogranmed or preconfigured to recogni ze various blink sequences
and/ or blink 20patterns in various light intensity |evel conditions
and provide an appropriate output signal to the actuator 112. The
systemcontrol ler 114 al so conprises associated nenory. In this
exenpl ary enbodi ment, the ADC 106 nay be used to convert a

25conti nuous, anal og signal output fromthe anplifier 104 into a
sanpl ed, digital signal appropriate for further signal processing.

For exanple, the ADC 106 may convert an anal og signal output fromthe
anpl i f ickeatesaniopriprepetiondl teithmiaput, math griy. aw wegfimadiopyassaibsequent
or do I reult S L g ' | t r
i cropranei b mpiges Hpltn endeft MohFudbrdilo AUGTIEROG, THE HPifter
si gnal 19donepamplil0Bsigbakty desadbld lexeldiof tire @intaitddr cfitigmaystpmosedsang,
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controller 114 may control other aspects of a powered contact |ens
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contro roug e actuator
ultimately by the system controller 114. The system controller 114 is preferably

preprogrammed or preconfigured to recognize various blink sequences and/or blink
20 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
25 continuous, analog signal output from the amplifier 104 into a sampled, digital signal
appropriate for further signal processing. For example, the ADC 106 may convert an
analog signal output from the amplifier 104 into a digital signal that may be useable by
subsequent or downstream circuits, such as a digital signal processing system or
microprocessor 108. A digital signal processing system or digital signal processor 108

30 may be utilized for digital signal processing, including one or mare of filtering,
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20 The systemcontroller 114 uses the signal fromthe

phot osensor chai n; nanely, the photosensor 102, the anplifier 104,
the ADC 106 and the digital signal processing system 108, to conpare
sanpled light levels to blink activation patterns. Referring to
Figure 2, a graphical representation of blink pattern sanples
recorded at various light 25intensity levels versus tinme and a usable
threshold level is illustrated. Accordingly, accounting for various
factors may mtigate and/ or prevent error in detecting blinks when
sanpl i ReoddsaiMg, u@@bﬁkegwtar@bth@@w@yﬁwanmmém@maééw Sé\ﬁpfe@rda‘%é‘ﬁflﬁ%lt n
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threshol d i's set’ at et ween e peak-to- 20peak ue o
t he vi leinsitbrdughtibe aotuabari 2. r ecor ded for the sanple blink patterns
over t he
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
25  intensity levels versus time and a usable threshold level is illustrated. Accordingly,
accounting for various factors may mitigate and/or prevent error in detecting blinks
when sampling light incident on the eye, such as accounting for changes in light
intensity levels in different places and/or while performing various activities.
Additionally, when sampling light incident on the eye, accounting for the effects that

30 changes in ambient light intensity may have on the eye and eyelid may also mitigate
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course of the simulation at varying light intensity |evels. Having
the ability to preprogramblink patterns while tracking an average
light |evel over tinme and adjusting a threshold nay be critical to
bei ng 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 25intensity level in a certain area. Ref erring now again
to Figure 1, in further alternate exenplary enbodi nents, the system
controller 114 may receive input fromsources including one or nore

of a b'aha}br%?év%?ﬁ@l‘rorﬁﬁ/&t%'t Blirk8N§®hSas REW nfudhoRsibRIgh®bin eB¥lidVBMOCRE
generalization, it may vious to one skilled in the art that
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recogni ze both of an individual's blink patterns and an individual's
cil?ary nmuscl e signals when perform ng various actions, for 5
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pl ace. tranemiiedifakamahthe ewa&d%w%ﬂlf@éerﬁrﬂﬁl%%nq%| rRXANAe £ when %oklng at
|
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si gna t1vaf atternls
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conmbi nation thereof. The actuator 112 receives a 20 signal fromthe

syst enPESKEMYI(Y)} seconditime ievabwhersinbredsipledight néensiiidevels ippemified

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-

20 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

25 intensity level in a certain area.

Referring now again to Figure 1, in further alternate exemplary embodiments, the
system controller 114 may receive input from sources including one or more of a blink
detector, eye muscle sensors, and a fob control. By way of generalization, it may be

30 obvious to one skilled in the art that the method of activating and/or controlling the
20



and produces sone action based on the signal fromthe system
controller 114. For exanple, if the systemcontroller 114 signal is
i ndicative of the wearer trying to focus on a near object, the
actuator 112 may be utilized to change the refractive power of the
el ectronic ophthalmc lens, for exanple, via a dynamc nulti-liquid
optic zone. In an 25 alternate exenplary enbodi nent, the system
controller 114 may output a signal indicating that a therapeutic
agent should be delivered to the eye(s). In this exenplary
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| evel s. The signal path 25 pd_rx_top nmay conprise a photodi ode 402, a
t r ansi AP AEASISES §pMeEracdionf@gped g 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 ufilized to change the refractive power of the
electronic ophthalmic lens, for example, via a dynamic multi-liquid optic zone. In an

25  altemate exemplary embodiment, the system controller 114 may output a signal
indicating that a therapeutic agent should be delivered to the eye(s). In this exemplary
embodiment, the actuator 112 may comprise a pump and reservoir, for example, a
microelectromechanical system (MEMS) pump. As set forth above, the powered lens of
the present invention may provide various functionality; accordingly, one or more

30 actuators may be variously configured to implement the functionality.
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automatic gain and | ow pass filtering stage 406 (AGC/ LPF), and an ADC
408. The adc_vref signal is input to the ADC 408 fromthe power
source 110 (see Figure 1) or alternately it may be provided froma
dedicated circuit inside the anal og-to-digital converter 408. The
output fromthe ADC 408, adc_data, is transmtted to the digital

30si gnal processing and systemcontroller block 108/ 114 (see Figure
1). Although illustrated in Figure 1 as individual blocks 108 and
114, for ease of explanation, the digital signal processing and
systemcontrol ler are preferably inplenented on a single block 410.
The enabl e signal, adc_en, the start signal, adc_start, and the reset
signal, adcFigre g ilysrafesca statel trapsitipn Hiaghagi 309 o an exemplasy blrk ng and
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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
25 pd_rx_top may comprise a photodicde 402, a transimpedance amplifier 404, an
automatic gain and low pass filtering stage 406 (AGC/LPF), and an ADC 408. The
adc_vref signal is input to the ADC 408 from the power source 110 (see Figure 1) or
alternately it may be provided from a dedicated circuit inside the analog-to-digital
converter 408. The output from the ADC 408, adc_data, is transmitted to the digital

30 signal processing and system controller block 108/114 (see Figure 1). Although
22



signal pd_data. The digital conditioning logic nmay further conprise a
gai n adjustnment block pd_gain_adj 508 to set the gain of the
automatic gain and | owpass filtering stage 406 in the photodetection
signal path via the signal pd_gain, illustrated in Figure 4,
according to the cal culated threshold val ues and/or according to the
hel d data value. It 5is inportant to note that in this exenplary
enbodi nent six bit words provide sufficient resolution over the
dynam c range for blink detection while mnimzing conplexity.

I n oneil%&aﬁdanf@lrbddlasﬁmﬂtwdddheldchs agbeind e foratdasenf ekplanbatiorhQHe

conpri ses k detector, a valley detector a. threshol
caIm(::)uI Sigiig S'SP? Rreeessing ang §y%§@rﬁﬂynéﬁ°ﬁer1@f e&fﬁ%‘d&ﬁﬁﬁpp{%@@‘ﬁ%@rﬁw@e
and gaipfhckonior thé/éﬂélﬂé s@)ﬂl BRc I Gha et agnalohi® WRart, B tH@ﬁ‘ set sqnc?l,

detector and the vall tector are configured to receive
val ue @dcsrsgrraarearecel@la@ &onelhe. digited signak ppseeging andsysiem h@mtroller 410

I
cont | SWHEN e eI SighR, S UM BI s Bl YA e, Ot o ol
ad cl_d a'radc helk, gnw be eemfcecﬁgegiat\ grgtnlg rsomea?&emali tis tEﬁ a&gggibpr:]@thth gd trixatoppbr
as envel o - n .
ZI gctr eal Eﬁ& 4'%'93??@ By C§§S'B%@59tsd?t%c?'ﬂffc\iﬂﬁéﬁ1Qoﬁflﬁ {jUP%"&)a‘"ttéo pRigihgt
an out H#Eaﬁf@'c“@m?ﬁal%@lh@%y%h?&b&k H&@%@rtﬁﬁ gﬁéﬁﬁﬁer’eﬂtﬁ enc:les Itis

adc_data_held value and sl oWy decays'to a 8 er val ue |
adc_dagsorHeipgrtaatl igengte drad sy siumires o(ﬁstﬁeaentow $ maybe diillzgy nal@t:@@rﬂsnce

i s, S%nﬂ'iﬂé AL H?/eﬂmﬂllj %F‘ch‘%ﬂé{ hP& dfet&ftliRErrals Elaﬁd Eagt[rﬂ e@ﬁbﬁ A

resistor ti e ositive pome supply voltage.
cal cul Wthlc{h‘p@fmm Blrmlkarcﬁarrd‘tibgmf ectbviding acszinviged hdigipal rgbresadtafion vilthe

al ues further configyred to cal cul at m nt thresh d
vl ue® gifhi ofing HriclepaRon o HirhagsSior Risrpip . aie A I
threshpbde,g%tﬂblﬁhattfdét@wgb.ﬁ% eéuﬂvaﬁte@cbiw@dtﬁafn@m.gnam |pd_th
based on the m d-point threshold value pd th_md. 25The threshold

gener aPlasgssing @ndtsystem ﬁﬁl?tf@@l'ﬁﬁﬂt her adapted to update the val ues of
thes pd_pk and pd_vl |levels in response to changes in the pd_gain
value. |If the pd_gain value increases by one step, then the pd _pk and
pd_vl val ueEugareaSulhxstremmjbbxzkaha‘gmhmfd@tmdabomahtlmmagbgme&m@majahay be

T e25Eed o RS LS RRA R S BBkl 0% SRE BN LES s
gggi’ogg{\gg%}ﬁ]@?&iﬁ%ﬁl@% Id@ﬁb mﬁféﬁ/%nﬂﬂrls% #aigitaaesistét 50280 receive the
data, adc_data, from the photodetectlon signal path pd_rx_top to provide a held value
20 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
25 averaged, for example, by an integrate-and-dump average or other averaging methods
implemented in digital logic, in the threshold generation circuit 504 to produce one or
more thresholds on the signal pd_th. The held data value may then be compared, via
comparator 506, to the one or more thresholds to produce a one-bit data value on the
signal pd_data. It will be appreciated that the comparison operation may employ

30  hysteresis or comparison to one or more thresholds to minimize noise on the output
23



24 this manner the states of the peak detector and valley detectors,
as held in the pd_pk and pd_v1l val ues, respectively, and the
threshold value pd_ th as calculated fromthe pd_pk and pd vl val ues
are updated to match the changes in signal path gain, thereby

avoi ding discontinuities or other changes in state or value resulting
only fromthe 5intentional change in the photodetection signal path
gai n. In a further exenplary enbodi nent of the threshold

ener ation CII’ it 04, the threshold calcu ion circuit may
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20 threshold calculation circuit is configured to receive the pd_pl 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.

25 The threshold generation circuit 504 may be further adapted to update the values
of the pd_pk and pd_vl levels in response to changes in the pd_gain value. If the
pd_gain value increases by one step, then the pd_pk and pd_vi values are increased by
a factor equal to the expected gain increase in the photodetection signal path. If the
pd_gain value decreases by one step, then the pd_pk and pd_val values are decreased

30 by afactor equal to the expected gain decrease in the photodetection signal path. In
24



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 enbodi nent the sanple history is
cleared or reset after a positive match is found, thus 5requiring a

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

to provide the control signals to the photodetection signal path and

t he ADhis harfemehextatay dfrtiie etk detseidraridheillep dktadtors] g6Bkld iNthe P& pk
gener at eg by a ontrol state machine that is separate fromthe
di gi t aPn @G’éﬂ A HEh ?W%Vﬁﬁoanﬁmeéh&ﬁw}dda'% Hfiethrﬁcq;ﬁ]ﬁéaﬁ?éﬁ%@ thear t

of thedi gi t'aﬁrg 3 INAIudY Qe ay:l ANHafNThE Thas sr?il @'{al gﬁ%ﬁl %aln therec?gd

Flgure7 I rates a tim I agr am of thec ntro provi
f r om aapdiding dje@wdmuﬁwsmbﬂwmanges arstabOrachg lrésgllmg ofjy frsemdheén a

Rcer st o B8Rttt A Feflaul: °or 2 Jampi e sequence

and contlnue until the anal og-to-digital conversion process is
conpl et e. R]one exenpl ary emhodj nent the ADC conversion process is

started whe %@X?@pﬁ%ﬁw'@ﬁn&q’f&h%&egfﬂ%Qegﬁ&wan cirghit Saghcthe
out put yabpifq balcnfat.enld}ca@ Rirhep LS @cpﬂa 6150?8&15@& Rﬁe%cila D&lue

process is Indicated by the anal og-to- converter logic on
an adc pdaifipbkbased gna proms@nuqummerm@ejoi themidgpkeralua. $1 alpeefpaedai n

glnG ) Srbllhasdnd B0°8t ok A 068 BPlybheo APLLTCRES: ReLOTS e

aI | ow tetgaﬂmaﬂ StEQ pdi pk UEMebh@sloalrai:o&iv@gﬁﬁ maq?w inglemehizial w{trﬁe Spﬁm@rrlghb
convers | ustrates, a Jgital.s Stem contr er

conpri §$'ﬁ3>vat sa"f‘”cﬁﬁsHLZtrﬁ%tt%b@ﬁ @M@h‘%wm @r%%ira eppntAt.die gf old
di gi t akaiBLiiaNkn @ﬁ&@pma%ewwmaﬁawuahé ra»h ﬁpt% H@mehéssfé?%ff be' {he fhidpy

a master state machiné dig naster 804 and nay adapted to receive
cl ock engpdlth_pkomn thig rr@megéhepdx_tisrvatwydlmea@s b@)ﬂosnahw thegdt pk value,

o8 B BLASAL el T AL Ohotn B DI ISbREY 00y SR I ER
recei vmaspcg_rpdxl and pdml salpbs beihef eqial.oft vall be)asb&ﬁfaated tiostdoe pheth_phoditie
rise

The di t al K d t bl | 802
oo LB s BeldhioR et BNk MR at g eRais oT e PPEAVipGe e 4 2HRRET T bed
above, gbRerafiéh tir@hit SFuahstiMiRra1BS Fi@ui‘epg Cé%’\ﬂlé@lssbﬁ%u%%léﬂﬁ?ﬁ@ of

operations in a blink detection algofithm The digital blink
detection subsystemdi g_blink 802 nay be adapted to receive an enabl e

20 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
pd_rx_top, Figure 4, or from the digital conditioning logic, Figure 5, as illustrated here on

25 the signal pd_data, which has a one bit value. The shift register 602 holds a history of
the received sample values, here in a 24-bit register. The digital detection logic 600
further comprises a comparison block 604, adapted to receive the sample history and
one or more blink templates bl_tpl and blink masks bl_mask, and is configured to
indicate a match to the one or more templates and masks on one or more output signals

30 that may be held for later use. The output of the comparison block 604 is latched via a
25



5 signal fromthe naster state nmachine 804 and to provide a

conpl etion or done indication and a blink detection indication back
to the master state nachi ne 804. Figure 9 provi des waveforns,
Figures 9A - 9G to illustrate the operation of the threshold
generation circuit and automatic gain control (Figure 5). Figure 9A
illustrates 10 an exanpl e of photocurrent versus tine as m ght be
provi ded by a photodi ode in response to varying light levels. In the
first portion of the plot, the light |level and resulting photocurrent
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proportional to the photocurrent, and the gain changes only affect
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25 Figure 8 illustrates a digital system controller 800 comprising a digital blink
detection subsystem dig_blink 802. The digital blink detection subsystem dig_blink 802
may be controlled by a master state machine dig_master 804 and may be adapted to
receive clock signals from a clock generator clkgen 806 external to the digital system
controller 800. The digital blink detection subsystem dig_blink 802 may be adapted to

30 provide control signals to and receive signals from a photodetection subsystem as
26



10 signals. Figure 9F illustrates the pd_data val ue generated by
conparison of the adc_data held value to the pd_th value. Note that
the pd_data signal is a two-valued signal which is | ow when a blink
is occurring. Figure 9Gillustrates a value of tia_gain versus tine
for these exanpl e wavefornms. The value of tia_gain is set |ower when
the pd_th starts to exceed a high threshold showmn as agc_pk_th in
Figure 9E. It wll be 15appreciated that simlar behavior occurs for
raising tia gain when pd_th starts to fall below a | ow t hreshol d.
Looki nglesgrébeat abbovieh eTHredigital ok detsttioh saBsystemn difieblink @0LaesaP AoinbFissigh
OE the effect of the lower tia gain is clear. In particular note that
the ad&ii&( gonrdiiQning jagic prd figitAL atelionieaic asesvriben abgye.tRaddifinare @
range : 3 :
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important to note that t _pk and 20 pd_vlvalues are up
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gai n. dicatieonldhd 4 blirsit deteetforeineratian Yatk ehihelrhastksi statedimcdchine 804.

| i ght-passing features on an 25integrated circuit die 1000. The
integrated circuit die 1000 conprises a |light passing region 1002, a

l'ight bl OCkF@Jré OGrddd VdveteiRd, Piﬁﬂ?es@@ﬁig@%%idé%{é)fﬁquﬁ%ﬁmof the
1008, and light blocking layer openings 1010." The Ii ght-passing

regi on tfre@izolg generadion ¢irauid aad entomalin eaiawooiral (Figre B).| RiguneAAe tiustrates
ex I 1 i t pl ' ' cio

or o0es En Py MaBAft S VARS8 B HABME bRvis® MERPRBRETEh s,
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phot osensors thereb maxi m zing sensitivity. This may be don
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ot her t@u&h&hahpét@naQ%csﬁ@beﬁ%@m@mégmﬁﬁ dRBbM BlinRGs 58ert REreduce the light
sem conductor process utilized for fabrication or in post processing.

The | i ghel ppatasurigntrietettbatthemytealistion etlight by sheeyelishmey abt be epessi ng
0295t WS90 pEL AL o RO B o T ARSI ot 00
ot her tHer eysdlitrgr the waelehgths\bf lidht dadderman thegyer EidurgioB ibugirstes the 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 continucus analog
signal rather than a series of discrete digital samples. It will be appreciated that the
20 digital sample values will correspond to 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
range of the adc_data signal. As discussed below, the photodection signal path gain is
25  different (lower) in the second portion of the plot. In general the adc_data_held value is
. directly propartional to the photocurrent, and the gain changes only affect the ration or
the constant of proportionality. Figure 9C illustrates the pd_pk, pd_vl and pd_th_mid
values calculated in response to the adc_data_held value by the threshold generation
circuit. Figure 9D illustrates the pd_pk, pd_vl and pd_th_pk values calculated in

30 response to the adc_data_held value in some exemplary embodiments of the threshold
27



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

| enses, as nentioned previously. The |ight-blocking region 1004 is
preferentially fornmed with a thin, opaque, reflective material, for
exanpl e al um num or copper already use in sem conductor wafer
processi ng and post- processing. If inplemented with netal, the
material formng the |ight-blocking region 1004 nust be insul ated
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separate device nounted on the jnsert 1104 and connected with wiring
t r acesthreudh Ok effget Qe iawes diaggaia is clear) &hgartigdlar poterthat thecl udi ng

phot odghecifs Hekd Zalu® i§ Mt fhediiiel BRY rfi®fle of 1 dynamic range of the
adc_data and adc_data_held signals. Further, it is important to note that the pd_pk and
20 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.

Figure 10 illustrates exemplary light-blocking and light-passing features on an

25 integrated circuit die 1000. The integrated circuit die 1000 comprises a light passing
region 1002, a light blocking region 1004, bond pads 1006, passivation openings 1008,
and light blocking layer openings 1010. The light-passing region 1002 is located above
the photosensors (not illustrated), for example an array of photodiodes implemented in

the semiconductor process. In a preferred exemplary embodiment, the light-passing

30 region 1002 permits as much light as possible to reach the photosensors thereby
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the light level incident on the photodetector 1112. The phot odet ect or
1112 is able to neasure the anbient light to determne if the user is
bl inking or not. Additional enbodinents of the blink detection
algorithmmay allow for nore 10Ovariation in the duration and spacing
of the blink sequence, for exanple by timng the start of a second
bl i nk based on the neasured ending tinme of a first blink rather than
by using a fixed tenplate or by w dening the mask "don't care"
intervals (0 values). It will be appreciated that the blink detection
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medi cal con |
short-circuit conditions. Such insulation may be provided by the passivation already

15  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
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

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

Figure 11 illustrates an exemplary contact lens with an electronic insert
comprising a blink detection system in accordance with the present embodiments
(invention). The contact lens 1100 comprises a soft plastic portion 1102 which

25 comprises an electronic insert 1104, This insert 1104 includes a lens 1106 which is
activated by the electronics, for example focusing near or far depending on activation.
Integrated circuit 1108 mounts onto the insert 1104 and connects to batteries 1110, lens
1106, and other components as necessary for the system. The integrated circuit 1108
includes a photosensor 1112 and associated photodetector signal path circuits. The

30 photosensor 1112 faces outward through the lens insert and away from the eye, and is
29



5The iris is the partition between the anterior and posterior
chanbers of the eye. The iris is forned fromtwo nuscles that

regul ate the central opening thereof, comonly referred to as the
pupil. Simlar to the shutter of a camera, the pupil, through the
actions of the two nuscles, controls the amount of light entering the
eye. The size of the pupil varies with age, the color of the iris,
and refractive error if any; however, a nunber of 10other factors may

affect the size of the pupils at any given tine. The pupils
may bedifeaipitareasive ambicnt lighieThe p etqsanwa‘gﬁﬁtmay berimpleangited on the
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thes t GRrjitalIshRMBro® BbRWEIEUNARY on a microcontroller. The algorithm logic or
microcontroller may be implemented in a single application-specific integrated circuit,
ASIC, with photodetection signal path circuitry and a system controller, or it may be

partitioned across more than one integrated circuit.

20 It is important to note that the blink detection system of the present invention has
broader uses than for vision diagnostics, vision correction and vision enhancement.
These broader uses include utilizing blink detection to control a wide variety of
functionality for individuals with physical disabilities. The blink detection may be set up
on-eye or off-eye.

25

In accordance with another exemplary embodiment, the present invention is
directed to a powered or electronic ophthalmic lens having a rear-facing pupil diameter
sensor. The size of the pupils and changes thereof, namely, dilation and constriction,
may be utilized to control one or more aspects of the electronic or powered contact lens.

30 In other words, signals output from the pupil sensor may be input to a system controller
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send a signal to an actuator to change the state of a variable

power -optic incorporated into the powered contact |ens. Referring now
to Figure 12, there is illustrated a powered contact lens with a
S5pupi | dianeter sensor. The contact |ens 1200 is positioned on the
eye 1201 of an individual. The iris of the eye 1201 is shown in two

| evel s of dianmeter, constricted 1203 and dil ated 1205. The cont act

| ens 1200 covers a portion of the eye 1201 including the iris. The
contact |lens 1200 conprises a first exenplary pupil diameter sensor
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15  stimulation and consensual light stimulation after acute narrow-angle glaucoma.
Alternately, the pupils may become constricted from the use of glaucoma medications
such as pilocarpine. Other drugs, for example, morphine, causes constriction of the
pupils. In addition, certain conditions, for example, iritis, interruption of the sympathetic
pathways of the eye and irritative lesions of the cornea may also cause constriction or
20 the pupils. Hippus is a spasmodic, rhythmic, but irregular dilation and constriction of the

pupils and may be indicative of a number of conditions.

External psychic influences, including surprise, fear and pain also cause the
pupils to dilate. Dim light causes the pupils to dilate whereas bright light causes the
25  pupils to constrict. In addition, when an individual focuses on a near distance object, for
example, reading a book, the pupils converge and constrict slightly in what is commonly
referred to as the accommodative reflex. Accordingly, since certain factors are known
to cause a specific pupilary reaction in otherwise healthy eyes, sensing the reaction of
the pupils may be utilized as a control means. For example, if pupil constriction is

30 detected alone or in combination with convergence, then the system controller may
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di anet er sensor 1202 nmay be inpl enented using transparent conductors
such as indiumtin oxide and small, thin silicon photosensors. 30

In an alternate exenplary enbodi nent, the pupil dianeter sensor 1202
may be inplenented as an array of sensors positioned around the iris
to maxi m ze coverage as opposed to just a linear strip. It should be
appreci ated that other physical configurations are possible to
maxi m ze perfornmance, cost, confort, acceptance, and other netrics. 5
The pupil dianmeter sensor 1202 may be integrated with ot her
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In this exe ary e the systemcontrol |l er sanples the pupil
di anet er sensor 1202 and, depend| ng on results fromthe pupil to

di t e 1202 act e angt her onent, in the system
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the pupil dianeter sensor 1202, the controller, and other conponents
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t he photosensors of ens 202 terna

e t £ e PR smAneBt B oberine: a1 T 2QbRY ccrarbidtasadetes aat ¢ o
20ubtr@ﬁ@\mnc receivers in the pupil dianmeter sensor 1202. In yet

anot her exenpl ary enbodi nent, the sensors and enitters may create an
| npedance detection system for exanple, by passing a | ow current

08 o oo 50 54 RpRAE PO EFASY A R0AIS o Hol AR 1T v
exenpl kng 120pi dbovedhefres: Asdlhsshrated tiee popli diatdtemnsentan 0202 ispa thin sbiped
on the.s \yenng a(hlpos&b% pupﬁidl\éln‘ge%ers Wthﬁ perm1 S| L%to detect all levels of pupil
15  diameter. If implemented as a strip, as in this exemplary embodiment, the strip is
preferably thin and transparent, so as to not disrupt light incident on the eye 1201. In
one exemplary embodiment, the pupil diameter sensor 1202 comprises an array of
photodetectors facing back into or towards the iris. Depending on the pupil diameter,
sensors at various distances from the center of the iris will detect different reflected
20 light. For example, when the iris is dilated most of the sensors may detect little light
because of the large, dark pupil. Conversely, when the iris is constricted most sensors
may detect higher light because of reflection off the iris. It should be appreciated that,
for such a sensor, ambient light level and iris color may need to be considered in the
system design, for example, by a per-user programming and/or calibration. Such an
25 ambient light sensor may be implemented as a forward-facing photosensor to
complement the rear-facing sensors of pupil diameter sensor 1202. To minimize
disruption of the optic zone in front of the eye, in one exemplary embodiment the pupil
diameter sensor 1202 may be implemented using transparent conductors such as
indium-tin oxide and small, thin silicon photosensors.

30
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the eye 1301 is shown in two | evels of dianmeter, constricted 1303 and
dil ated 1305. The contact |ens 1300 covers a portion of the eye 1301,
including the iris. Rather than the strip or array of detectors
partially covering the pupil as described above and 30illustrated in
Figure 12, the systemin Figure 13 positions the pupil dianeter
sensor or sensors 1302 outside of the maxi num pupil dianeter 1305
but still inside the contact Iens 1300. This configuration is
beneficial because no obstruction of the optic zone occurs due to the

pupi | di amelipan aRESRIte &3EHplalPEmBURInerfl] REBIRN dRERSRF sBRscteP2 MayBE2
may, for exanple, conprise a single- or nulti-turn coil antenna. ‘Such
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with contact el ectrodes, capacitive sensors, and antennas. In this
manher, a pupi | di aneter sensor based on a nuscle sensor may be
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di anet belogensors, as illustrated in Figures 12 and 13, receiving
information fromthem and changing the state of an actuator. Pupi
di ter sensor 1402 conprises one or nore of the pupil dianeter

sensors as Suely haysicyn Hryaehbies nof Gily esessrdre subh ak AsEHESINGStratad bagnas,

or inpedance sensors. In this illustrated exenpl ar¥ enbodi nent, any

eni t t efgscribed, but also emitters (not shown). Such emitters may, for example, comprise
light-emitting diodes matched to the photosensors of pupil diameter sensor 1202.
Alternately, the emitters may comprise piezoelectric ultrasonic transducers coupled to

20 ultrasonic receivers in the pupil diameter sensor 1202. In yet another exemplary

embodiment, the sensors and emitters may create an impedance detection system, for
example, by passing a low-current signal through the eye and measuring changes in

voltage across the eye.

25 Figure 13 illustrates a contact lens with an alternate exemplary pupil diameter
sensor. The contact lens 1300 is positioned on the eye 1301 of an individual. The iris of
the eye 1301 is shown in two levels of diameter, constricted 1303 and dilated 1305.
The contact lens 1300 covers a portion of the eye 1301, including the iris. Rather than
the strip or array of detectors partially covering the pupil as described above and

30 illustrated in Figure 12, the system in Figure 13 positions the pupil diameter sensor or
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25 necessary to inplenment or inprove the performance of the sensors
are included in elenment 1402 for sinplicity. Elenent 1402 may
conprise nultiple sensors, or nultiple sensor bl ocks such as 1402,
perhaps inplenmented in different technol ogi es and sensor nethods.

El ement 1404 is an interface between the sensor 1402 and a digital
system control |l er 1406. Shown in one elenment 1404 for sinplicity,
this part of the systemis 30responsible for activating the sensor
1402, receiving information fromit, converting from analog to
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at the appropriate location on the eye and properly coupled to the eye could detect
these changes in impedance and hence pupil diameter. The contact lens 1300 may

also comprise an electronic component 1304 as described above.

20 Figure 14 illustrates an exemplary electronic system 1400 for controlling the pupil
diameter sensors, as illustrated in Figures 12 and 13, receiving information from them,
and changing the state of an actuator. Pupil diameter sensor 1402 comprises one or
more of the pupil diameter sensors as previously described, for example, photosensors,
antennas, or impedance sensors. In this illustrated exemplary embodiment, any emitters

25 necessary to implement or improve the performance of the sensors are included in
element 1402 for simplicity. Element 1402 may comprise multiple sensors, or multiple
sensor blocks such as 1402, perhaps implemented in different technologies and sensor
methods. Element 1404 is an interface between the sensor 1402 and a digital system
controller 1406. Shown in one element 1404 for simplicity, this part of the system is

30 responsible for activating the sensor 1402, receiving information from it, converting from
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may act as false triggers for action. For exanple, if only one pupi
is dilated, this mght indicate a problemrather than sinply | ow
light. In accordance with one exenplary enbodi nent, a digital

comuni cati on system 25 conprises a nunber of el enents which when

i npl emented, may take on any nunber of forns. The digital

comuni cati on system generally conprises an information source, a
source encoder, a channel encoder, a digital nodulator, a channel, a
digital denodulator, a channel decoder and a source decoder.
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In accordance with one exemplary embodiment, a digital communication system

25  comprises a number of elements which when implemented, may take on any number of
forms. The digital communication system generally comprises an information source, a
source encoder, a channel encoder, a digital modulator, a channel, a digital

demodulator, a channel decoder and a source decoder.
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5 time on the x-axis, illustrating how differences between these two
measured quantities could be used to activate an electronic
opht hal m ¢ device such as a contact lens. During the first tine
period 1501, anbient light |evel 1502 is increasing while pupi

di aneter 1504 is decreasing. Anbient |ight and pupil dianeter may be
sensed as previously described, for exanple by a forward-facing
phot odi ode and a rear-facing i npedance 10 sensor, respectively. As is
comonly the case, as anbient light increases in tine period 1501
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sequence from knowledge of the encoding algorithm, wherein the output thereof is

representative of the source information signal.

25 It is important to note that the above described elements may be realized in
hardware, in software or in a combination of hardware and software. In addition, the
communication channel may comprise any type of channel, including wired and

wireless. In wireless, the channel may be configured for high frequency
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illustrated in time periods 1503, 1505, and 1507 of Figure 15, may be
recorded in a training session or part of an adaptive/learning

al gorithm which continues to refine the 10response in operation of
the el ectronic ophthal mic device. In one exenplary enbodi nent, the
user may train the device by activating a handheld fob, which

communi cates with the device, when the user desires near focus. A

| earning algorithmin the device nmay then reference sensor inputs in
menory before and after the fob signal to refine internal decision

al gor i tehwntroneynetit sRjnals) thvp reqoshaaslbsirdragdndtiersighgs, daible ighedibRals and
which the d Yice,moqld operate autononously with only sensor inputs
and noﬂnﬁgﬁgﬂgﬁt$9Q??ob. It should be appreciated that pupil dianeter
al one may be used to trigger changes in an electronic ophthal mc
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manner visible to the user; rather the device rray_mgﬁillgpl oagdat a.
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period 1503, the ambient light level 1502 first continues to increase then levels off.
However, the pupil diameter 1504 constricts more rapidly than in the previous time

15  period. This is not the classical correlation between ambient light and pupil diameter.
This response may be caused by a narrow-angle respeonse of the pupil, perhaps to a
book held up close, versus the wide-angle response of an ambient light detector. In this
manner, a change in pupil diameter response may be detected and used to activate a
function in an electronic ophthalmic device. In time period 1505, the ambient light 1502

20 continues flat however the pupil diameter 1504 dilates or increases. Again, this may be
caused by a specific response in the eye, for example, the accommodation reflex. In
time period 1507 there is again a difference between ambient light level 1502, which
starts level then decreases, and pupil diameter 1504 which stays flat. Again, this may
be used to detect certain responses in the eye and trigger changes in the operation of

25  an electronic ophthalmic device. Finally, in time period 1509 the classical response is
again observed similar to that shown in timer period 1501. As the ambient light level

1502 decreases, the pupil diameter 1504 dilates to let in more light.

The activities of the signal conditioning block and system controller (1404 and

30 1406 in Figure 14, respectively) depend on the available sensor inputs, the
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filmtechnol ogy and/or transparent materials. If these technol ogies
are utilized, the 5el ectronic conponents may be placed in any
suitable location as long as they are conpatible with the optics.

Al t hough shown and described in what is believed to be the nost
practical and preferred enbodi nents, it is apparent that departures
fromspecific designs and | o nmet hods descri bed and shown wi |l suggest
thensel ves to those skilled in the art and may be used w t hout
departing fromthe spirit and scope of the invention. The present

i nvent icARirbrim88t ahesisef fdRbohs) fbﬂ”'@(d@@fﬁlé'tﬁélbm'bléi'@Méhflé@élla?ﬂspdiﬂscﬁémbéiﬂ
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S s em i ncor d

) st wprRUR R fork Ma e Rel Rt BReotrl R et iAo Re Bitroadh o
Sensor populdii6n eNuSSB! Afd bRI-pRRedraiicdahts SBERE cohesliaM14bs! Rewaber aast
one sensor and conflgured for determning the dianeter of the pup|I
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A ai m 3, thehRhRldmbP et FefdreRte sensor inputs in memory before and after the fob

signal to refine internal decision algorithms. This training period could last for one day,
15  after which the device would operate autonomously with only sensor inputs and not

require the fob.

It should be appreciated that pupil diameter alone may be used to trigger
changes in an electronic ophthalmic lens, for example increasing or decreasing the
20 transmission of a variable-transmission lens in front of the eye, or pupil diameter maybe
be combined with one or more other inputs to change the state of an electronic

ophthalmic device.

It should also be appreciated that a device utilizing such a sensor may not
25 change state in a manner visible to the user; rather the device 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.

In one exemplary embodiment, the electronics and electronic interconnections

30 are made in the peripheral zone of a contact lens rather than in the optic zone. In
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phot osensors conpri se transparent photosensors. 5. The powered
ophthalmc lens according to Claim3, wherein the array of
phot odet ectors conprise thin silicon photosensors. 6. The
power ed ophthal mc lens according to Claim1l, wherein the at |east
one sensor conprises an array of individual sensors positioned around

the perineter of the optic zone. 7. The powered ophthal mc
| ens according to Claim6, wherein the array of individual sensors
conpri se photosensors. 8. The powered ophthalmc |ens

accor diasgordané? aitinah, altdneatei exetpdany gonboditinkat, itds irsparsatt t6 notentbat the

conpri ses,..a Si I ocessor confjgur.ed t ecei ve signals fromthe
S0P e Db Rem g Do BleBfSRES hell Bt B s o 1 SetherHatong ot s pytiact
one or |dH GAIPbAE lefedi@nid Cormpsiieis 886k Hirein may be fabrichR&! MRMRIEHIn-
ophthalmc lens according to C aim8, wherein the signal processor

conpr i §bm teghaelogytang/erdransparent materigly. Ifthespisrpelagestaraatiiaas, thes
accprdi : i j i i )

oy i SaprRci R rboi el e bibty iy o eBIRb RS ER RhoRchElere
accor dcogpatibl€lvathnthe,opilesr ei n t he at | east one sensor conprises an

i npedance sensor. 12. The powered ophthalmc | ens according to
Claiml, wherein the at | east one sensor conprises a neuronuscul ar

activity sepgRéugh shown and described in what is believed to be the most practical and
preferred embodiments, it is apparent that departures from specific designs and
10  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
shouid be constructed to cohere with all modifications that may fall within the scope of

the appended claims.
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WHAT IS CLAIMED [S:

1. A powered ophthalmic lens, the powered ophthalmic lens comprising:
a contact lens including an optic zone and a peripheral zone; and
a pupil diameter sensor system incorporated into the contact lens for
measuring pupil diameter, the pupil diameter sensor system including at least one
sensor, a system controller operatively associated with the at least one sensor and
configured for determining the diameter of the pupil and output a control signal based
on pupil diameter, and at least one actuator configured to receive the output control

signal and implement a predetermined function.

2. The powered ophthalmic lens according to Claim 1, wherein at least one
sensor comprises a thin strip mounted across the optic zone such that it can sense fully

constricted and fully dilated pupiis.

3. The powered ophthalmic lens according to Claim 2, wherein the thin strip

comprises an array of photosensors mounted to face in towards the iris of the eye.

4, The powered ophthalmic lens according to Claim 3, wherein the array of

photosensors comprise transparent photosensors.

5. The powered ophthalmic lens according to Claim 3, wherein the array of

photodetectors comprise thin silicon photosensors.

6. The powered ophthalmic lens according to Claim 1, wherein the at least
one sensor comprises an array of individual sensors positioned around the perimeter of

the optic zone,
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7. The powered ophthalmic lens according to Claim 6, wherein the array of

individual sensors comprise photosensors.

8. The powered ophthalmic lens according to Claim 1, wherein the pupil
dilation sensor further comprises a signal processor configured to receive signals from
the at least one sensor, perform digital signal processing, and output one or more

signals to the system controller.

9. The powered ophthalmic lens according to Claim 8, wherein the signal

processor comprises associated memory.

10.  The powered ophthalmic lens according to Claim 1, wherein the pupil

diameter sensor system comprises a power supply.

11.  The powered ophthalmic lens according to Claim 1, wherein the at least

one sensor comprises an impedance sensor.

12.  The powered ophthalmic lens according to Claim 1, wherein the at least

one sensor comprises a neuromuscular activity sensor.
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