ELECTRONI C OPHTHALM C LENS W TH MULTI - I NPUT VOTI NG SCHEME BACKGROUND
OF THE INVENTION 5 1. Field of the Invention The present

I nvention relates to a powered or electronic ophthal mc | ens having
nore than one sensor and associ ated hardware and software for
detecting purposeful changes in eye states, and nore particularly, to
mul ti pl e sensors and associ ated hardware and software configured to

I npl ement voting schenes for detecting changes in desired focal

| ength. 2. Discussion of the Related Art 15 As el ectronic

ldiewistgoﬁf_!z&#ﬁdr@lcbé THALMIC £LENS WITHIMOEFRIRPIT VESTIRRS SEH ﬁ‘r“g
variety of uses. Such uses may include nonitoring aspects of body
chem stry, adm nistering controlled dosages of nedications or

t herapeutic agents via various nechani sns, 20i ncl udi ng automatically,
In response to nmeasurenments, or in response to external control

si gnal BAGKARSHWR &I hHIE INYEMNTION mance of organs or tissues.
Exanpl es of such devices include glucose infusion punps, pacenekers,
defdbrillators, ventricular assist devices and neurostinulators. A
new, particularly useful field of application is in ophthalmc

wear abl e | efsddeldmd thlwvaotion enses. For exanple, a wearable | ens may
25i ncorporate a | ens assenbly having an el ectronically adjustable
focus to augnent or enhance performance of the eye. In another

exanpl e, ei tTtes praiseht inventidnreldteaitt) apbablerl doslastroric vphthalhie leranhiaadig

| ens may i ncorporate el ectroni ¢ sensors to detect cqncentrations of
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10 changes in eye states, and more particularly, to multiple sensors and associated

hardware and software configured to implement voting schemes for detecting changes

in desired focal length.

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

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

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

embedded electronics in a lens assembly introduces a potential requirement for
1



enbedded el ectronics in a lens assenbly introduces a potenti al

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

| ens. 5The human eye has the ability to discern mllions of colors,
adj ust easily to shifting light conditions, and transmt signals or
information to the brain at a rate exceeding that of a high-speed

i nt er negorg@hnisetion withitee stestrosigehfos @ raethed of PPweERG apdier rerenatiingthe

! enses,?gw&ﬁgg lf%{r r@f&c&ﬁdéchﬁg%é &egﬁ’%rﬁlggt‘fony irrﬁérg %‘E{&&Eﬁaf grli]slﬁiandlgr

myopi a (nearsidghte pr esbyopi

ast i gnanbaiberirtdy wed dor, candiol opthiel glectemignad] thersesall fucotigroofthenens.
addi ti onal conponents may be utilized to enhance vision as well as to
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t hese ear contact |enses were ricated fromnmaterials that did
not al |enna§e¢fvr9¢%a$ wel\A§da corrgaRkYIFisndgfeathr ough the contact lens to
the conjunctiva and cornea which potentially could cause a nunber of
adverse clinical effects. Al though these contact |enses are still
utilized, tﬁ‘eytaa:t Eenaes mayi heabiilizet do catrectpayopat bypeoepia cagtigeiatispoas well
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15 natural appearance of the wearer's eyes. Contact lenses or “contacts” are simply
lenses placed on the anterior surface of the eye. Contact lenses are considered
medical devices and may be worn to correct vision and/or for cosmetic or other
therapeutic reasons. Contact lenses have been utilized commercially to improve vision
since the 1950s. Early contact lenses were made or fabricated from hard materials,

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

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

Essentially, these silicone hydrogel based contact lenses have higher oxygen



and widely utilized today. Specifically, silicone hydrogel contact

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

whi ch has extrenely high oxygen perneability, with the proven confort
and clinical performance of hydrogels. Essentially, these silicone
hydr ogel based contact |enses have hi gher oxygen perneability and
are generally nore confortable to wear than the contact | enses nade
of the earlier hard materials. Conventional contact |enses are

pol ymeric structures with specific shapes to 5correct various vision
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actuators, |j mittin odes, and mniature antennas . be
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tear fityl lenses may be designed to allow the wearer to see in low-light conditions. The

properly designed electronics and/or arrangement of electronics on lenses may allow
for projecting an image onto the retina, for example, without a variable-focus optic lens,

20 provide novelty image displays and even provide wakeup alerts. Alternately, orin
addition to any of these functions or similar functions, the contact lenses may
incorporate components for the noninvasive monitoring of the wearer’s biomarkers and
health indicators. For example, sensors built into the lenses may allow a diabetic
patient to keep tabs on blood sugar levels by analyzing components of the tear film

25  without the need for drawing blood. In addition, an appropriately configured lens may
incorporate sensors for monitoring cholesterol, sodium, and potassium levels, as well
as other biological markers. This, coupled with a wireless data transmitter, could allow
a physician to have almost immediate access to a patient’s blood chemistry without the

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



25 without the need for drawing blood. In addition, an appropriately
configured |l ens may incorporate sensors for nonitoring chol esterol,
sodium and potassiumlevels, as well as other biological markers.
This, coupled with a wireless data transmtter, could allow a

physi cian to have al nost immedi ate access to a patient's bl ood

chem stry without the need for the patient to waste tine getting to a
| aboratory and havi ng bl ood drawn. In addition, sensors built into
the lenses may be utilized to detect |ight incident on the eye to
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conprises optic plastic. Accor there exists a nee
prOV|dHh@kaeﬂEmhahﬁmaEﬂyoﬁmandnblectrlcalIy robust el ectronic contact
| ens. As these are powered | enses, energy or nore particularly
current consunption, to run the electronics is a concern given

bagsery tecneinaby ap8a bhe vekmEcditbtradiis ophh i@@hmamic&macd $uchdsl & coftact
to nornal current consunption, powered devices or tﬁaiStem; of this

nat ur e '§8hesl the Wﬁanmsngmmﬁ@ itig ta b Htilizede pgahysisat igaligatien ehife
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 particutarly 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.



control and switching capabilities to ensure operation over a
potentially w de range of operating paraneters, and burst

consunption, for exanple, up to eighteen (18) hours on a single
charge, after potentially remaining idle for years. Accordingly,
there exists a need for a systemthat is optim zed for |ow cost,

|l ong-termreliable service, safety and 30si ze while providing the
requi red power. In addition, because of the conplexity of the
functionality associated with a powered | ens and the high | evel of
interaction between all of the conponents conprising a powered |ens,
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and products, for exanple, on televisions to adjust brightness

accor di Migking magbeskzed ahe meanso) GOgHP50RROEMOFR ASRACAE! ARSKErethd on
phones &gwdhis fenkNAdRRIRENRY, RbkHhbNGSRrs, 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  on lights to switch on at dusk, and on phones to adjust the screen brightness.
However, these currently utilized sensor systems are not small enough and/or do not

have low enough power consumption for incorporation into contact lenses.

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

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



However, these currently utilized sensor systens are not small enough
and/ or do not have | ow enough power consunption for incorporation
into contact lenses. It is also inportant to note that different
types of blink detectors may be 30i npl enented with conputer vision
systens directed at one's eye(s), for exanple, a canera digitized to
a conputer. Software running on the conputer can recognize visual
patterns such as the eye open and cl osed. These systens may be
utilized in ophthalmc clinical settings for diagnhostic purposes and
st udi escarupia digitized tad eoepiitarc Sofudre siing e8 thg gormputes 88N recasiize
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and configured for use in a contact lens. Qther sensors and sensor
syst ensSigngl phecassing may baditilieed to weatessmaaf s¥steBspupi | posi tion and
convergence detection systemmay be utilized to change the state of a

power ed ophthal m c | ens.
Accordingly, there exists a need for a means and method for detecting certain

physiological functions, such as a blink, and utilizing them to activate and/or control an

15  electronic or powered ophthalmic lens according to the type of blink sequence detected
by a sensor. The sensor being utilized having to be sized and configured for use in a
contact lens. Other sensors and sensor systems may be utilized as well. For example,
a pupil position and convergence detection system may be utilized to change the state
of a powered ophthalmic lens.

20

Systems which comprise multiple sensors may require an added degree of

complexity but may also include added functionality, convenience, and other
parameters important to users. Rather than relying on a single input to determine an
output, multi-sensor systems may improve reliability, functionality, safety, and

25 convenience, for example, by reducing false positive and false negative
determinations. Systems which consider multiple sensor inputs before determining the
need for state change are common in the art, for example, a safe which requires both a
physical key and a numeric code befere unlocking. Systems have also been proposed
for changing the state of electronic or powered ophthalmic devices, for example, using

30 purposeful blink patterns to change the state of a variable-focus lens between near and
6



20 Systens which conprise multiple sensors nay require an added
degree of conplexity but may al so include added functionality,

conveni ence, and other paraneters inportant to users. Rather than
relying on a single input to determ ne an output, multi-sensor
systens may inprove reliability, functionality, safety, and

25conveni ence, for exanple, by reducing false positive and fal se
negati ve determ nations. Systens which consider nultiple sensor

i nputs before determ ning the need for state change are common in the

art, fodistaeeapeeal lepdifaf B shpvldibe appipeiatedibahsafeprgnd elipbilibarged utmost
nuneri c; f.ane I ' .

Changi 13 HpErE Yt s PORRH Stunail BBRCSE BhpehioRa o AP REGHaltP bro
exanpl ealso$nportattmsppoisalfuhe bystak graiaviensAdocordihglygthetdexistsad read far a
vari abl e-focus | ens between near, a di stance. focal .|ength, It

Shout o SEISB BB ARAEIHT: Pt lihalTia PR P SohsideE? Tl pensor

| MPYr t aRGAtsVib IdetAniearegueHIEd BRB3ifeddehdnge in Bitte ¢ANYRhRNSAgFAde
functionality are also inportant aspects of the system or device.
Accor di tigo§ring.nere exi sts a need for a systemin an el ectronic or
power ed ophthal mc |ens which considers nultiple sensor 5inputs to
determ ne a requested or desired change in state while m nim zi ng

fal se SUMBARMOF BUEMKKRENIFONHE | NVENTI ON 10The el ectronic
ophthalmc lens with a nulti-input voting schene in accordance with
t he present invention overcones the |imtations associated with the
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considers multiple inputs and may be integrated into an ophthalmic device with the

associated requirements for safety, convenience, low power consumption and small

15 size.

In accordance with one aspect, the present invention is directed to a method for
controlling functions in a powered ophthalmic lens. The method comprises the steps of
sampling multiple sensors incorporated into the ophthalmic lens, the sensors measuring

20 physiologic, environmental or other changes, determining the results from the multiple
sensors, including making comparisons to thresholds and comparisons to
predetermined patterns, aggregating the results from the multiple sensors to generate a
single decision signal, and configuring an actuator based on the single decision signal
to implement a change in function of or maintain a function of the powered ophthalmic

25 lens.

In accordance with another aspect, the present invention is directed to a powered
ophthalmic lens. The powered ophthalmic lens comprises a contact lens including an
optic zone and a peripheral zone, and at [east on electronic system incorporated into

30 the peripheral zone of the contact lens, the electronic system including multiple sensors,
7



In accordance with one aspect, the present invention is directed to a
met hod for controlling functions in a powred ophthalmc |ens. The
nmet hod conprises the steps of sanpling nultiple sensors incorporated
into the ophthalmc | ens, the sensors neasuring 20physi ol ogi c,

envi ronnmental or other changes, determning the results fromthe
mul ti pl e sensors, including making conparisons to threshol ds and
conparisons to predeterm ned patterns, aggregating the results from
the nultiple sensors tgzgenerate a single decision signal, and
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| ens. The powered ophthalmc Iens conprises an intraocular contact
lens, and af, 4 8%arRB AHEFISH ahofHss B8R NHR MBS drtbA i$ Bfected to a
intraocular lens, the electronic systemincluding nultiple sensors, a
syst enpewatadotphéhalenicilens. [Theqiowried aphingtroic lensheorspdsesar hitaoctliaer

he. poseeet Bw el FTeds Brbbiefine itte b IPLRblA 89 S e HEEbHEER RS, e

sanpl i sigctrbeicybtenpinelsiimsmultiplaledrasons, i s\gtéreontsiidriand stosadt e
mul ti pl e sensors incl udi ncﬁ maki]{JéJ c&gari sons to threshol ds and
conpar ASHALrHeFYaeEr ePniqlles cpaiiduErm &0 '”?al@ul@'f”@@b? PHPESRdOT WA them

Egﬁf Imétl{n:cﬁ%ﬁs SEHE Yoverd BPMMATC Rng thE! oS! DntishPR! stéfslof sampling
the multiple sensors, determining the results from the multiple sensors including making

comparisons to thresholds and comparisons to predetermined patterns, aggregating the

results from the multiple sensors to generate a single decision signal and configuring
8



t he actuator based upon the single decision signal to inplenent a
change in function of or maintain a function of the powered
ophthal mc |l ens. The present invention relates nore generally to a
power ed contact |ens conprising an el ectronic system which perforns
any nunmber of functions, including actuating a variabl e-focus optic

I f included. The electronic systemincludes one or nore 5 batteries
or ot her power sources, power nanagenent circuitry one or nore
sensors, clock generation circuitry, control orithms and ]

ci rcui theyactaa@r%éﬁ@d dpew dhe gingleudadision signal to Ir@@%meaﬂt aoghagnggdndynagon of

opht ha S manual | y oper at ed
externé%e@tg@]e |8§8%W%ég% h[l{?l‘ﬁt@gpgns wrelessly, such as a
hand- 10hel d rem)te unit. AIternater, control of the povvered

opht hal m c ns be a shed via back or cont Si gnal S
aFrectly frohf presans aNeRioREHatER Messheribip e M FreS Rttt 1sf ons
nmay deb@ﬁbrn@ihpfﬁf‘ﬁeléﬁ%rﬁé s?étéﬁkmmi sersymsBasatliriPa oftiectidak! REIdRg

sequence of i nks power ed ophthal m ¢ I'ens nay change state, for
exanpl ectugting ﬂé’f&”&bl&f@éU%@W@? ifiinelstase I he @legtton sysé@nsn@ﬂd%s QR Pr more

obj gct bg{teﬁesdn?rsétﬁgll Pl Sresg%urc power an-Q& mﬂ@nﬁeﬁc@ﬁits A HOQE oD

is a conponen err e St ol acterls I'cs
of bli nlosk gboeraﬁmarqrbmtry; torttiod algonllthrﬂs apdru:lrou:utrgl m&ﬂdznstdmeedurcaﬂtry)n of
the blink open or closed, the inter-blink duration, and the nunber of
blinks in a given tine period. The exenplary algorithmin accordance

with the pregafibl dftvSowéread dppthamidiend Gsantd hecrhpidhkdithough i manualle
eye at a certain sanple rate. Pre-deternined blink patterns are

st or edoRP@tebAEmal device fatcopynunipries ¢Yith 16e Ienkcyvirelesslyi giah asmmbped:
IS0, PRSP el SR i R ALIBRRMEILARER BT 1Y
changeattmmplishedofa feedpavieor ocbnttdielgnatssdlrectly from the wearer. For example,
sensors built into the lens may detect blinks and/or blink patterns. Based upon the
pattern or sequence of blinks, the powered ophthalmic lens may change state, for
example, its refractive power in order to either focus on a near object or a distant object.
15
The blink detection algorithm is a component of the system controller which
detects characteristics of blinks, for example, if the lid is open or closed, the duration of
the blink open or closed, the inter-blink duration, and the number of blinks in a given
time period. The exemplary algorithm in accordance with the present invention relies on
20  sampling light incident on the eye at a certain sample rate. Pre-determined blink
patterns are stored and compared to the recent history of incident light samples. When
patterns match, the blink detection algorithm triggers activity in the system controller, for

example, to activate the lens driver to change the refractive power of the lens.

25 The blink detection algorithm and associated circuitry of the present invention
preferably operate over a reasonably wide range of lighting conditions and is preferably
able to distinguish an intentional blink sequence from involuntary blinks. lt is also

preferred that minimal training is required to utilize intentional blinks to activate and/or
9



25The blink detection algorithmand associated circuitry of the
present invention preferably operate over a reasonably w de range of
lighting conditions and is preferably able to distinguish an
intentional blink sequence frominvoluntary blinks. It is also
preferred that mnimal training is required to utilize intentiona
blinks to activate and/or control the powered ophthalmc |ens. The
blink detection algorithmand associated circuitry of the present

i nvention provides a safe, |ow cost, and reliable nmeans and net hod

f or detceotrohtfelpiomekad vphthalngioverse dT e blc'ﬂked;eteciiﬁrnalgon‘rﬂmcand assnciathd ch

noor pasaaat b EsRh BRERlr TR TIER & Sie Jp 0%t 258 r8lle hféans and

act i vainhetgod foraduiédtioigl blings ma@ﬁﬁwetbdocﬁr SeSEIri©bbitaoBhE VTS alsetfas a
Exi st noqgrrul ti-input systens, rein ref&sr ed to as voting schenes,

are noto% fRIgiof iPewer GorFHTRiiasy andl isscalikle fasinqaneeratien i@ 2) aphiialwig Igps,
an el e%rré%%é‘st%gtéﬁ%'cm/é%fnged?%on%ﬂmP%%@8% eﬁc%hfé'-ﬁ hdlR¥ic lens.

exanpl e, voting schenes r an el ectronic ophth ns may need t
consi der a nunber of factors, |nclud|ng eye inpedance, pupi

conver gence .| di en i nputs ¢

i n ot her vo{E ?‘%@H%E‘ﬂ@m% étgﬁ{%eh %?@e%t)%%i?ﬁ?t?ﬁ g‘%ee esof’ﬁ%n8€5| re
to c haagecuﬂéaitmguﬁeyredammsaderlﬁe hetmﬁy mpats fdr ahansdroaitoptahalmic

di stan focu%gI shoul d be determ ned with [Br eferably no fal se

posi ti BPT 5 RCeRERAAURIELS. TOTREEWIHOQIIND FENRBER dor dbpleekamipl e,
regyl t opRthammR! 854 ?'rfée@rto REWEIHEAa haRhR Y Httors, :nemuﬁ«.@' eeyeq apPd) c

| ens chan state fo near distance focus when the usér riving
on the phpgnmrgﬁwaa@édsouail stilatireingtesidor thogekestisor jnpats eorsmoneg@thare
det ect%lg{haqc%” sult in the variable power optic |lens staying 20 at
a far eng i when the user wants to read up close. It should be
appreciated that a fal se tri gger is not limted exclusively to

changes in ocal fect, of her changes, of _state such as
et octi ng o T oRISFTAGE PDIaUBIeEhF e oI G oA GF MaiRs(cl s aei ay

akhf) t Befivectl Merelisthhdandvdr litaf@ eRus NsHbult B@Hbﬁ‘e@ﬂmﬁ&%ﬂﬁ BFe@érfa%ﬁﬁno
25Proposed sensor systens for el ectroni c ophthalmc |enses consid

si ngl efalsppesitiveseer falegrisicativeshe Eisamppesitive ¢Q¥Hjédah%>€ﬁrald60@§uﬁhfea@ye
O SRR S8 Sl AL 5708 Y O ARG e el
distance focus when the user is driving on the highway and needs distance vision.
Likewise, a false negative detection could result in the variable power optic lens staying
20 at afar focal length when the user wants to read up close. It should be appreciated that
a false trigger is not limited exclusively to changes in focal length and may affect other
changes of state such as detecting a drowsy user or selecting an item on a heads-up

display akin to a “single click” with a mouse in a graphical user interface.

25 Proposed sensor systems for electronic ophthalmic lenses consider single inputs,
for example, the change in impedance across the eye which correlates to ciliary muscle
activity and hence the desire for a change in focal length. Each of these sensors may be
subject to limitations such as noise, dynamic range, and interference, which in turn

increase the possibility of false triggering. For example, a system which considers pupil

10



subject to limtations such as noise, dynam c range, and
interference, which in turn increase the possibility of fal se
triggering. For exanple, a system which considers pupil dianmeter my
record dilation caused by a decrease in anbient |ight rather than a
change in the desired focal |ength. Accordingly, there exists the
need for a systemin an electronic ophthalmc 5 device which
considers nmultiple sensor inputs to determ ne a requested change in

state while mnimzing false triggering. The invention described
her ei n dianeled may reodnd dilagon gpused bind desyedse in amduenitlight father than a

opht hal ;i /| i oci ated requirenents for safety,
convenicglﬁﬁ%?ﬁ]ﬂg%e%?&%wo%mge@ﬁlI size. 10 BRI EF DESCRI PTI ON OF THE
DRAW NGS The foregoing and ot her features and advant ages of
the inventiqn wi || be apparent fro he foll ow ng, re particular
descri pt | onASPOBINGE RO e R iR BRIETA) A BIReRORic Rpthaimic

i1 yst gayRed viich BEhAG&STRatYIeR@ndsdnbi8le determine Eir8dicdtdd bharid ihat&e

an exenplary contact lens conprising a blink detection system’n
accor dahie miniwzingfalseigeiringnt be diventien geegrirad herebmadnsidere oriltipe e 2

illusteg | rese i Liaht. iqnal he
surfac ('a'?p(t)@g g ﬁ%%@éﬁ%@?&ﬁf é%ﬁ 'ﬁ@, éﬁ 6‘%"{‘}@?‘@% Pﬁglg‘g' va{%@ﬁeﬂ?%qc%@% untary
bl i nk peduinmnente éorrsd@sty atonvanienus, lbiwvgddwerpaedisimiall sizevel s versus tine
and a usable threshold | evel based on sone point between the maxi num
and mninmumlight intensity levels in accordance with the present

i nggntion. 25 Figure 3 is an exenplary state transition

di agram of a blink detection systemin accordance with the present
i nvent BHEF 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

15 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.

20 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.

25

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

accordance with the present invention.

Figure 4 is a diagrammatic representation of a photodetection path utilized to

30 detect and sample received light signals in accordance with the present invention.
11



Figure 4 is a diagrammatic representation of a photodetection path
utilized to 30detect and sanple received |light signals in accordance
with the present invention. Figure 5 is a bl ock diagram of
digital conditioning logic in accordance with the present invention.
S5Figure 6 is a block diagram of digital detection |logic in accordance

with the present invention. Figure 7 is an exenplary timng
diagramin accordance with the present invention. 10 Figure 8
is a diagrammatic representation of a digital systemcontroller in
accordance with the present invention. Figure 9 is an

exenpl ary tiy j : At ] i P
Chow Pt e EFEE b BUGHR &ty oPEBAAE A BN bGen PBREREE M e
r epr esengsaEnt orveafiom.i ght - bl ocki ng and | i ght-passing regi ons on an
exenplary integrated circuit die in accordance with the present
invention. 20Figure 11 is a diagrammatic representation of an

exegpl ary eFgfiiré 8ns & HioGedihgrani6f digitaldcledlionnNbgid &h 86¢rdandePwitid the
powered contact |ens in accordance with the present invention. Figure

12 is Rregentinventigf-am of a generic systemhaving nultiple sensors, a
25 systemcontroller and an actuator, wherein an activation decision
is made based on the output of two or nore sensors in accordance with
t he present Figweitis an.exemplary timing diagram in accordance with the present

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

accordance with the present invention.

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

15  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.

20 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.

Figure 12 is a block diagram of a generic system having multiple sensors, a
25  system controller and an actuator, wherein an activation decision is made based on the

output of two or more sensors in accordance with the present invention.

Figure 13 is a flow chart of an exemplary process by which a system controller
determines if the state of an actuator is to be changed based upon sensor inputs in

30 accordance with the present invention.
12



Figure 13 is a flow chart of an exenplary process by which a system

controller determnes if the state of an actuator is to be
changed based upon sensor inputs in 30 accordance with the present
i nventi on. Figure 14 graphically illustrates various

exenpl ary sensor inputs in an electronic ophthalmc |ens designed to
determ ne the need to change the focal state of the ophthalmc |ens
versus tinme in accordance with the present invention. S DETAILED
DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS Conventi onal contact
| enses are polyneric structures with specific shapes to correct
various Vvis gbleq? F.@rhef%% set forth a f I
enhanced 10 e kR ‘E@j VIt V%rf"r“aﬁﬁ%"pé%ré{ S@Sﬁﬁr ef Ss'”ﬁ&ye gronic
i nt egr apRthalmicAetd@ssigingd 1o @steenidbitie huee o ci@igecthamot# state i i
circuits, mcroprocessors, communjcation devices, power supplies,

sensor9th£@irﬂ@t|@ﬂ%VerﬁP§Hm@éHﬁ°@r¢@”&l?Mﬂ'@éheé’ﬁ%ﬁ%t Hiventie ant ennas may
be gntegrated into contact |enses via custombuilt optoelectronic
conmponents to not onIy correct vision, but to enhance vision as well
as proVYEJAIHDi BPES 4 REBERRED DN dSher ei n.

El ectroni ¢ and/ or powered cont act Ienses rray be desi gned to provide
enhanced vision via zoomin and zoomout capabilities, or just sinply
modi fyi ng t Genvedtionet r‘:amactaeﬁ@sl arei rftﬂyrﬁénd Sieudtenssesith ﬁi@ﬁﬁd@ﬁip@s to

and/ or power ed, cont act nses desi gned to_enhance c nd
r esol ng'ESﬁC \raeoarwroayproglamrﬁ ag%}/ﬁfﬁibﬁ%ff’” Aboye, FP%S!%F@”BEB%@ into
capgl Oﬂﬁdranélﬁr}‘l' variol8 ci r&rﬁltsoéﬁc?!’:or’ﬁbé JS PR d MPEBratdiBMicIRELE Poﬁy%r%tri%m

and to 20 provide i mage processing I nt'ernet access. The [enses
may bestfectitpse d-arexampbey congoheisgLas, mtcrererece%drs;wqmlrghmcammde\rt@es.

o151 BB KRR SsiLoRL, SELI-00 ToROKl AR ib 45 SR ir Pl LAY iy
exanpl be inteyfzded into rzemt'eablbasésocraa:uemmcuiltecrmoelpctom|deomp\zsabmtg to meyenly
di spl ags and, eve rovi de vvakeuR alerts. Ater dastrorPéﬂ functrl n addi tion

to any orestvisian.saul ¢e pphangs visioh as well as provide a onality as is

15 explained herein. Electronic and/or powered contact lenses may be designed to

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

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

25  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 without the need for drawing blood. [n addition,
an appropriately configured lens may incorporate sensors for monitoring cholesterol,

30 sodium, and potassium levels, as well as other biological markers. This coupled with a
13



25 simlar functions, the contact |enses nmay incorporate conmponents
for the noninvasive nonitoring of the wearer's biomarkers and health
i ndi cators. For exanple, sensors built into the I enses nmay allow a

di abetic patient to keep tabs on bl ood sugar |evels by anal yzing
conmponents of the tear filmw thout the need for drawi ng bl ood. In
addition, an appropriately configured | ens may incorporate sensors
for nonitoring cholesterol, 30sodium and potassiumlevels, as well
as other biological markers. This coupled with a wreless data

t r ans mvtinetassaisia dranbiniter gopliyalion! aphygicianve haversknost impticiate aacm@ a

to a p t t

wast e LG BU e Bl td (o8 lor EP R Bacls B Belefd '
i’:lddiht | wborﬁtemsamd; hbﬁnbﬂalocﬁ dratvme Ih@dslft@n][mehém?b bmithmtz:&ﬂel@s@etgw be
ight incident on t C ensate for anbjent ondi.ti ons
or 5f oMlifiEgd tPrﬂeg%‘%té'ﬂﬁ{ WPW&”BT’“&% &b%pensate or aﬂmme%{]wsf@w jfions or
el egt r i seGAYeBSnihiBG DliAE phitenBr esent invention conprises the
necessary elenents to correct and/or enhance the vision of patients

with one or nore of the above described vision defects or otherw se

performa U%ﬁé&@m%g@% pla%ll Ze%rwir&SHa%P enks b G Fesgrqt' inbGicH go%ﬁr?égscthe

contact | ens O enhan e normal VI SI on or
pr ovi deceesuadie elenicrts 30 cdrréat mﬁi@mhahye i sisa of patiersth ok, onEh@ more of

| ect t bl e f ic | 1
e c ol B AP VBISLARIE e dry s Reriarm Kot opibeale fieon.

en’@@ddlrﬂgd(ﬁh@ﬁtth@'éléb‘ﬁro\“ﬂctétﬁﬁ'éct?eﬂﬁ%yfbﬁérutmﬁéfd §|H\|:II%FH in"ﬁéH&%tddPH%I {n,%bbn
The electronic |l ens of the present invention na e incorporated into

any 15 AU RISYiden \A@dmwmty pEhetionglityas cie'ﬁ@rmdaﬂmw@ The %ia@tmm@ gontact
t ar
o aoﬁalﬁl ?Xlgﬁiﬁgcr%é@ﬁhﬁg fbg&é)lg-@m% @érg etlr?gsrsvezgﬁslgb'zrp hE H%[f gd@éﬁjm

functlonall erern ana I on,
di scl oawoeatast ldnsfarqust simplyrenebexiing alectroning adtholiea ertsdfocany saitablae SI on

def ect i te ed or . single-use, daily disposabilit 20The esent
ovent [WIRESEe TER ISR TrS o DarEat R REaY br SgmosalRe i any
comg aChuﬂn@@ﬁ oﬁéﬁﬁ%édztﬂérﬁ&saéb GoRebeanribevey it 8Mition ishacttialab®sesimay also
vari abl e-focus optic or any other device or devi ces configured to

i mpl empr%?teﬁbﬁ%lﬂom COReRents al"dlf@@@t@ﬁ@“ﬁywcw Bergiier Hewgier, forhe
el ectr QEéé:omsé()ﬁ}IEﬁQtfo’ﬁcnen §c18§\ﬁ'e il li"&’c,rd?s ke Bleefaniicont &?Tergq rrect

sources, power Cl rcu y, one Or nore sensors,
vision defects mtended for single-use dally disposability.

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

25 generation circuitry, control algorithms and circuitry, and lens driver circuitry. The
complexity of these components may vary depending on the required or desired

functionality of the lens.

Control of an electronic or a powered ophthalmic lens may be accomplished

30 through a manually operated external device that communicates with the lens, such as
14



25generation circuitry, control algorithns and circuitry, and | ens
driver circuitry. The conplexity of these conponents may vary
depending on the required or desired functionality of the |ens.
Control of an electronic or a powered ophthalmc | ens may be
acconpl i shed 30 through a manual | y operated external device that
comuni cates with the lens, such as a hand-held renote unit. For
exanple, a fob may wirel essly communicate with the powered | ens based
upon manual input fromthe wearer. Alternately, control of the

power ed repidtiredd nérooteeurst. iray ekamples arfpb inshewirelessly eeoivaglicaie véibrtheol
signals direct om the wea sgnsors, bui | t he
ens nRgUREEEETY besRRLbdR BEab ek e Ve YRR AR Shnflet e
pat t er Bowereapranaieniofersl makse dcbemphyiceda addtibagk Br eohtesisigrils ain@mge
state, for exanple, its refractive power in order to either focus

a near rBB] Berwegrep ﬁ‘i"’s@ﬁf’ﬁ@p%b‘f%@ﬂs 'itéfﬂtﬁéh%i%ﬂs rBRY Hﬁteéét’lé'ﬂisl%w/@rrphak
power e I OiHe:

arT oubes: HEEAMpRnop Rt & <RI nCB B AIAE, ERA1 88 oBhilRlmic fons
el ectr ma'ya:l"ramgeasd:atej fon exampls ita sefpadtive proweg imaokeh &y eidhardocumon a near
devi ce b sen 'nqqg copmand to anot her el ectronic device. For
exarrpl8 ?rn% ﬁé @P?ec?ﬁ in an ophthalmc lens may be used in
conjunction with a canera on a conmputer wherein the canera keeps

track of where the ey eféd}? npves on the conputer screen, and when the
user 15execfitt@@ately ik detapliendeamoxeree 06@&9&89@8 ophthalmitslgas may be

MDyi§ € IB| :ﬂfd?'rotﬁé’r \RfFLE h%émﬁ%%%‘?e iSinfdtadiortiilegn Ghd %&f)rlr?wriﬂﬁean

|tem |gt|ng anltem or sel ectlnganenU|tem _
det ect el@ntramgmonta'ﬂhrie@, augioap ealivatingfanoter ejeatromicdavices loF sending éh

det ect 2ommand 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
15  executes a blink sequence that it detected, it causes the mouse pointer to perform a
command, such as double-clicking on an item, highlighting an item, or selecting a menu

itemn.

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

driver to change the refractive power of the lens.

Blinking is the rapid closing and opening of the eyelids and is an essential
function of the eye. Blinking protects the eye from foreign objects, for example,

30 individuals blink when objects unexpectedly appear in proximity to the eye. Blinking
15



20characteristics of blinks, for exanple, is the lid open or closed,
the duration of the blink, the inter-blink duration, and the nunber
of blinks in a given tine period. The algorithmin accordance with
the present invention relies on sanpling |ight incident on the eye at
a certain sanple rate. Pre-determ ned blink patterns are stored and
conpared to the recent history of incident |ight sanples. Wen
patterns match, the blink detection 25algorithmmay trigger activity
in the systemcontroller, for exanple, to activate the lens driver to
change Provddeslupgeatianeoyssiie anferiphsunfagesof the eye bymipreadingteass.. Binkiagi d
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30i ndi dde autorbatically vildrexédrpalcttsnulineap eobigiblife apinehe caae piitbxiritanty. t o
the e Bl inking. provides lubrication over the anterior rface of
the oy SaPep uBlinggh L aRE bahesatl. 1t e8taIc e Pl who ré tRable
cong amaadrnmunisite® vetbzlly bRRIA desied Ban 8BNSk oMY fRlybY anBlthitkifBPnd.SThe
done automatically, but external stimuli may contribute as in the
case wolink fetectiomalgorifinand systsm eikihaprassnt a1vestien uglizesdlisking patisrns
exanpl f Ll i c I Ay

 th oo EhnbtHE dortied WM oRhel LBRRToRphike TR RAs FLtY 1%
det ect benitifitgrbas ahmeardfos gentestiimg an ketiqn, dsemthe paréailaopattarn lseleesed for a

s pondbr oA B0 RPN GRS o BB GV TR PR cnsqmaK ORC o AR 0link

f ono cospedd hiayberdffatéd B a riunsertdi adiars! intlldiig RAGLE! &yesia|upg trigditafiora
gl ven act| on cannpt . occur at random ot herwi se i nadvertent actions
may oc@lf diseasg blinkingopatissesifargpnisel RurpasescRrefsrablyasspent for theseapdsany

el ud f S . : . o
pat t or Sy SAHLBME tnfofictLbiilihe, "Ri Arp O it B PSRRI B B the

ot her vangeadflabout bag hahérect(160] tokfonghuridred §4@0)agilliseeonitsh Aferage adult

i nvol unt ar | inks s, in_the ran f. ahout one hundred (100).to four
nundr o8P whe Bk ol as e 3ra § 0V nl M aeh B Hiomarug: Fa 1
rate otvérege (it betweehumiadintabl bitks iPabout 018t € sevdrdy {710 sbbengy.age
time between involuntary blinks is about 0.3 to seventy (70) seconds.

An exenpl ary enbodi nent of the blink detection algorithmmy be
summari zed AR &xB/plAY lePBdimehERShe blink detection algorithm may be summarized

in the following steps.
1. Define an intentional “blink sequence” that a user will execute for positive

20 blink detection.

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

3. Compare the history of sampled light levels to the expected “blink
sequence,” as defined by a blink template of values.

25 4. Optionally implement a blink “mask” sequence to indicate portions of the
template to be ignored during comparisons, e.g. near transitions. This may allow for a
user to deviate from a desired "blink sequence,” such as a plus or minus one (1) error
window, wherein ane or more of lens activation, control, and focus change can occur.
Additionally, this may allow for variation in the user’s timing of the blink sequence.

30
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1. Define an intentional "blink sequence” that a user will execute

for positive zoblink detection. 2. Sample the incomng |ight
| evel at a rate consistent with detecting the blink sequence and
rejecting involuntary blinks. 3. Conpare the history of

sanpled light levels to the expected "blink sequence,” as defined by
a blink tenplate of values. 254.Optionally inplenent a blink "mask"
sequence to indicate portions of the tenplate to be ignored during
conparisons, e.g. near transitions. This may allow for a user to
devi at e fr orineexdewmplaydlihkisenqkesmquan be, defised lasdsli@vgpl us or m nus one

(1) error w,ndow,, ei n r nore of lens activation, control,
and focus cﬂangebuﬂg&’iﬁ?‘@a? .Oridgﬁt ionally, this may allow for
variation ip theopsefor®.4sm ng of the blink sequence. 30 An
exenpl ary blink sequence may be defined as follows: 1. blink (closed)
for 0.5 s 23. opehliffolclayedsfog 0.HFi nk (cl osed) for 0.5 s 5 At a
onechundred (100) ns sanple rate, a twenty (20) sanple blink tenplate
is given by

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].

10 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 =[1,1,1,0,1,1,1,1,0,4,1,1,1,0,1,1,1,1, 0,1].

Optionally, a wider transition region may be masked out to allow for more timing
15 uncertainty, and is given by
blink_mask =[1,1,0,0,1,1,1,0, 0,1,1,1,0, 6,1,1,1,0, 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
20 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}.

[t is important to note that the above example is for illustrative purposes and does

not represent a specific set of data.

25 Detection may be implemented by logically comparing the history of samples
against the template and mask. The logical operation is to exclusive-OR (XOR) the
template and the sample history sequence, on a bitwise basis, and then verify that all
unmasked history bits match the template. For example, as illustrated in the blink mask
samples above, in each place of the sequence of a blink mask that the value is logic 1,

30 ablink has to match the blink mask template in that place of the sequence. However, in
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blink tenplate =1,1,1, 0,0,0,0,0, 21,2,1,1,1, 0,0,0,0,0, 1,1].

The blink mask is defined to mask out the sanples just after a
transition (0 to nask out or ignore sanples), and is given by
blink_mask=[21,1,1, 0,1,1,1,1, O0,1,1,1,1, 0,1,1,1,1, O,1].

Optionally, a wider transition region may be masked out to allow for
nore timng 15uncertainty, and is given by blink _mask=[1,1,0,
011,10, O01,1,2,0, 0,12,21,1,0, O,1]. Alternate patterns
may be inplenented, e.g. single long blink, in this case a 1.5s blink
Wi t h ae2dh phagel of thespladree afia/dinkivagOothat the vabugsdbgicD, itis hoflndcezsary
0,0,0, , 0,10, 0 0 0,.0,1,1 1,1, 1].. It js i ortant to note
Chat 1 MAALI Balthgs s tinkhask fdiidtein et tecs ebsBe R Fot

r epr es @Rhmples BS fdllo®irkEBosibaf AlgbritiR BRLEESN, &} JHREdRS MATRL AT M AFLdY

| ogi cal | Ezcorrparl ng the history of sanples against the tenplate and

mask. PHEZ8degi cal operation is to exclusive-OR (XOR) the tenplate and
thegsanpl e history sequence, on a bitw se basis, and then verify that
al | "unmasked history bits match the tenplate. For exanple, as

i |1 ustrat edmatcitdte= bbt fblinkernksls)d Mokt ésordblinke femplataddst pdaampled)f t he
sequence of a blink mask that the value is logic 1, 30 a blink has to
mat ch the blink mask tenplate in that place of the sequence. However,

in  eagmepbincastofarhple is W@é)ﬁ?le%st@nb' TwnmiédtMe Fskaesyq?ljé#@e 'vﬁth the

logic O, it is not necessar hat a bl i nk matches the blink

t enpl aﬁemﬁdemiatasldha@énbiemwétes S80PIR Bistary and liRil reask. hlé theamaémeﬁg
Bogh eagedl e it RINGAL A, Bien 25068 HRfch RadBILAR.) BrefhgiBadlh | it fkbr ©
(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
15 errorin relation to a person’s blinks is allowed. MATLAB®is a high level language and
implementation for numerical computation, visualization and programming and is a
product of MathWorks, Natick, Massachusetts. It is also important to note that the
greater the number of logic 0's in the blink mask template, the greater the potential for
false positive matched to expected or intended blink patterns. It should be appreciated
20 that a variety of expected or intended blink patterns may be programmed into a device
with one or more active at a time. More specifically, multiple expected or intended blink
patterns may be utilized for the same purpose or functionality, or to implement different
or alternate functionality. For example, one blink pattern may be utilized to cause the
lens to zoom in or out on an intended object while another blink pattern may be utilized
25 to cause another device, for example, a pump, on the lens to deliver a dose of a

therapeutic agent.

Figure 1 illustrates, in block diagram form, a contact lens 100, comprising an
electronic blink detector system, in accordance with an exemplary embodiment of the

30 present invention. In this exemplary embodiment, the electronic blink detector system
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mat ched = not (blink_mask) | not (xor (blink tenplate, test_sanple)),
wherein test_sanple is the sanple history. The matched value is a
sequence with the sane length as the blink tenplate, sanple history
and blink _mask. |If the matched sequence is all logic I's, then a good
mat ch has occurred. Breaking it down, not (xor (blink_tenplate,
test_sanple)) gives a logic O for each msmatch and a logic 1 for
each match. Logic oring with the inverted mask forces each | ocation

in the matched, K sequence to a |logic 1 t he sk . is

Accor diMl SPRIRE FBPeISPRRRIS! (% 38 AR Aaiah apate el SMRER 8T ue
i's speqifd Qgﬁaédigﬂgl Qgﬂal ﬁrb@eé%b?%@ra bB@eF@élﬁb@Wf) éﬁﬁ&fu‘éfor'1ﬁ2 and a
relation to a person's blinks is allo LAB(r) is a hi [ evel

| anguagustamdcanisillendid.at i on for nuneri caI corrput ation, vi sual i zation

and programm ng and is a product of MthWrks, Natick, Massachusetts.

It is also inmportant to note that the greater the nunber of logic Os

in she bli nkWhemsthetoompdalens 100e|sgx1a&tdewd néblttjlrb ﬁﬁmmnfmb df arusers &3¢ the
nt ende in

positive matched to ed or tterns. It oyl d, be
appr ecPRCHRNISEIRCHERY ‘gﬁsﬁﬁ 9et§f3 Oéﬁﬁét@{’bﬂ'abfrbei% ‘{5.1 '”B‘P]?WE"ES)@HLI%'PHS
may be JBfeRULR |tH|rHto@tI‘?e ?I%‘ébﬁﬁn%ﬁﬂbrp”ﬁ]é’ﬁhd’tBééw@Ptm!eaé‘%veﬂ dsith® other
More specifically, multiple expected or intended blink patterns nmay

be uti pir%tny.fl@mﬂf@rgdrt@dptﬁcpb soandieinarioon Aink pattemnstpsodugsiddrmetine
di ffergg% Sroé @I ternate functionality. For exanple, one blink pattern
may be U ¥%d to cause the lens to zoomin or out on an intended
obpect while another blink pattern may be utilized 25 to cause

anot her devj c for nthe le eliv e, of
A er et s Grm AR BmBociidin B pPpiqsagse i ey bagr bt g
form goftant laas 1b@%d%@@ewé@Eﬁfﬂléﬂﬂi?hﬁmﬂc@ﬁbérﬂﬁg %dﬂéﬂ'ﬁh@ﬁir@qh@r
system in accordance with an exenplary enbodi ment of the 30present

i nvent Plegirons apdithereky #pusing acgustamt riadicatedry %T@bfﬂ P8niocflayy infk the
det ect Q{ngﬁﬁéﬁﬂm ﬂ?é/ ﬁ&%@éh&ﬁ is Eg@fgf%zé‘d?éro@ 2 Ry c%qu@i'EB'dnB htap@4, an

anal og- digital RVerter: or nal  processor
1085 adpduver Irsone eeemﬂ)[ary emb@dtrnmtpmelnmﬁosmntom@&sbmmnswarp@btcmiode

114. 5Wen tfhe ont ac 100 IS ah .ato 1 Fﬁ fr0{1t surface of a
user' s "y BTFHECRFEETP quI]?’t’tr 3}%0’? ﬂ%’o PiITKRIBTERIG & st em may
be uti bbmpRmbata &él&iﬁidé Q@nhﬂohﬂhctdﬁf@fﬂb@;ﬁko@bg@fdchhmogﬁr) deﬁcn’@é@éent
i nvention. The ot osensor 102 as the other circuitry,

as
conf i glitegration g 'ﬂlB’chq)quNF%@ thgaverall size; ke Bh@@ﬁea%ﬂrt@ﬂr@dpﬁh@d%@d by
the USgfefitrfY fhe LBrrent 103 is proportional to the incident light level and decreases

20 substantially when the photodetector 102 is covered by an eyelid. The amplifier 104
creates an output proportional o the input, with gain, and may function as a
transimpedance amplifier which converts input current into output voltage. The amplifier
104 may amplify a signal to a useable level for the remainder of the system, such as
giving the signal enough voltage and power to be acquired by the ADC 106. For

25  example, the amplifier may be necessary to drive subsequent blocks since the output of
the photosensor 102 may be quite small and may be used in low-light environments.
The amplifier 104 may be implemented as a variable-gain ampilifier, the gain of which
may be adjusted by the system controller 114, in a feedback arrangement, to maximize
the dynamic range of the system. In addition to providing gain, the amplifier 104 may

30 include other analog signal conditioning circuitry, such as filtering and other circuitry
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In this exenplary enbodi nent, the photosensor 102 may be enbedded
into the contact |Iens 100 and receives anbient |ight 101, converting
i nci dent photons into electrons and thereby causing a current,

i ndicated by arrow 103, to flowinto the anplifier 104. The

phot osensor or photodetector 102 may conprise any suitable 15 device.
I n one exenpl ary enbodi nent, the photosensor 102 conprises a
phot odi ode. In a preferred exenplary enbodi nent, the photodiode is

i npl enented in a conplinmentary netal -oxi de sem conduct or (CMOS

pr ocessappeiphiate twohe hotoseoseat®? and egpdifieot0dadbitbutsy TRrdamelifies e Gdheay
overall size of th &ho osensor 1&2.and hecfther ircuitrﬁhaghe
currenfoqﬁﬁs?énﬁﬁHﬁﬁ iU 1PHAMRAYNYANEEERNTHQINRY § nal o Ovdhkes
20s ubshabtosahbor 182e nFdrhsxapipé aHe EReiIBEr 102 sy SRABK @nphseddsipyr! 1 d.
The anplifier 104 creates an output proportiodnal to the input, with
gai n, &Raratigpakamplifies®r agnere ¢oanelicetrebicirté commrisindenani BRre epsrefieral
i nput : i I j [ 1 ify a

si ghal STPIEE: AL Pt dboliS hEpRorlRedRIA e olFRY 18R Y 2

gi vi ng cohfigwed habetecbagd isotdt¢ bliek aeqligrmesbated bpoadpincisiénblightiete Ay

106. For_ 25 le, th lifi . to d
subseqtesavas SRR a S A i B ST GuRE R, s S gonaidiale
quite smmhdtelns tﬁBBé%rglgzn%@rﬁrdII@r hour ThahlysRAY E6RIRAY $4 isThefaaBly fier

104 may be inplenen as_a variable-gain anplifier, the gain of

whi ch RESPregragied cearaspniigred e re¢aantia Yasiousblink seqyencesfansiiyyduink
arpang ; | ¥R ) f pkion
o 8 o brmRns 18 2aBUS FrR T IR EA S o e 3K 2 EPPriely B0

si gnal sigoabiotthemichgtar t1iTheysystane borisolfer 11l dral sqgcamprissshassociatedli try
appropriate to the photosensor 102 and anplifier 104 outputs. The
anplif 4 may conprise any suitable device for anplifying and
conditioning the signal output by the photosensor 102. For exanpl e,
the amplifier 104 mayasi nply conprise a single operational anplifier

or a nore chBnpis wrerlar; snbedimasnghe Sl{g 186 & berbsed peanyerichal
a1 £ P9y SSaibg siinal oAt o e HANGR FOE o 2SNy Siftol siona
based appieptiate fonfirthensignagbroceasisgs Foy exapley $w ARColifhmalieopyart and
the. oy 2088 SItBY Py HR o R Bt B s Ay G sior R reF iy Bl BY
pr epr ogulsseiRendor dovetrdang tir@ts sucesoarigital ¥ihaPhIDchsding spstghedic es
and/or blink 10patterns [n various light Intensity |evel conditions
and pr mfeerogﬁsg%#%rﬁf gigiabeigp@hProceFsing PYSteROT AlgitgheGnakaracessqE 108
SY$6 €M He Hiiz88 fdridlgied SRyrizP PRICS8iRig AR e REIrRY Gifh SEMBFY of filtering,
processing, detecting, and otherwise manipulating/processing sampled data to permit
incident light detection for downstream use. The digital signal processor 108 may be
preprogrammed with the blink sequences and/or blink patterns described above. The
digital signal processor 108 also comprises associated memory. The digital signal
25  processor 108 may be implemented utilizing analog circuitry, digital circuitry, software,
or a combination thereof. In the illustrate exemplary embodiment, it is implemented in
digital circuitry. The ADC 106 along with the associated amplifier 104 and digital signal
processor 108 are activated at a suitable rate in agreement with the sampling rate
previously described, for example every one hundred (100) ms.

30
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In this exenplary enbodi nent, the ADC 106 may be used to convert a
15conti 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
anplifier 104 into a digital signal that may be useabl e by subsequent
or downstreamcircuits, such as a digital signal processing system or
m croprocessor 108. A digital signal processing systemor digital
signal processor 108 20nay be utilized for digital signal processing,
i ncl udi ng oAq:)owerramuec&)H(f sm;ﬁmlebrm@weprfmmmémgs cdmipenehisgoneprising the

th | at | ed t dent
toht i BeiRshon Svetad, i Snen ey BoRubGic i <pBi. cReBLLetEsReor
may  be ofHe? RURGHIBHEShad 1B Krd@mbbidié o?%ﬂéﬁﬁﬁﬁﬁ&nl%%@ artd| B d¥enialy @hPeype

descri bed above. The digital signal processor 108 al so conprises
associ &f @@Nﬁwye 1TRanal e titlizegity rmqw@%pelt@@&werlfesaurﬁwe@@omponents

or T8 cohb et ABMRRLBHE b el ized 8 bhBad i RAbIek e QUetdf
is i rrpbambntrmjsystenﬂlc@ntrallercll-TfLu-tlnermpre ﬂh@sﬁ@é‘rrﬂ@ﬁtmllanmmly dohérol other
associ at ed an‘gl ifier | tal

04 |
ot re Bkt TRk pohined Gonapdeft dahShune fn up Riroim Biectigh el prosessor

previ OﬂQSonﬂ@ﬁ@rhbféedhaﬁQﬁg thefoeLis o?Veﬁ‘Fé&ﬂQ@%o%F‘gf We(e%ﬂ@h[cﬂﬁy c&ftrolled
A power source & i €S power for numerous conmponents CONprising

the bl lefe tawusbtthe Acipéarelh2. The power may be supplied froma battery,
S 59y harvester, or other suitable neans as is known to one of
Inary skill in the art. Essentially, any type of power source 110

may be uti | Taedystenpeantialer 1 &4 Ladd themgmf ffoom thedl phaddsrarsoc ohaioneamslys

of the,system A blink, sequ Y zed .to cha ethe state
of t netBBidireriar ab2: e SSREr 1 TR e At 1 0b itk e iRl S8ralobe g
cont r okyRemlfo8, tR¥o®eatd Qém@lbh@ighﬂépéﬁtté bfifk acthateh fb@ttéﬁﬁ;t Fedfehiipto
depending on input fromthe digital signal processor 108, for

exanpl Ei0UehAndioRPhiItRl rerreaantation ef blink patterp saeplest reanrdedat vagare hgity
cons r ol&ehit, 814 DERUE Bindd Sn P4 LeEbR threbRold 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.
Additicnally, when sampling light incident on the eye, accounting for the effects that
20 changes in ambient light intensity may have on the eye and eyelid may also mitigate
and/or prevent error in detecting blinks, such as how much visible light an eyelid blocks
when it is closed in low-intensity light levels and in high-intensity light levels. In other
words, in order to prevent erroneous blinking patterns from being utilized to control, the
level of ambient light is preferably accounted for as is explained in greater detail below.
25
For example, in a study, it has been found that the eyelid on average blocks
approximately ninety-nine (99) percent of visible light, but at lower wavelengths less
light tends to be transmitted through the eyelid, blocking out approximately 99.6 percent
of visible light. Atlonger wavelengths, toward the infrared portion of the spectrum, the

30 eyelid may block only thirty (30) percent of the incident light. What is important to note;
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10 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 15intensity levels versus tinme and a usable
threshold level is illustrated. Accordingly, accounting for various
factors nmay m.tigate and/or prevent error in detecting blinks when

sanpl i MgWeEVghis it ligkiat diferenidrequencioge waneleaghsand ingnsities emankes in
Sl ! COPF ! ;

vart oy EhSRRe nGUH Heleheflu uith SferbhAGfIeRIRs OFol BiefinlBPihh Bdlhg ac
eye, a@dwight ligit aurce, lam isflivieluebmilhiate26d tiphingids hisrordieb iegelidd ¢lgded.

I nt ensi may have, on t.he eye and eyel i al so mitigate and/ or

ot event!TEr9 By, Hf Salinls St ARG BYE is g s el kst on am
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high-intensity light levels. In other words, in order to prevent
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portion of the spectrum the 30eyelid nmay block only thirty (30)

per cenCoWEetqidhe aRpatan &t wRying Véﬁ&i”t%‘sit%{ﬁyﬁ%dﬁa‘fiﬁg st @bilityHewever ,
P ! e : - i =V
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vari at PBREScHerBe hab e PR ke ARG RaReisatne Sl et an
5i ndli virderdity lewsiin assestain avdayi dual ' s skin pignentation. As is
illustrated in Figure 2, data
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
20  obvious to one skilled in the art that the method of activating and/or controlling the
system controller 114 may require the use of one or more activation methods. For
example, an electronic or powered contact lens may be programmable specific to an
individual user, such as programming a lens to recognize both of an individual's blink
patterns and an individual's ciliary muscle signals when performing various actions, for
25 example, focusing on an object far away, or focusing on an object that is near. In some
exemplary embodiments, using more than one method to activate an electronic contact
lens, such as blink detection and ciliary muscle signal detection, may give the ability for
each method to be crosschecked with another before activation of the contact lens
occurs. An advantage of crosschecking may include mitigation of false positives, such

30 as minimizing the chance of unintentionally triggering a lens to activate. In one
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sanpl es of blink patterns across various lighting levels are

sinmul ated over the course of a seventy (70) second time interval
wherein the visible light intensity levels transmtted 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
bet ween the peak-to- wpeak value of the visible light intensity
recorded for the sanple blink patterns over the course of the
sinmulation at varying light intensity levels. Having the ability to
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descri %dpl%QQHﬁnvéﬂ%n%&t/ EFBvide various functionality; accordingly, one or more

20  actuators may be variously configured to implement the functionality.

Figure 3 illustrates a state transition diagram 300 for an exemplary blink
detection system in accordance with the blink detection algorithm of the present
invention. The system starts in an IDLE state 302 waiting for an enable signal bl_go to

25 be asserted. When the enable bl_go signal is asserted, for example, by an oscillator
and control circuit which pulses bl_go at a one hundred (100) ms rate commensurate
with the blink sampling rate, the state machine then transitions to a WAIT_ADC state
304 in which an ADC is enabled to convert a received light level to a digital value. The
ADC asserts an adc_done signal to indicate its operations are complete, and the

30 system or state machine transitions to a SHIFT state 306. In the SHIFT state 306 the
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controller 114 may enable the actuator 112, such as a variable-optic
el ectronic or powered | ens. The actuator 112 may conprise an

el ectrical device, a nechanical device, a magnetic device, or any
conbi nati on thereof. The actuator 112 receives a signal fromthe
systemcontroller 114 in addition to power fromthe power source 110
and produces sone action based on the signal fromthe system
controller 114. For exanple, if the systemcontroller 114 signal is
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|l evel to a digital value. The ADC asserts an adc_done signal to
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block 410. The enable signal, adc_en, the start signal, adc_start, and the reset signal,
adc_rst_n are received from the digital signal processing and system controller 410

25  while the complete signal, adc_complete, is transmitted thereto. The clock signal,
adc_clk, may be received from a clock source external to the signal path, pd_rx_top, or
from the digital signal processing and system controller 410. It is important to note that
the adc_clk signal and the system clock may be running at different frequencies. ltis
also important to note that any number of different ADCs may be utilized in accordance

30  with the present invention which may have different interface and control signals but
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are conplete. Figure 4 illustrates an exenpl ary phot osensor or

phot odet ector signal path pd_rx_top that may be used to detect and
sanple received light levels. The signal path 15 pd rx _top nay
conpri se a photodi ode 402, a transi npedance anplifier 404, an
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

dedi cated ci it insjde t | og-to-digital converter 408. The
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phot odet ect gain, pd _gain, are received fromthe digital signal

pr Ocesg}iq;,g'naé]qgr Hessysirraondy displle the photodetection signal path once the data is
latched to reduce system current consumption. The held data value may then be

15 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

20 hysteresis or comparison to one or more thresholds to minimize noise on the output
signal pd_data. The digital conditioning logic may further comprise a gain adjustment
block pd_gain_adj 508 to set the gain of the automatic gain and low-pass filtering stage
406 in the photodetection signal path via the signal pd_gain, illustrated in Figure 4,
according to the calculated threshold values and/or according to the held data value. It

25 is important to note that in this exemplary embodiment six bit words provide sufficient

resolution over the dynamic range for blink detection while minimizing complexity.

In one exemplary embodiment, the threshold generation circuit 504 comprises a
peak detector, a valley detector and a threshold calculation circuit. In this exemplary

30  embodiment, the threshold and gain control values may be generated as follows. The
25



5 Figure 5 illustrates a block diagramof digital conditioning
| ogic 500 that may be used to reduce the received ADC signal val ue,
adc_data, to a single bit value pd_data. The digital conditioning

| ogic 500 may conprise a digital register 502 to receive the data,
adc_data, fromthe photodetection signal path pd rx top to provide a
hel d value 10 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_conpl ete signal is asserted and to otherw se hold the | ast
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conprises a peak detecTor, a valley detector and a threshol d

calculation circuit. In this exenplary 30 enbodi nent, the threshold

and._gain co . : I

detacror angnt Rl HERnERoRR POR BOFRE B pirbler BBpield8 ypRERng apes
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a classic 5diode envel ope detector, as is well-known in the

el ect r pdagaigvakie dﬁﬁ:éeQﬁﬁS|Wr¢ﬁe5f§§t thenithe pd_pk and pd_val values are decreased

20 by afactor equal to the expected gain decrease in the photodetection signal path. In
this manner the states of the peak detector and valley detectors, as held in the pd_pk
and pd_vi values, respectively, and the threshold value pd_th as calculated from the
pd_pk and pd_vl values are updated to match the changes in signal path gain, thereby
avoiding discontinuities or other changes in state or value resulting only from the

25 intentional change in the photodetection signal path gain.

In a further exemplary embodiment of the threshold generation circuit 504, the
threshold calculation circuit may be further configured to calculate a threshold value
pd_th_pk based on a proportion or percentage of the pd_pk value. In a preferred

30 exemplary embodiment the pd_th_pk may be advantageously configured to be seven
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further configured to provide an output value pd_vl which quickly
tracks decreases in the adc_data_held value and slowy decays to a
hi gher value if the adc_data _held val ue increases. The operation of
the valley detector is also anal ogous to a di ode envel ope detector,
with the discharge resistor tied to a positive power supply voltage.
The 10t hreshold calculation circuit is configured to receive the

pd pl and pd_ vl values and is further configured to calculate a
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whi ch BRY of Afdb blihkitemplates 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
20 that may be held for later use. The output of the comparison block 604 is latched via a
D flip-flop 606. The digital detection logic 600 may further comprise a counter 608 or
other logic to suppress successive comparisons that may be on the same sample
history set at small shifts due to the masking operations. In a preferred exemplary
embodiment the sample history is cleared or reset after a positive match is found, thus
25  requiring a full, new matching blink sequence to be sampled before being able to
identify a subsequent match. The digital detection logic 600 may still further comprise a
state machine or similar control circuitry to provide the control signals to the
photodetection signal path and the ADC. In some exemplary embodiments the control

signals may be generated by a control state machine that is separate from the digital
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the pd_pk and pd_v1 values being equal. It will be appreciated that
the pd_th_pk value ensures detection of a blink after long intervals.
The behavior of the threshold generation circuit is further
illustrated in Figure 9, as discussed subsequently. 10Figure 6
illustrates a block diagramof digital detection |ogic 600 that may
be used to inplenent an exenplary digital blink detection algorithm
in accordance with an enbodi nent of the present invention. The

d| gital detection | ogic 600 may conprise a shift register 602 adapted
to recéfelret 'Pﬁéo%lﬁtegof 5 ¢adrob Riate meckitnei oAy be gast ofhe Higial signalop,
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anal og PrOYIdg el signals to an re eive signals from a photodetection subsystem as
described above. The digital blink detection subsystem dig_blink 802 may comprise
digital conditioning logic and digital detection logic as described above, in addition to a
state machine to control the sequence of operations in a blink detection algorithm. The

25  digital blink detection subsystem dig_blink 802 may be adapted to receive an enable

signal from the master state machine 804 and to provide a completion or done

indication and a blink detection indication back to the master state machine 804.

Figure 9 provides waveforms, Figures 9A — 9G, to illustrate the operation of the

30 threshold generation circuit and automatic gain control (Figure 5). Figure 9A illustrates
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converter logic on an adc_conplete signal. Also illustrated in Figure
7 is the pd_gain signal which is utilized to set the gain of the
anplifiers before the ADC. This signal is shown as being set before
the warmup tinme to allow the analog circuit bias and signal |evels
to stabilize prior to conversion. 15 Figure 8 illustrates a
digital systemcontroller 800 conprising a digital blink detection
subsystem di g_blink 802. The digital blink detection subsystem
dig_blink 802 nay be controlled by a master state machine di g _naster
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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

20 circuit. Figure 9D illustrates the pd_pk, pd_wvl and pd_th_pk values calculated in
response to the adc_data_held value in some exemplary embodiments of the threshold
generation circuit. Note that the pd_th_pk value is always some proportion of the pd_pk
value. Figure 9E illustrates the adc_data_held value with the pd_th_mid and pd_th_pk
values. Note that during long periods of time where the adc_data_held value is

25  relatively constant the pd_th_mid value becomes equal to the adc_data_held value as
the pd_vl value decays to the same level. The pd_th_pk value always remains some
amount below the adc_data_held value. Also illustrated in Figure 9E is the selection of
pd_th where the pd_th value is selected to be the lower of pd_th_pk and pd_th_mid. In
this way the threshold is always set some distance away from the pd_pk value, avoiding

30 false transitions on pd_data due to noise on the photocurrent and adc_data held
29



signal rather than a series of discrete digital sanples. It will be
appreciated that the digital sanple values will correspond to the

|l evel illustrated in Figure 9B at the correspondi ng sanple tines. The
dashed lines at the top and bottom of the plot indicate the nmaxi num
and m ni num val ues of the adc_data and adc_data_held signals. The
range of val ues between the m nimum and maxi mumis al so known as the
dynam c 15range of the adc_data signal. As discussed bel ow, the
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30 forincorporation into contact lenses, as mentioned previously. The light-blocking region
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20 the sem conductor process. In a preferred exenpl ary enbodi nent,
the |ight-passing region 1002 permts as nuch light as possible to
reach the photosensors thereby maxim zing sensitivity. This nmay be
done through renoving polysilicon, nmetal, oxide, nitride, polyimde,
and ot her | ayers above the photoreceptors, as permtted in the

sem conductor process utilized for fabrication or in post processing.
The |ight-passing 25area 1002 may al so recei ve other speci al
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1102
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
11086, and other components as necessary for the system. The integrated circuit 1108

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

25  mounted on the insert 1104 and connected with wiring traces 1114. When the eyelid
closes, the lens insert 1104 including photodetector 1112 is covered, thereby reducing
the light level incident on the photodetector 1112. The photodetector 1112 is able to

measure the ambient light to determine if the user is blinking or not.
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conprises an electronic insert 1104. This insert 1104 includes a |l ens
1106 which is activated by the el ectronics, for exanple focusing near
or far depending on activation. Integrated circuit 1108 nounts onto
the insert 1104 and connects to batteries 1110, | ens 1106, and ot her
conponents as necessary for the system The integrated circuit 1108
20i ncl udes a photosensor 1112 and associ at ed phot odet ect or si gnal
path circuits. The photosensor 1112 faces outward through the |ens
insert and away fromthe eye, and is thus able to receive anbi ent
light. The phditesahsmboditisdtaafthbalinkpetsttoh ethorithih Meay algfcrtreske
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| evel incident on the photodetector 1112. The photodetector 1112 is

able to neasure the anbient light to determne if the user is
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Dl Lk BEHREhEARCRLINE BN AL IRALE], [ digi tal Logic or in

€ runfiing on a mcrocontro I"ef al gorithmlogic or
m crocontrol | er may be i mpl enented in a single application-specific

Integrated ¢ircuit C tion sig path circuitr
and a systeﬁn %qutﬂnlt “‘f’f&%?&hﬁg@”g H‘PF@V%W@HO%F ﬂrB’eL”HQ’h¥'35
one i nhreHdRy @@le@trrawbr wsioTn difgd5ues Ladibn tBrrBeidh éﬁlﬁ&.sfoheerwiahegment
detection sgstem of present invention has broader uses than for

vi si onTHPS® wdecyses/lr@lugiﬁ L&tbzmgdthnlsﬁlemomt@ comtrel ehaidecagiety ofThese
o 93 ABA R U M ABHREL, P b0l et
di sabi bhtgyesor offreyebl i nk det ect i on may be set up on-eye or off-eye. In
conpl ex systens, which may include nultiple sensors, such as powered
In complex systems, which may include multiple sensors, such as powered
ophthalmic lenses comprising a number of electronic components, it is preferable to
20 reduce the potential for initiating false actions or false positive triggering when taking
action. In accordance with another exemplary embodiment, the present invention is
directed to a decision making process and/or voting scheme which utilizes input from
multiple sensors to substantially reduce the possibility of changing the state of the
powered ophthalmic lens based upon inaccurate, incomplete or erroneous information,
25 changing physiologic conditions, as well as noise and/or interference from internal and
external sources. For example, in blink detection, the control system should not change
the state of a variable-power optic incorporated into the powered ophthalmic lens based
upon a random blinking pattern due to eye irritation or the fike. In a powered ophthalmic
lens comprising a pupil convergence sensor, pupil convergence may be utilized to

30 trigger actions, for example, changing the power of a variable-power optic to allow an
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ophthal m c | enses conprising a nunber of electronic conponents, it is
preferable to 20reduce the potential for initiating false actions or
fal se positive triggering when taking action. In accordance with

anot her exenpl ary enbodi nent, the present invention is directed to a
deci si on meki ng process and/or voting scheme which utilizes input
frommultiple sensors to substantially reduce the possibility of
changing the state of the powered ophthal m c | ens based upon

i naccurate, inconplete or erroneous information, 25 changing
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may take pl.ace due to the fact that the person is sleeg and their
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are | n}:grrnl t?gnst %o%%t gn m%grrfér%hge oree%%ﬁ*lple, ambient light may be monitored to
20 improve the accuracy of blink detection, lid position, and pupil diameter sensors. Such
sensors may be utilized to augment other sensors, for example, by subtracting common
mode noise and interference. Sensor inputs may be used to record a history readings
which are then considered by a complex decisicon algorithm, for example, one which
considers both accelerometer inputs and eye muscle contraction to determine pupil
25  position. Utilizing the voting scheme in accordance with the present invention may
reduce the likelihood of error in determining state changes and may also allow mare
precise measurements. In other words, for any given action to be taken, there are
sensors that may be utilized to check corroborating evidence or to augment input for a
given action determined by a primary sensor. [t is also important to note that the

30 sensed data, in addition to or in alternate use, may simply be utilized as part of a
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directly related to triggering a state change in an electronic

opht hal m ¢ device, other sensors nmay be used to inprove state-change
sensors by nonitoring anbient conditions, noise, and interference.

For exanple, anbient |ight may be nonitored to 20i nprove the accuracy
of blink detection, lid position, and pupil dianeter sensors. Such
sensors may be utilized to augnent other sensors, for exanple, by
subtracting common node noi se and interference. Sensor inputs may be
used to record a history readinqs whi ch are then considered by a
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not e t REY of H& RE tr metisal ¢aNdHeF eNHH to or in alternate use, may
simply be utilized as part of a collection process rather than as a
triggering event. For exanple, the sensed data nay be col | ected,
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sensors 1202, 1204, 1206 and 1208 are used to determne If the state
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bl ock, tirinput data. Based on these inputs, the system controller 1210 determines if the state
of the actuator 1212 should change. For example, the combination of pupil
convergence, lid droop, and an indication from an emitter/detector pair of a close
20 reflection may trigger the system controller 1210 to configure the actuator 1212 to
change a variable-power optic in an ophthalmic lens to be in a near distance focus
state. Likewise, the combination of pupil divergence, lid opening, and indication from an
emitter-detector pair of no reflections may trigger the system controller 1210 to
configure the actuator 1212 to change the variable-power optic in an ophthalmic lens to
25  bein afar distance focus state. Inputs from various sensors may also be utilized to
alter the configuration of the system controller to improve decision making performance,
for example, if ambient light decreases, the controller may increase the gain of a
photosensor. The system controller may also turn sensors on and/or off, increase
and/or decrease sampling rates, and make other changes to the system to optimize

30 performance.
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15 within the systemcontroller 1210. The systemcontroller 1210
accepts inputs fromeach sensor 1202, 1204, 1206 and 1208. It then
performs routines to process and conpare the input data. Based on
these inputs, the systemcontroller 1210 determ nes if the state of
t he actuator 1212 shoul d change. For exanple, the conbination of
pupi | convergence, lid droop, and an indication from an
emtter/detector pair of a close 20reflection nmay trigger the system
controller 1210 to configure the actuator 1212 to change a

vari abl e-power optic in an ophthalmc lens to be in a near distance
focus state e, ]
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traini H‘%d%qg cﬂéﬁég % éidator status as described above, the next step in the process,
25 represented by block 1310, comprises performing this state change at the actuator.
Regardless of the decision regarding state change, the final step in the process,
represented by block 1312, comprises returning the system to sampling so another set
of measurements and determination may take place. The total time required to execute
the process in Figure 13 is preferably short enough such that the system is responsive

30 to user inputs similar to how individuals naturally interact with their environments. For
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ensuring all sensors have been sanpl ed before deciding, and various
wei ghts applied to the results of each sensor. Preferably, this step
makes a decision that is predictable and repeatable in the presence
of real-world noise and interference. If a decision is nmade to change
the actuator status as descri bed above, the next step in the process,
25represented by bl ock 1310, conprises performng this state change
at the actuator. Regardl ess of the decision regardi ng state change,
the final step in the process, represented by bl ock 1312, conprises
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exarrp e, a user swtc t ween | stance vISion to navi g
t hr ouglaxampteo‘fmrraa@salp&wl@nm betamengil@fan@e vigion @mavigads through aprcnwd;

shown %Fﬁb@t goselpl ”!??‘gfga &%% l ength 1400 are those for 15various

sensor cor the desired focal length. Once again, it
i s inportant

The additional plots shown above the desired focal length 1400 are those for

15  various sensor inputs correlated to the desired focal length. Once again, it is important
to note that any number of sensor inputs may be utilized to make a decision. Plot 1406
shows the impedance measured across the eye which varies from high impendence
1408 to low impedance 1410, as is known in the relevant art. As illustrated, the plot of
impedance 1406 does not precisely match that of the desired focal length plot 1400.

20 The sensor input may include noise, delay, and other differences from the desired focal
length due to such phenomena as reaction time, propagation delay, and noise from
nearby muscles. Pupil convergence 1412 is also plotted versus time. As is known in the
art, convergence of the pupils is associated with the attempt to focus on a nearby
object. When the desired focal length is far 1402, convergence is low 1414 because the

25  pupils are close together relative to the distance to the object under observation. When
the focal length is near 1404, the convergence is high 1416 because the object is close
to the eyes which must turn their gazes inward toward the nose to keep attention on the
object of interest. Pupil diameter 1418 is also plotted. As is known in the art, an

individual’'s pupils typically dilate when focusing on a nearby object. Accordingly, the
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to note that any nunber of sensor inputs nay be utilized to nmake a
deci sion. Plot 1406 shows the inpedance neasured across the eye which
varies from high i npendence 1408 to | ow i npedance 1410, as is known
inthe relevant art. As illustrated, the plot of inpedance 1406 does
not precisely match that of the desired focal length plot 1400. 20
The sensor input may include noise, delay, and other differences from
the desired focal |length due to such phenonena as reaction tineg,
propagati on del ay, and noi se from nearby nuscles. Pupil convergence
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to the object under observation. Wien the focal |length is near 1404,
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shoul d be appreci ated that each sensor input may vary for reasons

ot her phsitivetrigesngedyiraqtineg deretean ﬂﬁ@mput&ng@ﬂ’\elaleowm@am@d haege in
sa??l i n%%%ﬁieé?’gf eve?y%'x%%gﬁ mtéerﬁgopfﬁ@y% %gr%gﬁ oﬁ%(r%%ﬂgo.%ydf ation,

I on ew Se,” pupi |
di aneter may vary due to changes in arrbl ent |ight Ievel s. Thus, it

shoul d be a t th t conbi ni i nsor uts reduces the
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vari ab fet response ser preferen
speci f individued pesaramgniag talhxeed to a specific user. Parameters in the voting scheme

may be dependent on sensor inputs, for example, the threshold and gain setting for

blink detection may vary with ambient light.

20 In one exemplary embodiment, the electronics and electronic interconnections
are made in the peripheral zone of a contact lens rather than in the optic zone. In
accordance with an alternate exemplary embodiment, it is important to note that the
positioning of the electronics need not be limited to the peripheral zone of the contact
lens. All of the electronic components described herein may be fabricated utilizing thin-

25  film technology and/or transparent materials. If these technologies are utilized, the
electronic components may be placed in any suitable location as long as they are

compatible with the optics.
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15 voting schene may be based on clinical observations of a nunber of
subj ects and individual programmng tailored to a specific user.
Paranmeters in the voting schenme may be dependent on sensor inputs,
for exanple, the threshold and gain setting for blink detection may
vary with anmbient light. 20l n one exenplary enbodi nent, the

el ectronics and el ectronic interconnections are nmade in the

peri pheral zone of a contact lens rather than in the optic zone. In
accordance with an alternate exenplary enbodinent, it is inportant to
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38



WHAT IS CLAIMEDIS:

1. A method for controlling functions in a powered ophthalmic lens to be worn

on the eyes of an individual, the method comprising the steps of:

sampling multiple sensors incorporated into the ophthalmic lens,;

determining the results from the multiple sensors, including making comparisons to
thresholds and comparisons to predetermined patterns;

aggregating the results from the multiple sensors to generate a single decision
signal; and

configuring an actuator based on the single decision signal to implement a
change in function of or maintain a function of the powered ophthalmic lens,

wherein the sensors measure at least one physiologic change, including
pupil convergence, pupil position, pupil dilation, eyelid position and eye impedance,
and environmental condition,

wherein the total time required to execute the method is similar to an

individual’s physiological response time.

2. The method for controlling functions in a powered ophthalmic lens
according to Claim 1, wherein the step of aggregating the results further comprises

weighting the results based upon a predetermined set of conditions.

3. The method for controlling functions in a powered ophthalmic lens
according to Claim 1, further comprising the step of signal conditioning the sampled

output data from the multiple sensors.

4. The method for controlling functions in a powered ophthalmic lens
according to Claim 3, wherein the step of signal conditioning includes one or more of

filtering and comparing the sampled signals to baseline results or reference results.
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5. The method for controlling functions in a powered ophthalmic lens
according to Claim 1, wherein the step of sampling multiple sensors includes sampling
sensors configured to sample at least one of external conditions and physiologic
changes not directly related to the function to control and augment the generation of the

decision signal.

6. A powered ophthalmic lens, the powered ophthalmic lens to be worn on
the eyes of an individual, the powered ophthalmic lens comprising:

a contact lens including an optic zone and a peripheral zone; and

at least on electronic system incorporated into the peripheral zone of the contact
lens, the electronic system including multiple sensors, a system controller and at least
one actuator, the system controller configured to implement a process for controlling the
functions of the powered ophthalmic lens, the process comprising the steps of sampling
the multiple sensors, determining the results from the multiple sensors including making
comparisons to thresholds and comparisons to predetermined patterns, aggregating the
results from the multiple sensors to generate a single decision signal and configuring
the actuator based upon the single decision signal to implement a change in function of
or maintain a function of the powered ophthalmic lens,

wherein the sensors measure at least one physiologic change, including
pupil convergence, pupil position, pupil dilation, eyelid position and eye impedance,
and environmental condition,

wherein the total time required to execute the method is similar to an

individual’s physiological response time.

7. A powered ophthalmic lens, the powered ophthalmic lens comprising:
a contact lens; and
at least on electronic system incorporated into the contact lens, the
electronic system including multiple sensors, a system controller and at least one
actuator, the system controller configured to implement a process for controlling the
functions of the powered ophthalmic lens, the process comprising the steps of sampling

the multiple sensors, determining the results from the muiltiple sensors including making
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comparisons to thresholds and comparisons to predetermined patterns, aggregating the
results from the multiple sensors to generate a single decision signal and configuring
the actuator based upon the single decision signal to implement a change in function of
or maintain a function of the powered ophthalmic lens,

wherein the sensors measure at least one physiologic change, including
pupil convergence, pupil position, pupil dilation, eyelid position and eye impedance,
and environmental condition,

wherein the total time required to execute the method is similar to an

individual’s physiological response time.

8. A powered ophthalmic lens, the powered ophthalmic lens comprising:
an intraocular contact lens; and
at least on electronic system incorporated into the intraocular lens, the
electronic system including multiple sensors, a system controller and at least one
actuator, the system controller configured to implement a process for controlling the
functions of the powered ophthalmic lens, the process comprising the steps of sampling
the multiple sensors, determining the results from the multiple sensors including making
comparisons to thresholds and comparisons to predetermined patterns, aggregating the
results from the multiple sensors to generate a single decision signal and configuring
the actuator based upon the single decision signal to implement a change in function of
or maintain a function of the powered ophthalmic lens,
wherein the sensors measure at least one physiologic change, including
pupil convergence, pupil position, pupil dilation, eyelid position and eye impedance,
and environmental condition,
wherein the total time required to execute the method is similar to an

individual’s physiological response time.
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