NEUROVUSCULAR SENSI NG FOR VARI ABLE- OPTI C ELECTRONI C OPHTHALM C LENS
5 BACKGROUND COF THE I NVENTION 1. Field of the Invention The present

I nvention relates to a variabl e-optic powered or electronic
1()ophthal m c | ens having a sensor and associ ated hardware and
software for detecting ciliary nuscle signals, and nore particularly,
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The present invention relates to a variable-optic powered or electronic
ophthalmic lens having a sensor and associated hardware and software for
detecting ciliary muscle signals, and more particularly, to a sensor and
associated hardware and software for detecting ciliary muscle signals in an
individual to activate and control a variable-optic powered or electronic

ophthalmic lens.

2. Discussion of the Related Art

As electronic devices continue to be miniaturized, it is becoming
increasingly more likely to create wearable or embeddable microelectronic
devices for.a variety of uses. Such uses may include monitoring aspects of
body chemistry, administering controlled dosages of medications or therapeutic
agents via various mechanisms, including automatically, in response to
measurements, or in response to external control signals, and augmenting the
performance of organs or tissues. Examples of such devices include glucose
infusion pumps, pacemakers, defibrillators, ventricular assist devices and
neurostimulators. A new, particularly useful field of application is in ophthalmic
wearable lenses and contact lenses. For example, a wearable lens may
incorporate a lens assembly having an electronically adjustable focus to
augment or enhance performance of the eye. In another example, either with or
without adjustable focus, a wearable contact lens may incorporate electronic

sensors to detect concentrations of particular chemicals in the precorneal (tear)



neurostimnmulators. A new, particularly useful field of application is

i n opht hal m c wearable | enses and contact |enses. For exanple, a

wear abl e | ens may incorporate a |l ens assenbly having an

el ectronically adjustable focus to augnent or enhance perfornmance of
the eye. In another exanple, either with or 30w t hout adjustable
focus, a wearable contact |ens may incorporate electronic sensors to
detect conceg tr |ons 0 rticul ar. chem cals | cor ne
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simply modi fgﬁhna%ced functionality, various circuits and components have to be integrated
into these polymeric structures. For example, control circuits, microprocessors,
20 communication devices, power supplies, sensors, actuators, light-emitting
diodes, and miniature antennas may be integrated into contact lenses via
custom-built optoelectronic components to not only correct vision, but to
enhance vision as well as provide additional functionality as is explained herein.
Electronic and/or powered contract lenses may be designed to provide
25 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
ihformation, to translate speech into captions in real time, to offer visual cues
from a navigation system, and to provide image processing and internet access.
30  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



the refractive capabilities of the |lenses. Electronic and/or powered
contact | enses may be designed to enhance col or and resolution, to
di splay textural information, to translate speech into captions in
real tinme, to offer visual cues froma navigation system and to
provi de i nmage processing and internet access. 30The | enses may be
designed to allow the wearer to see in lowlight conditions. The
properly designed el ectronics and/ or arrangenent of electronics on
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surface. It is also difficult to manufacture to scale. The conponents
to be placed on or in the lens need to be mniaturized and

The proper combination of devices could yield potentially unlimited
functionality; however, there are a number of difficulties associated with the
incorporation of extra components on a piece of optical-grade polymer. In

20 general, it is difficult to manufacture such components directly on the lens for a
number of reasons, as well as mounting and interconnecting planar devices on
a non-planar surface. It is also difficult to manufaciure to scale. The
components to be placed on or in the lens need to be miniaturized and
integrated onto just 1.5 square centimeters of a transparent polymer while

25 protecting the compenents from the liquid environment on the eye. ltis also
difficult to make a contact lens comfortable and safe for the wearer with the

added thickness of additional components.

Given the area and volume constraints of an ophthalmic device such as a
30 contact lens, and the environment in which it is to be utilized, the physical

realization of the device must overcome a number of problems, including



integrated onto just 1.5 square centinmeters of a transparent polyner
while 25 protecting the conmponents fromthe l[iquid environnment on
the eye. It is also difficult to make a contact |ens confortable and
safe for the wearer with the added thickness of additional
conponents. G ven the area and vol une constraints of an
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powered lens, there is a need to cqordi nate and control the overall
remaining idle for years. Accordingly, there exists a need for a system that is
optimized for low-cost, long-term reliable service, safety and size while providing

15  the required power.

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

consumption and is scalable for incorporation into an ophthalmic lens.

25 Each eye contains a ciliary muscle, which is located around or proximate
to the crystalline lens. Zonules attach to the ciliary muscle and, additionally,
attach to the crystalline lens. The ciliary muscle controls accommodation for
viewing objects at varying distances by changing the shape of the crystalline
lens. For example, when focusing on a nearby object where a short focal

30 distance is needed, the ciliary muscle contracts and slackens the zonules

causing the crystalline lens to become rounder and more compressed.



20 operation of the electronics and optics conprising a powered
ophthal mc lens. Accordingly, there is a need for a systemto control
the operation of all of the other conponents that is safe, |ow cost,
and reliable, has a |l ow rate of power consunption and is scal able for
i ncorporation into an ophthal mc | ens. 25Each eye contains a ciliary
muscl e, which is |ocated around or proximate to the crystalline |ens.
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SUMMARY OF THE INVENTION

Neuromuscular sensors in accordance with the present invention
20 overcome the limitations associated with controlling a powered ophthalmic lens

based upon feedback signals directly from the wearer.

In accordance with one aspect, the present invention is directed to an

electronic ophthalmic lens. The electronic ophthalmic lens comprises a wearable

25 ophthalmic lens having an optic zone and a peripheral zone, a variable-optic
element incorporated into the optic zone of the wearable ophthalmic lens, the
variable optic being configured to change the refractive power of the wearable
ophthalmic lens, and an electronic component incorporated into the peripheral
zone of the wearable ophthalmic lens, the electronic component including a

30 sensing system for detecting ciliary muscle movement associated with the
process of accommodation, the sensing system configured to generate an action

for controlling the variable optic-element.

5



Neur onuscul ar sensors in accordance with the present invention 20
overcone the limtations associated with controlling a powered
ophthal m c | ens based upon feedback signals directly fromthe wearer.
In accordance with one aspect, the present invention is directed to
an el ectronic ophthalmc Iens. The el ectronic ophthalmc |ens
conprises a wearable 25 ophthalmc | ens having an optic zone and a
peri pheral zone, a variable-optic elenent incorporated into the optic
zone of the wearable ophthalmc |ens, the variable optic being
configured to change the refractive power of the wearable ophthal mc
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refractive power in order to either focus on a near object or a distant object.

The ciliary muscle is the structure that controls the shape of the crystalline
lens. The crystalline lens is encased in an envelope, known as the capsule,

20 which is suspended by fibers, known as zonules, connected to the ciliary
muscle. The ciliary muscle causes the zonules to draw tight or o relax thereby
changing the shape and focusing power of the crystalline lens to refract
incoming or incident light. The iris, or colored part of the eye, is the partition
between the anterior and posterior chambers of the eye and it is made up of two

25 muscles that regulate the size of the pupil to control the amount of light entering
the eye. The dilator muscle opens the pupil and the sphincter muscle closes the
pupil. The eye also has six extraoccular muscles that control the overall
movement of the eye or eye globe. The sensing of the extraoccular muscles
and/or the dilator and sphincter muscles may provide other or additional

30  functionality for a powered or electronic ophthalmic lens. In the present



The ciliary nmuscle is the structure that controls the shape of the
crystalline lens. The crystalline lens is encased in an envel ope,
known as the capsul e, 20which is suspended by fibers, known as

zonul es, connected to the ciliary nuscle. The ciliary nuscle causes
the zonules to draw tight or to relax thereby changing the shape and
focusing power of the crystalline lens to refract incomng or
incident light. The iris, or colgored part of the e
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opens the pupil and the sphincter nuscle closes the pupil. The eye
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other signals, noise, and interference. As set forth above, the circuitry of the
present invention is preferably designed to detect, isolate and/or filter and
amplify ciliary muscle signals. Whenever the sensor detects a recognized ciliary

20 muscle signal, it may trigger activity in the electronic circuitry, for example,
changing the refractive power of the lens. In alternate embodiments, other
muscle signals may be utilized for augmenting or implementing other eye
functions that the eye can no longer achieve on its own. In addition, the sensor
may comprise any suitable means for sensing ciliary muscle action as is

25 explained in detail herein.

The sensor and associated circuitry of the present invention is preferably
able to differentiate various ciliary muscle signals from each other and is
preferably able to distinguish ciliary muscle signals from other signals, noise,

30 and intetference. The sensor and associated circuitry of the present invention

provides a convenient, safe, low cost, and reliable means and method for



frequenci es of each of the signals may be distinguished fromone or
nore of other signals, noise, and interference. As set forth above,
the circuitry of the present invention is preferably designed to
detect, isolate and/or filter and anplify ciliary nuscle signals.
Whenever the sensor detects a recognized ciliary 20muscle signal, it
may trigger activity in the electronic circuitry, for exanple,
changing the,refractive power of the lens.,ln alternate enbodjnents,
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Figure 2 illustrates an exemplary contact lens comprising a contact sensor

15  in accordance with some embodiments of the present invention.

Figure 3 is a graphical representation demonstrating correlations between
measurable electrical parameters and the eye’s desired focal length in
accordance with the present invention.

20

Figure 4 is a planar view of an ophthalmic lens comprising electronic

components, including a sensor circuit, and a variable-optic element in

accordance with the present invention.

25 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

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

30 into these polymeric structures. For example, control circuits, microprocessors,

communication devices, power supplies, sensors, actuators, light-emitting



Figure 2 illustrates an exenplary contact |ens conprising a contact
sensor 15 in accordance with sonme enbodi nents of the present

I nventi on. Figure 3 is a graphical representation
denonstrating correl ati ons between neasurabl e el ectrical paraneters
and the eye's desired focal length in accordance with the present

I nvention. 20 Figure 4 is a planar view of an ophthalmc |ens
conprising el ectronic conponents, including a sensor circuit, and a
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15  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. In
addition, an appropriately configured lens may incorporate sensors for monitoring

20 cholesterol, sodium, and potassium levels, as well as other biological markers.
This coupled with a wireless data transmitter could allow a physician to have
almost immediate access to a patient's blood chemistry without the need for the
patient to waste time getting to a laboratory and having blood drawn. In addition,
sensors built into the lenses may be utilized to detect signals from the ciliary

25 muscle of an eye for use in determining what kind of action or movement the eye

is trying to perform and activating the electronic lens.

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

ophthalmic function. In addition, they may be utilized simply to enhance normal



allow for projecting an image onto the retina, for exanple, w thout a
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of the lens.

20 Control of an electronic or a powered ophthalmic lens may be
accomplished through a manually operated external device that communicates
with the lens, such as a hand-held remote unit. For example, a fob may
wirelessly communicate with the powered lens based upon manual input from the
wearer. Alternately, control of the powered ophthalmic lens may be

25 accomplished via feedback or control signals directly from the wearer. For
example, sensors built into the lens may sense signals indicative of ciliary muscle
movement, i.e. contraction and relaxation, to compensate for crystalline lens
dysfunction or any other problems associated with visual acuity or eye disease.
Based upon these signals, the powered ophthalmic lens may change state, for

30 example, its refractive power, in order to either focus on a near object or a distant

object. The ciliary muscle in the eye is the structure that controls or attempts to
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powered contact |ens conprising an electronic system which actuates
a variable-focus optic or any other device or devices configured to

i npl ement any nunber of nunerous functions that may be perforned. The
el ectroni c systemincludes one or nore batteries or other power
sources, power managenent 15circuitry, comrunication circuitry, one
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pupil. The eye I'X extraoccu ar musc con
overal | zwmvbmndemﬁod%a&ammrommular sensor in accordance with the present

invention may provide feedback signals for controlling any number of functions
that may be implemented by a powered or electronic ophthalmic lens. However,
in accordance with the present invention, the circuitry is configured to detect,
isolate and amplify ciliary muscle signals while filtering out noise and other

25 muscle signals.

A sensor, the components of which may be embedded in a powered
contact lens, may detect characteristics of different eye muscle signals. For
example, various signals may include one or more of when an eye is moving up

30 or down, focusing up close, and adjusting to a change in ambient light tevels,

such as from light to dark, dark to light or any other light condition. The ciliary
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15 gl obe. The sensing of the extraoccul ar nuscles and/or the dil ator
and sphincter nuscles may provide other or additional functionality
for a powered or electronic ophthalmc lens. The eye conprises a
nunber of liquid conmponents, including the tear film These |iquids
are excellent conductors of electrical signals as well as other
signals, such as acoustic signals or sound waves. Accordingly, it

shoul d 20 be_ ungderst ood, t a, neur scul.ar. sensar | cgordance
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noi se, and i nterference. ove, 10the circuitry of the
present 1bnvention is preferably designed to detect, isolate and/or

filter ciliary scle.signals. In alter di t r scle
signals may be u slsleggod-{r?%(?regh%ﬁ&ﬁ%@i%ﬁ&ﬁ%{%ﬁéﬁg5&%{3%&4&%& ul ar
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signals that are normally interpreted by the central nervous system whereupon

20 some action takes place. For example, in accommodation, when the retina
receives an image from a close or near object, the ciliary muscle contracts. This
contraction causes the zonules to relax and allows the crystalline lens to thicken
which in turn makes the lens stronger (adding plus power) which is needed to
focus on a close up or near object. This process is known as accommodation.

25  More specifically, this is one of the more widely accepted theories of how the
ciliary muscle works in conjunction with the zonules and the crystalline lens in
accommodation. In individuals with presbyopia, the crystalline lens becomes
less flexible, and thus may not move regardless of the ciliary muscle contraction.
Even though the crystalline lens does not respond, the ciliary muscle still

30 contracts or otherwise reacts and sends out a measurable signal and this

measurable signal may be utilized with a powered lens to compensate for the
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As set forth herein, the crystalline |l ens of the eye is suspended by
zonul es, the fibers that are attached to both the crystalline |ens

and the ciliary nuscle. The ciliary nuscle reacts to various stinuli
and sends out any nunber of signals that are normally interpreted by
the central nervous system whereupon 20 sone action takes place. For
exanpl e, in accommpdati on, when the retina receives an inmage froma
cl ose or near object, the ciliar%"nuscle contracts. This contraction
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ciliary1muscle, the ciliary nmuscle does react to different stimuli
and thus its resgonse ma\égbe .measured with the |’i ht sensors.
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measur ed UNggibodhdrs of GRISHebERNAVationt IFBtlekaripib, 3 S¥fsoPmaaiclect a
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a powered ofiliatygousaleisignephiilizingnere pemoreipt electrgmyagrappy (feéd, or
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vi sual acui ﬁ%@b?@nﬂgﬁém@mﬁ)h@“%ﬁd@%ﬁ%% as ae%{ﬁ?la}g@eé%éc%unber
of ot hens coRdithéranse, 4 8efdmmayraympase amioowsontatt sedsonisach 89 an antenna
i npl enment s . exenppl ary. enbodi s of the present.inyentipn For
exail o o GBS TRRGASLITIL 8 SanEe [ee, ol Be: s i sireaty fusie Sitacs
nore of el egf&PEYSIAREMAtdIEMBendtronS] SSHHkAR B¥ntaMMEansor, such as contact
, and 1 npedance. "15 Furthernore, a sensor may

h h MG
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110 . cont Aghobedt e dRLedRFoRRELY RE) b G 10 SUiRGRof

an eye. Alterna a sensor mmy conprise a co sensor, such as
cont act 2padsighalatiratn trectiligrytroussdte bhés sxpidiaed irofetail sepsequantlys
inportant to note that any nunber of suitable devices and processes
may be utilized for the detection of

As described herein, any type of sensor and/or sensing technology may
be utilized. In accordance with an alternate exempléry embodiment, ultrasound
biomicroscopy may be utilized to image the ciliary body region of the eye. With

25 ultrasound biomicroscopy, it is possible to distinguish and analyze the changes in
the ciliary muscle contour in different accommodation states. Since changes in
ciliary muscle contour may be detected in this manner, the results or changes
may be provided to and utilized in accordance with the present invention in the
same manner as any other sensing device.

30
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20signals fromthe ciliary nuscle as is explained in detai
subsequent|y. As descri bed herein, any type of sensor and/or
sensing technology nmay be utilized. In accordance with an alternate
exenpl ary enbodi nent, ultrasound bi om croscopy nay be utilized to
image the ciliary body region of the eye. Wth 25ul trasound

bi om croscopy, it is possible to distinguish and anal yze the changes

in the ciliary scle C f ccommmndat tes. ..
Si nce changes in @qr?ar @Jﬁﬂ?i%ﬁ B@ﬁ[‘ WB@ ﬂg{)lat%f,ggnisﬁb@hc%mpnsmg
nmanner, the aiRsédrtadt' scpRangRgembyhden phaé et sfarbfuhé big e cbmea
accordance with the present i1nvention in the sanme nanner as any ot her

sensi ng devild@. ingascordance with ¢p exemplary,empagigaentof thg pregent inyentian. n
form a conygj %xéagﬁarﬁgﬂ]bo%ﬂﬁpﬁehméworacma&%c%%aewé y S¥HREE an

shown on the ront su e eye or cornea 112, in accordance
wi t h ones exanfEnmay! rlaadinm@ifier 004tareapalegemdlglta~l/emvemer 106, a kligital signal

exenpl ary enbodi ne t he non- cont sen ) Y. C rl

Sant bnna. 10rOGHTSaNHH 1 BPWRPUr I OB Py ANS BaoeTt v iolf?
digital signak Msafe@stRsd ]tﬁ&clllérﬂﬁh‘ﬂgéles’]q@flﬁ%dbl&i bélﬁinﬂ@ﬁelﬁrbﬁtfe)ﬂe]&rface
and a systemcontroller 114, Illustrated, the ciliary nuscle 110

is |ocated BERPH@atHe-fMerg sngs?@“ cally.rthe gloke efdha&xe ran begiyiged into two
specifical | ¥eq f&fitd hanﬁe thé aﬁtegxﬁﬁﬁaﬂbeﬁaﬁd Héj;?%térﬁﬁr‘chfaﬁﬁme?egﬂﬁr?ﬁ&s

nanel y, theaterlér e posterior e Irisis
10 t he part ithe partiben \beemeetmthemﬁmormndamsterwmanmereham thBdromten

the front surface f the ,cr. aII|n ns,and. t he ck suU ce t he
s 1o he ShEeE e RtRlits e A iperliy MtapRET s R elisictiars, s
body which prafibeesAamiéasits dTuR®irisaBdhé Giliagriddyuohish prédudebaguiebugr y
muscl e. The contact lens 100 is Iaced ont o thi_ front surface of the

eye 112 whehEMereRd lepeetfmt%'ﬁdwm thesiltary myssclen d he sakrct ienssil is largy
be utili Zed?hfb R SHTROE b o B %Llfm\!r&héfeﬁﬁfeséle&r&ﬂc ERLIRY 8% 81 sensor

i nventi on. e antenna 102 as he other circuitry i5s
confi guried eustsarnmayshegnal red ta mmlen‘nlehat’rye newsemgsauler sensinghef thermsesgnt

eye. s ser MSPERTapg e EHhE J0p P TeIPa RS BRPARE S HERESY & sEnse
good conducknalsiforal aildry malcleantd aammstthmbhshg nalisus PBue and liquids
forming the eye and produced by the eye. As set forth above, the various fluids
comprising the eye are good conductors of electrical and acoustical signals.
20
In this exemplary embodiment, the antenna 102 may be embedded into
the contact lens 100 and isolated from the eye and tear film on the front surface
of the eye 112 by a dielectric. A non-contact antenna 102 may operate as a
receptor to detect an electromagnetic signal produced by the ciliary muscle 110
25 of the eye. For example, there may be various signals detected by an antenna
102 depending on the state that a ciliary muscle is in, such as whether it is
contracting or relaxing, or on the type of action that a ciliary muscle is trying to
perform, such as causing the eye to focus on a near object or a far object. The
antenna 102 may comprise any suitable device for capturing the signals from the
30 ciliary muscle 110. In one exemplary embodiment, the antenna 102 may

comprise a single loop antenna. The amplifier 104 may amplify a signal to a
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In this exenplary enbodi nent, the antenna 102 may be enbedded into
the contact lens 100 and isolated fromthe eye and tear filmon the
front surface of the eye 112 by a dielectric. A non-contact antenna
102 may operate as a receptor to detect an el ectromagnetic signal
produced by the ciliary muscle 110 25 of the eye. For exanple, there
may be various signals detected by an antenna 102 depending on the
state that a ciliaﬂé%nuscle is in, such as whether it is contractl
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convert it to a signal "usable’ultimately by the system controll
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signal output fromthe anplifier into a digital signal for
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re of filterin roc det

bt rorn oo oasastie BV sfibSeodsns bEBOM s BRI S o AR i | ary

nuscl e si gneﬂocbégﬁ%e%tem 08l ot AiGbpRIcesss. ATHgital Shnalprede@Bmy system or
processor 108 may be prepr ogr ammed with the ciljary nuscle responses

descri bed agigital signal paecassar 148 giay berifized do digital signal processing, including
one or more of filtering, processing, detecting, and otherwise

25 manipulating/processing sampled data to discern a ciliary muscle signal from
noise and interference. The digital signal processor 108 may be preprogrammed
with the ciliary muscle responses described above. The digital signal processor
108 may be implemented utilizing analog circuitry, digital circuitry, software
and/or preferably a combination thereof. For example, various ciliary muscle

30 signals that may occur within a certain frequency range may be distinguishable

from other signals, noise, and interference that occur within other frequency
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108 may be inplenented utilizing analog circuitry, digital circuitry,
software and/or preferably a conmbi nation thereof. For exanple,
various ciliary nmuscle 30 signals that may occur within a certain
frequency range may be distinguishable from other signals, noise, and
interference that occur within other frequency ranges. Certain
commonly occurring noise and interference signals may be notched at

vari ous stages in the .signal cqui si.tion.chain utilizing analo r
Gigicar fi1 raraes. (et smmorty B 2% S st riare e fafas eyt
f1 uor escent nbichtst vaRoRO¥Rbes MiHessidd4 sedniltionscham etlizfry anieg beURjital
conponents conprising the non-contact sensor system The power may be

suppl i ed fr 8liers. maexample, dpangpics £f pRL0IAZ AGr mainseandsiliiargspant kghiss as
is known to one of ordinary skill in the art. Essentially, any type

of power source nmay be utilized to provide reliable power for all

ot her cofponent s Agfowdresosye €t suppicsi pwer forsalneersiug tampomeotseasaprising
10f rom anal to digital ., ma nable activation of the stem

control Ler TnSapRRslsansr gt SrdRblshined hechurblia Tt EBntipey

ot her aspeckfefy farPester, of ot isaftableeNSareaeRUrdgmon dneeflorbinany §KBin

digital signal processor 108, for exanple, changing the focus

refractive gswart Sesanialleany bRPOdPOYeE §AYICS Maybe @ngq%ﬁo&rgnidgﬁe"able
e o o Boubrtarn all otdrbarii s Bt iRl CASIRIAYBRPAGh AT Bictessed

the system Contro may recelve input from sources I

one or nor efrom anaogtadigitak nsay gnabldbctivatidetaf theosystemdoatrbldr tieht r ol .
By way of generalizatjon, it nay, be ohvious to gne skilled in the ar
That tne. et HOBCBRER, IRseton Sitep e R B3 b e Ene pebli b bOeRt
lgont roll elf &éﬂtaﬁﬁ[lsené@@péﬁ@ngm ibpet fﬂ‘fjm@h@d@itah?gﬁal@%é@@%bi‘ 008 ek hods.
or exanple, an electraonic or powered contact ns may be

pr ogr ammabl €Xapels. changigg e fcﬁgﬁ\‘i’ir defractiyepowes l?g AN %%PBMWPHGNHN

l'ens to recogpimpRPldh Atualdrindi vidual *s ciliary nuscle signals when
perform ng various actions, for exanple, focusing on an object far

away, on5focusing on an object that is near, and an 25individual's

bl i nk patterns. | n; SRIPRRIR Bfoh@IRPSHBERontd! thO Sy B CoddtMer 114

may receive input from sources including one or more of a contact sensor, a blink
detector, and a fob control. By way of generalization, it may be obvious fo one
skilled in the art that the method of activating and/or controlling the system

20  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 ciliary muscle signals when performing various actions, for example,
focusing on an object far away, or focusing on an object that is near, and an

25 individual’s blink patterns. In some exemplary embodiments, using more than
one method to activate an electronic contact lens, such as ciliary muscle signal
detection and blink detection, may give the ability for each method to crosscheck
with another before activation of the contact lens occurs. An advantage of
crosschecking may include mitigation of false positives, such as minimizing the

30 chance of unintentionally triggering a lens to activate. In one exemplary
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one nethod to activate an electronic contact |ens, such as ciliary
muscl e signal detection and blink detection, may give the ability for
each nethod to crosscheck with another before activation of the
contact |ens occurs. An advantage of crosschecking may incl ude
mtigation of false positives, such as mnimzing the 30chance of
unintentionally triggering a lens to activate. In one exenplary

enmbodi nent, the crosscheckin i nvol ve, a votjn cheme, wherein a
certain nunBEIPOHIMEEn e GTBRRoneP RGP IVEI e Voling SeBEMen Whals RG cortain

pl ace. The Agkual6f cdrditidMYare RSY ik t& BNy Skiidfikmhgdaxtse for
i mpl enenting a 5 specific action based upon a recelved command

signal. The actuator 118 nmay conprise an electrical device, a

hani cal devi . ; _ \ . _ .
actuator 118 1 eotns SSTRRHEmAT KuRPrRE o) LR aE OB kg ey
addi t i ons t ospesific attiambaded ypones reeivedecchiband dignabdliteactuatae 1d8tray

based on the signal fromthe systemcontrol|ler. 114. For, exanple, if
Tt he Syst oRPRBHES BNIALOIdE) JeVbRer MECTPHIALATISR: Sonapneic Aaigs Of 49H ng

to focus oncagmBRRkioR M&EL:. THEa&GhRNAB réddvedy shmalfrbii teGys@em
sonehow change the refractive power of the electronic ophthalmc

| ens. Fi gur eorstrgller (134 imadditian topewer fromrfbe power sewisei 1dibrapdpredHeest

S or dan S8 HcliBN 848-88n 1 clohdltoRhE 368eR cdityRY F1.27 FGPLARRNILIE

i n accordance W anot her exe presen
i nventi om. the systam esatrpllaril 4esital iisriewlicatise obitteagtarseetrgiog te yodusmmay
conprise a contact 0

|.tipl tacts,.202, .
Vol Lage. cur Pem Shingietna e, T 1€ Fihstlis Tued taFomehpy.phapgp dhe Hfractive

converter 2g§we|aoﬂhgié1@dtro$ﬁc9<ﬂ?rlthﬂhﬂ§&$}%0r 208, a power source 216, an
20actuator 218, and a systemcontroller 214. The ciliary nuscle 110

is | ocated
Figure 2 illustrates a contact lens 200, comprising a contact sensor

15  system, shown on the front surface of the eye or cornea 112 in accordance with
another exemplary embodiment of the present invention. In this exemplary
embodiment, a contact sensor system may comprise a contact or multiple
contacts 202, a voltage-current-impedance source/meter 204, an analog-to-
digital converter 206, a digital signal processor 208, a power source 216, an

20 actuator 218, and a system controller 214. The ciliary muscle 110 is located
behind the front eye surface or cornea 112. The contact lens 200 is placed onto
the front surface of the eye 112, such that the electronic circuitry of the sensor
may be utilized to implement the neuromuscular sensing of the present invention.
The components of this exemplary system are similar o and perform the same

25 functions as those illustrated in Figure 1, with the exception of contacts 202 and
the source/meter 204. In other words, since direct contacts 202 are utilized,
there is no need for an antenna or an amplifier to amplify and condition the signal

received by the antenna.

30 In the illustrated exemplary embodiment, the contacts 202 may provide for

a direct electrical connection to the tear film and the eye surface. For example,
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behind the front eye surface or cornea 112. The contact lens 200 is
pl aced onto the front surface of the eye 112, such that the

el ectronic circuitry of the sensor may be utilized to inplenent the
neur omuscul ar sensing of the present invention. The conponents of
this exenplary systemare simlar to and perforn1the sanme 25
functions as those illustrated in Figure 1, with the exceptlon of

cont acts 209" <RS2 ST pREEledhlsd oB Bl pio b oathe SpOigh tne

amplifier t@agkelLivieyofanes conadi rbnerzot}faeudsoegmal:leroébﬁjcmqaalﬁwetctmductwe
antenna. 30ln the illustrated exenp %y enbodi nent, the contacts 202

may provi de Maeralsgsyticas goldor F’F%‘ch WwBermere. fhe ¢ordacidaps pelymesmepy
the eye suriaGReEQaréuMReSont dédi'@z@%%@%ﬁﬁ'n%ﬁ)&dg@%?w%ﬁ BRISEBHE 8Hd as

nmetal contacts that are exposed on t ack curv e contact |ens
200 and be rpamed@fmmmuedmpadmcﬁivéyﬁvndglatha/eonta@tdeme%o Additionsllyydhel

around the. 8RR 29585 RinVis ik R el ReuIT brlee g Re's
Sprovi de i ngudesl 1 ¢padydhé glgcitohitrareg iyt vienio g esritattdass 200. Four-terminal

Additionally, the contacts 202 may provide for a |ow resistance
connecti on §80gREA! ?%Ln@ye ag Kelyinsepsingpmay b yilized & mitgate centechitry

wi thin the G‘Qéiét%ﬁée bﬁ@éts Hhele Qu! TRl UG /eI 029mad it X SRNBI Rith

Kel vi n sensi ng, e utilized to mti gate contact resistance
ef fect s 10n tsaeereyeonsﬂhearé dr@quemcme\s er aZ@mumgy sweep.avkilegmepswinctheo

several const uegﬁ@"%'ﬁ%%ﬁ Sscoﬂ{ %6§quency sweep, while neasuring

t he vol tagef"(Q, 7¢ e e 202. In an alternate
exenpl ary enbodi nent, a sour cel/ met er 204 rray be configured to read a

potential differen crostheeea froma olta
15curr ent producﬁha'ﬂ)ﬁ‘ ?‘W@ S S¥RPE %Ba ta%é?ﬁ"r(?ﬁ %546“?31 bey

muscl e 110. chhfidied W%goa@boféht.apa.ﬁeﬁéaeb AP dsaHS ew@mr@ffr@ﬁwe BBy
be utilized, given that the eye conprises various fluids, incl udln

tears wWhBch carrentapa'@éuq:e;hby Henerdtastign or relaxation of the ciliary muscle 110. Ifis
important to note that various types of sensors may be utilized, given that the eye

comprises various fluids, including tears which are excellent conductors.

The source/meter 204 may be configured to measure the impedance of an
20 eye wherein the impedance may change in a certain location based upon what a
ciliary muscle is trying to do, such as contracting or relaxing. In this exemplary
embodiment, the analog-to-digital converter 206 and the digital signal processing
208 may be configured differently for a contact-based sensor as opposed to a
non-contact based sensor, as described in Figure 1. For example, there may be
25 adifferent sample rate, a different resolution, and different signal processing
algorithm 208.

Figure 3 illustrates a graph demonstrating correlations between
measurable electrical parameters and the eye's focal length as described in the
30 referenced literature. Trace 302 is a representation of an electrically measurable

signal in or on the eye. For example, such signals may be detected as one or
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The source/nmeter 204 nmay be configured to neasure the inpedance of an
20 eye wherein the inpedance nmay change in a certain |ocation based
upon what a ciliary nuscle is trying to do, such as contracting or
relaxing. In this exenplary enbodi nent, the anal og-to-digital
converter 206 and the digital signal processing 208 nay be confi gured
differently for a contact-based sensor as opposed to a non-contact
based sensor, as described in Figure 1. For exanple, there may be 25a

different sHigseef impedangeqygliagedatential dndusesheleatromagnetisfiald, andgpiher
processing gloqy, f&%g%ete s. Trabk 8BhGs 3 ré%ﬂe@éﬁt%%ﬁ%f 8 358 focal Iength
denpnstrati ng corre t1ons e ween neasura ectri cal par anet er
and the eyemefmn&br dxanyile, ibdinited subjeet$ foaugdreorgObjettsrat iczdnd 2.0 meter

measur abl o SRS Regi s RBecyey B R Ahnfesrerting ¢iioala may be

det ect eds as naguftble BRCEical pAraRRAGBCRcoMMIIAGRpeAtRRdridhe distdHESBf
el ectromagnetic field, and other neasurable paraneters. Trace 304 is

a represent BH8n Hepveyendisingthersswng eK@ﬁQlent%@?tB?HOF@r‘e@@aﬁ’ﬁﬁéenﬁ may

clinical su qﬁﬁp ] s

the ciliar ymr)rﬁ(gj(i:ﬁ%ggqrrgy ((;ﬁelc{r}gggan’?i gﬁcr)]r%r‘I Bg‘%’ﬁf‘%gﬂ C%ae%gvg?%rﬁ SSérr%g@u § ie
el ectrical peeshyepierasddbe tardi ofdhy eyel éptondigid aon unabledowammqufate fora
focus. Howeyer i the s t he act ual th of a
| ens rray nobarias BB, 3Te) MRk SRE I il & S lenpGitho e B8 D liber e
a per sofig Mays Rserissby ik titeatdrd, NReleas & @j‘rréldit&meb/eiwesn tonesd gableand
unabl e to accommodate for, a change in focus, even where the cili, ary

nuscl es ar eeleelisaheiong and 1 fsatiehatie. AQ Bluaigede Figyse 3 imrariance is high
literature, 3@@%@ Itfie %&@réngsrafs'fgps@%ﬁeﬁﬂ{)@dmgmpb% %Jr%ﬁtthbcr@&an

signal and a oca | ength lustrated In Figure 3, 1 npedance iIs
hi gh 306 whkengthie rfe@a:@ﬂm é«dghtlmnﬂ&y,fa@rdmebadmmim;iwahxre bus nplollustnated in

I\ toratar e boba e oreRiPI RN Feeflhé Pty iR 3h2aRRAD o

literature at’e corre
bet ween14 heinterpiddiatdeahfest races 302 and 304 for 15i nternedi ate
val ues. In sone exenpl ary enbodi nents, characteristics of an

el ectrical signal 302 such as shape, frequency content, timng, and

anpl i tude, may Vgraprlexérd %?Wéﬁw%bdfn@&ﬁt@r&dré’&b#@llc@%f%ﬂ%lé&tn&mrs?gr%ﬁ a
detection nmethod utilized (e.g., 201 npedance or field strength), an

i ndi vi dual ' éozeyecrpawh@m@g‘pequenw eeytent diglieg fand aoelituds goay Mamc&e to
levels in thg &Y FacthiRind s BY RBlSor & BbRIAEh Fkifod ALeHSY.,

20 impedance or field strength), an individual’s eye physiology, ciliary muscle
fatigue, electrolyte levels in the eye, state of presbyopia, interference, and focal
length. For example, depending on the type of detection method used, the
correlation between desired focus and measurable electrical parameter may
have the opposite polarity from what is illustrated in Figure 3. Additionally, for

25 example, an electrical signal may be distorted from carrying one or more of
significant noise, interference from other muscles, and interference from various
environmental sources or due to the effects of aging, disease or genetics.
Accordingly, studies of eye response and individual user measurement and
training may be used to program the digital signal circuitry to properly detect the

30 eye’s desired focal length. Parameters of the digital signal processing may be

adjusted in response to other measurements, for example, time of day,
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| engt h. For exanpl e, depending on the type of detection nethod used,
the correlation between desired focus and neasurabl e el ectri cal
paraneter may have the opposite polarity fromwhat is illustrated in
Figure 3. Additionally, for 25 exanple, an electrical signal may be
di storted fromcarrying one or nore of significant noise,
interference fromother nuscles, and interference fron1various
environmental sources or due to th ects 1.Ng,.

geneti cs. A@@ﬁﬂer‘?fg?'ﬁth%Mﬁj'%%'so?m g?@tI%@d% 904 Ny oy
measur ement angqbd shMbRE By uds s%?féf#ob@s BigRSIALY Be uebeuﬁ abnjﬁh@.'ﬂﬁll with
circuitry to properly detect t he esired focal |engt

Par anmet er s Gﬂeﬂﬁ@nde@eﬁamosﬁ@dahmgﬁwwekghnguﬁay be adj ust ed |n
response to ot her neasurenents, for exanple, time of day, neasured
el ectrolyte | evels, anbient Iight | evel s and the Iike. Furthernore,
recordedssanplesnaénﬁpmﬁﬁﬂt@neue&@DGM$n®EQﬁabasmamabeeuﬁ$daim

conj unction mﬁtB |ntergzﬁence det ect g g ti on techni ques.
51t is i npoPFeRroanee windhe pegses V‘Vﬂ?h RN-of'S 9'%@%?'?@9 L
accordance Wekdihiaa vﬂfrﬁaeaﬂgmgw&m.ﬂ[m ithSay @é‘geﬁ'?zed fp)%&éséd B Gltifzed to
movenment associ ated w th changi ng conditions, it may be sensed,
processed amsdhan¢d,iaygment oeaimaply erovids)weien Qwre§tlm>| y provide vision
correction. 10Referring nowto Figure 4, there is illustrated, in

pl anar view, a wearable electronic ophthalmc I ens conprising a

neur onuggul ar seRefrring nawctorfiginest, \Whérk is hiespatesieimt plhna:enéWpa welnable

ophthal mc | % 400 ri, s S an Ll c zone 402 and pher zone
200, "The. opeleEtsBir@RIBRRIS s OrTE e BPasaScale sarShPEcsr eanes on

correction, Mm&heer@gyﬂ@nﬁ/eﬁaaﬁ Tﬁbfé;?htﬁédlrﬁlcq@né ab@b@ﬁmphééyaﬁtdpﬂaebhéy,
nechani cal Eport or even a void to permt clear vision.

accor dance \ﬂD lndrepgimhssak zane A4t | D opltirezas 4@2 MJUQ@IPW)DFOV'C'@ one
conprise a Y)?HO?QS ViR &rﬁéc‘ﬁgﬁ“&ls@ﬂ%fngag%&ﬂ?gpo 9‘655‘#&1 ?P?l@ geed

vision at near and distant Tange ase S sense omt he
ciliary 1frusdhrmtnofﬁhl&yvmeciaémealmported)reemta waiy tcpeprnuts:baaamslarw lnabl e

device for cha % g f ocal th of é iOI ens the refractive
power of th@c? NHAY Eﬂ&%Bﬁe &f‘ iy the GRUF €05 8 m.faé/comprlsea

varlable optic element conflgured to provide enhanced vision at near and distant
ranges based on signals sensed from the ciliary muscle. The variable-optic
element may comprise any suitable device for changing the focal length of the

20 lens or the refractive power of the lens based upon activation signals from the
sensing system described herein. For example, the variable optic element may
be as simple as a piece of optical grade plastic incorporated into the lens with the
ability to have its spherical curvature changed. The peripheral zone 404
comprises one or more of electrical circuits 406, a power source 408, electrical

25  interconnects 410, mechanical support, as well as other functional elements.
The electronic circuits 406 may comprise one or more integrated circuit die,
printed electronic circuits, electrical interconnects, and/or any other suitable
devices, including the sensing circuitry described herein. The power source 408
may comprise one or more of battery, energy harvesting, and or any other

30 suitable energy storage or generation devices. [t is readily apparent to the skilled

artisan that Figure 4 only represents one exemplary embodiment of an electronic

20



sensi ng system descri bed herein. For exanple, the variable optic

el ement may be as sinple as a piece of optical grade plastic
incorporated into the lens with the ability to have its spheri cal
curvature changed. The peripheral zone 404 conprises one or nore of
el ectrical circuits 406, a power source 408, electrical

25i nterconnects 410, nechani cal support, as well as other functional
el ements. The electronic circuits 406 may conprise one or nore

i ntegrated ephihgimicders apd pHies geemeticebalrangenenistieyorf dhess iestrated

I nt e_rconn_ecgﬁay @%Eedqg%ggﬁﬁféaéﬂf \t@EJn% ﬂ.ﬁw‘é’tiSﬁaﬁit ,'rﬂﬁ{jlrgg,' &%Htlng as well
sensing circur'try describ erein. e power soutr’ce may conprise
one or nor e aefottmatdesign parasredgrshiiris @nponant tamdteothabnjth @nlydype of variable

30sui tabl e engr t.orgge or, generation devices.. It is readi| .
apparent. toobie tefail Ee 5 fhiliedin Fhotiarisan powefelER g bsor
exenpl ary efRogdetRarticofailathedlvesier Al wihPdH balidniHat bRaes RNdiRANES vision.
geonetrical arrangenents beyond those illustrated may be utilized to
optim ze area, volune, functionality, runtine, shelf life as well as
ot her design par LSql : i

of variable opti %Rﬁ%%ﬁ?ﬁ"fn ég? g%@%@%%@é%@ﬁ%&%@@%ﬁ%f é?’a?:iﬂ?al
power were &odipeefeoet eorbddimBhiseit & apparent that depdriures Gomespaific dedigrfst

with an optic,th | ,ows. fqr di stance. vision. Al t hough, shquwn
and descr | batd rads cEEThef acllaiond g S RaShibemspiyed ¢ fBeE 3TIea 1 tho
preferreg ephefidTREY be UskdivwithaDpassatting el therpidtEneiSsdobedf SRevenifon.
desi gns and_net hods descri bed and shown wi Il suggest thenselves to

those ski | | éBeiPresant inuenkipR il ragiicisd tadel Partichin corglpirtionh geperiad
the spirit QH&'n@%&%d%uf{h‘bdl&'ﬁ&%hé&ﬂm&@f‘o BoiferE Wit AMnBhifigRidrs At
e ar ea ana |

restricted tfo t parficu constructions descri ustrated,
but shoul d bwydehsithincthedcope obtier appsinded aldimsodi fi cati ons that may
fall within the scope of the appended clains. 15 WHAT IS CLAIMED | S:
1. An electronic ophthalmc | ens conprising:

15
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a wearabl e ophthalmc | ens having an optic zone and a peri pheral
zone; a variable optic elenent incorporated into the optic zone of
the wearabl e ophthal mc |lens, the variable optic being configured to
change the refractive 5 power of the wearable ophthalmc |ens; and
an el ectronic conmponent incorporated into the peripheral zone of the
wear abl e ophthalmc | ens, the electronic conmponent including a
sensing systemfor detecting ciliary muscle novenent associated with
t he processVBHAadgdH#N8@§Qé§i t he sensing system configured to
generate an action for 10controlling the variable-optic el enent.

2. The electronic ophthalmc lens according to Claim1l, wherein the
wear abl e opht hal i An elrstrenimephiedmic leonceawprisisgs. 153. The

ens. conpr i ses. aduranEHFAREIERE nhlinl d Syt 2iod  pplfngaliae:

ophthal mi ¢ | ens acefadiegpticael&inahimntorporsteeiinto e optit 2b mg obthetvasarable
conprises a wWreless sensor, _%powe,r source, a sjgnal 20 roc%{ss?_r, a
control | er fRAthaIMIglensthe variable oplig bengLanfightad i chaggritareiactivens
accordi ng t @nldRbfMd ﬁ%b | SoRthenRONEE: SQYrce conprises a battery.
256. The el ggtronch o‘?c’) tharém&%: Pens according to Claimb5, wherein the
si gnal pr ocessor ao@gntioniscempdrgntancospeyatad ipiotheseasipheral zone pf thene

el ectronic ' [ ‘ ' in_t :
controller g‘%’%&ﬁég?ﬁglaﬁ[ﬂ%rI%ﬁ%gﬁ'ggg%ﬁog'cc&%%n%r%mcghiFesléﬁ PoNi e/stem
opht hal m ¢ Ferdetectitgrdiarg niwsc@ mioverentbssceiaied héthahe padamssios
operatively associ %t ed wth the varjabl e-0 tié: el emen% . .
accommodation, the sensing sysfem conflg%re to generate an action for

10 controlling the variable-optic element.

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

wearable ophthalmic lens comprises a contact lens.

15 3. The electronic ophthalmic lens according to Claim 2, wherein the

contact lens comprises a soft contact lens.

4, The electronic ophthalmic lens according to Claim 1, wherein the
sensing system comprises a wireless sensor, a power source, a signal

20 processor, a controller and an actuator.

5. The electronic ophthalmic lens according to Claim 4, wherein the

power source comprises a battery.

25 6. The electronic ophthalmic lens according to Claim 5, wherein the signal

processor comprises a digital signal processor.

7. The electronic ophthalmic lens according to Claim 6, wherein the

controller comprises a microprocessor.
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9. The electronic ophthalmc |lens according to Caim8, wherein the 5
Wi rel ess sensor conprises an antenna configured to detect an

el ectromagneti c signal produced by the ciliary nuscle. 10. The
el ectronic ophthalmc |lens according to Caim9, wherein the sensing

system further conprises an anplifier and anal og-to-digital converter
operatively associated with the antenna. 11. The electronic

ophthal mc | ens accordi&g to daim1l, wherein the sensing system
conprises a cont &ctl NBAledranimaphthalmis isnsracegiing to Glaimgharheseinthesor,

a controll eﬁcﬂﬁfbrq%ogléﬁra]ﬁ%!%@ra\?ﬁéaated with thbAariiBR-GptREAIERRKE opht hal mi ¢

| ens according to erein the power source conprises a
battery. 13. The el ectronic ophthalmc |ens according to

Claim 12, wherei e 15si gnal ocessor. conprises~a.digital .signal
orocessor .o 8. T8 ohgteopBRFE Bl SRS fE R L el

A aim 135 wWageRise sehsorcsutpriddsain astenha 868fidured ¢ opteetas elictror@ybetic
The el ectronjc ophthalmc | ens according to Claim 14, wherein the

act uat or i sSigpalriedyesd by e eliaydausal®-n t he vari abl e-optic el ement .
16. The electronic ophthalmc |ens according to C aim 15, wherein the
contact based sensor conprises one or nore contacts configured to
make direct 25el $@t The sfeattonicaenhthaltric tene acearding toniledm 9 wvheyein the

The- ol eot r oM BpATHEN HANPERTHEREs I by Bufirar B dhediPSCilael sorvp®”
sensi ng sysbpsnativelly zesociamdrwitethedani®trer. for detecting at | east one

of voltage, current and i npedance and an anal og-to-digital converter
operatively associated with the one or nore contacts.

11. The electronic ophthalmic lens according to Claim 1, wherein the
sensing system comprises a contact based sensor, a power source, a signal
processor, a controller and an actuator.

10
12. The electronic ophthalmic lens according to Claim 11, wherein the

power source comprises a battery.

13. The electronic ophthalmic lens according to Claim 12, wherein the

15  signal processor comprises a digital signal processor.

14. The electronic ophthalmic lens according to Claim 13, wherein the

controller comprises a microprocessor.

20 15. The electronic ophthalmic lens according to Claim 14, wherein the

actuator is operatively associated with the variable-optic element.

16. The electronic ophthalmic tens according to Claim 15, wherein the
contact based sensor comprises one or more contacts configured to make direct
25 electrical contact with the tear film of the eye to detect electrical signals produced

by the ciliary muscle.
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17. The electronic ophthalmic lens according to Claim 16, wherein the
sensing system further comprises a meter for detecting at least one of voltage,
current and impedance and an analog-to-digital converter operatively associated

with the one or more contacts .
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