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An intra-ocular device includes an electronic lens that can be
(72) Inventor: Andrew Jason Conrad, Malibu, CA controlled to control the overall optical power of the device.
(Us) The device can be installed within a flexible polymeric mate-
rial shaped to conform to the inside surface of a lens capsule
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302

INJECT A FLUID INTO A LENS CAPSULE OF AN EYE 300

POSITION AN INTRA-OCULAR DEVICE WITHIN THE FLUID
IN THE LENS CAPSULE

SOLIDIFY THE FLUID IN THE LENS CAPSULE TO FORM A
COUPLING BETWEEN THE LENS CAPSULE AND THE INTRA-
OCULAR DEVICE

FIG. 3
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602

DETECT ACCOMMODATION FORCES APPLIED TO AN INTRA- 600
OCULAR DEVICE VIA A LENS CAPSULE OF AN EYE /

CONTROL THE OPTICAL POWER OF AN ELECTRONIC LENS
OF THE INTRA-OCULAR DEVICE BASED ON THE DETECTED
ACCOMMODATION FORCES

FIG. 6
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INTRA-OCULAR DEVICE

BACKGROUND

[0001] Unless otherwise indicated herein, the materials
described in this section are not prior art to the claims in this
application and are not admitted to be prior art by inclusion in
this section.

[0002] Elements of the human eye (e.g., the cornea, lens,
aqueous and vitreous humor) operate to image the environ-
ment of the eye by focusing light from the environment onto
the retina of the eye, such that images of elements of the
environment are presented in-focus on the retina. The optical
power of the natural lens of the eye can be controlled (e.g., by
ciliary muscles of the eye) to allow objects at different dis-
tances to be in focus at different points in time (a process
known as accommodation).

[0003] A variety of congenital, acquired, and/or degenera-
tive disease states of the eye result in decreased focus,
decreased accommodation, or other degradation of images
presented to the retina. For example, presbyopia, a decrease
in the ability of the eye to accommodate the crystalline lens,
develops in most individuals as their age increases. Issues
with poor focus can be rectified by the use of eyeglasses
and/or contact lenses or by the remodeling of the cornea.
Further, artificial lenses can be implanted into the eye (e.g.,
into the space in front of the iris, into the lens capsule follow-
ing partial or full removal of the natural lens, e.g., due to the
development of cataracts) to improve vision.

SUMMARY

[0004] Some embodiments of the present disclosure pro-
vide a method including: (i) injecting a fluid into a lens
capsule of an eye, wherein a natural lens of the eye has been
removed from the lens capsule; (ii) positioning an intra-ocu-
lar device within the fluid in the lens capsule, wherein the
intra-ocular device includes an electronic lens, wherein the
electronic lens can be controlled to provide an optical power
within a range of optical powers, and wherein the optical
power of the electronic lens is controlled in part by an elec-
trical signal applied to the electronic lens; and (iii) solidifying
the fluid in the lens capsule to form a coupling between the
lens capsule and the intra-ocular device, such that accommo-
dation forces can be applied to the intra-ocular device via the
lens capsule and coupling.

[0005] Some embodiments of the present disclosure pro-
vide an intra-ocular device, including: (i) an electronic lens,
wherein the electronic lens can be controlled to provide an
optical power within a range of optical powers, and wherein
the optical power of the electronic lens is controlled in part by
an electrical signal applied to the electronic lens; (ii) an
accommodation sensor, wherein the accommodation sensor
is configured to detect accommodation forces applied to the
intra-ocular device via a lens capsule of an eye when the
intra-ocular lens is disposed in the lens capsule; and (iii) a
controller, wherein the controller is operatively coupled to the
electronic lens and the accommodation sensor, wherein the
controller is configured to apply an electrical signal to the
electronic lens to control the optical power of the electronic
lens based on the accommodation forces detected by the
accommodation sensor.

[0006] Some embodiments of the present disclosure pro-
vide a method including: (i) detecting, by an accommodation
sensor of an intra-ocular device, accommodation forces
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applied to the intra-ocular device via a lens capsule of an eye,
wherein the intra-ocular device is disposed within the lens
capsule, wherein the intra-ocular device further includes: (1)
an electronic lens, wherein the electronic lens can be con-
trolled to provide an optical power within a range of optical
powers, and wherein the optical power of the electronic lens
is controlled in part by an electrical signal applied to the
electronic lens; (2) a controller, wherein the controller is
operatively coupled to the electronic lens and the accommo-
dation sensor; and (ii) controlling, using the controller, the
optical power of the electronic lens based on the detected
accommodation forces, wherein controlling the optical
power of the electronic lens includes applying an electrical
signal to the electronic lens.

[0007] Some embodiments of the present disclosure pro-
vide an intra-ocular device, including: (i) electronic lensing
means, wherein the electronic lensing means can be con-
trolled to provide an optical power within a range of optical
powers, and wherein the optical power of the electronic lens-
ing means is controlled in part by an electrical signal applied
to the electronic lensing means; (ii) accommodation sensing
means, wherein the accommodation sensing means are con-
figured to detect accommodation forces applied to the intra-
ocular device via a lens capsule of an eye when the intra-
ocular lens is disposed in the lens capsule; and (iii) controller
means, wherein the controller means are operatively coupled
to the electronic lensing means and the accommodation sens-
ing means, wherein the controller means are configured to
apply an electrical signal to the electronic lensing means to
control the optical power of the electronic lensing means
based on the accommodation forces detected by the accom-
modation sensing means.

[0008] These as well as other aspects, advantages, and
alternatives, will become apparent to those of ordinary skill in
the art by reading the following detailed description, with
reference where appropriate to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1A is a side cross-section view of a human eye
when the eye is focusing on a distant object.

[0010] FIG. 1B is a side cross-section view of the human
eye of FIG. 1A when the eye is focusing on a near object.
[0011] FIG. 1C is a side cross-section view of a human eye
containing an intra-ocular device when the eye and intra-
ocular device are focusing on a distant object.

[0012] FIG. 1D is a side cross-section view of the human
eye containing the intra-ocular device of FIG. 1C when the
eye and intra-ocular device are focusing on a near object.
[0013] FIG.2A s asidecross-section view of a natural lens
in a lens capsule of an eye.

[0014] FIG. 2B is a side-cross section view of the natural
lens and lens capsule of FIG. 2A after an aperture has been
made in the lens capsule.

[0015] FIG. 2C is a side-cross section view of the lens
capsule of FIG. 2B after the natural lens has been removed.
[0016] FIG. 2D is a side-cross section view of the lens
capsule of FIG. 2C after a fluid has been introduced into the
lens capsule.

[0017] FIG. 2E is a side-cross section view of the lens
capsule of FIG. 2D after an intra-ocular device has been
introduced into the lens capsule.

[0018] FIG. 3 is a flowchart of an example process for
installing an intra-ocular device in a lens capsule of an eye.
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[0019] FIG. 4 is a block diagram of an example system that
includes an intra-ocular device in wireless communication
with an external reader.

[0020] FIG. 5A is a top view of an example intra-ocular
device.
[0021] FIG. 5B is side cross-section view of part of the

example intra-ocular device shown in FIG. SA.

[0022] FIG.5C s side cross-section view of elements of the
example intra-ocular device shown in FIG. SA.

[0023] FIG. 5D is a top view of the example intra-ocular
device of FIG. 5A embedded within a polymeric material.
[0024] FIG. 5E is side cross-section view of the example
intra-ocular device embedded within the polymeric material
shown in FIG. 5D.

[0025] FIG. 5F is side cross-section view of the example
intra-ocular device of FIG. 5A disposed within a lens capsule
of an eye.

[0026] FIG. 6 is a flowchart of an example process.
DETAILED DESCRIPTION
[0027] In the following detailed description, reference is

made to the accompanying figures, which form a part hereof.
Inthe figures, similar symbols typically identify similar com-
ponents, unless context dictates otherwise. The illustrative
embodiments described in the detailed description, figures,
and claims are not meant to be limiting. Other embodiments
may be utilized, and other changes may be made, without
departing from the scope of the subject matter presented
herein. It will be readily understood that the aspects of the
present disclosure, as generally described herein, and illus-
trated in the figures, can be arranged, substituted, combined,
separated, and designed in a wide variety of different con-
figurations, all of which are explicitly contemplated herein.

1. OVERVIEW

[0028] An intra-ocular device could be positioned within a
lens capsule of an eye (following the removal of the natural
lens from the lens capsule) to provide a means for focusing
light from outside the eye onto the retina of the eye. Such an
intra-ocular device could include an electronic lens that can
be controlled to provide an optical power (e.g., a degree of
focusing of light, such as may be measured in diopters) within
arange of optical powers. The optical power of the electronic
lens could be controlled to focus images of near and far
objects alternatively over time. That is, the electronic lens
could be controlled to have a first optical power during a first
period of time to provide images of far objects (e.g., objects
more than approximately 20 centimeters away from the eye)
in focus on the retina of the eye, and the electronic lens could
be controlled to have a second optical power greater than the
first optical power during a second period of time to provide
images of near objects (e.g., objects approximately 9 centi-
meters away from the eye) in focus on the retina of the eye.

[0029] Control of the optical power of the electronic lens
could be related to accommodation forces applied to the
intra-ocular device via the lens capsule. Such accommodation
forces could be coupled to the intra-ocular device by a poly-
meric material configured to be in contact with the inside
surface of the lens capsule. The intra-ocular device could be
disposed within the polymeric material such that accommo-
dation forces applied to the polymeric material (via the lens
capsule) can be coupled to the intra-ocular device. The poly-
meric material could be configured to maintain the shape,
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volume, and/or structural integrity of the lens capsule after
installation (e.g., after the formation of a rhexis (i.e., tear) in
the lens capsule to allow removal of a natural lens and instal-
lation of the intra-ocular device and polymeric material). The
optical power of the electronic lens could be controlled by the
coupled accommodation forces directly (e.g., the coupled
accommodation forces could deform the electronic lens or
other elements of the intra-ocular device and/or polymeric
material, causing a change in the optical power thereof) and/
or indirectly (e.g., the coupled accommodation forces could
be detected by an accommodation sensor of the intra-ocular
device and the electronic lens could be electronically con-
trolled based on the detected accommodation force). In
examples wherein accommodation forces at least partially
directly control the optical power of the intra-ocular device, a
power requirement of the intra-ocular device could be
reduced relative to examples wherein controlling the optical
power of the intra-ocular device is effected primarily by
active electronic control of the electronic lens.

[0030] Coupling of forces between the intra-ocular device
and the lens capsule could be achieved by forming and/or
disposing a polymeric or other flexible, deformable material
around the intra-ocular device and in contact with the inner
surface of the lens capsule. Such a material formed and/or
disposed to be in contact with the lens capsule could couple
forces from the lens capsule, through deformation of the
material, to the intra-ocular device. Such coupled forces
could act to deform all (i.e., the intra-ocular device could be
wholly flexible) or part (i.e., the intra-ocular device could
include one or more rigid elements) of the intra-ocular device.
Such deformations could cause a change in the optical power
of one or more optical elements of the intra-ocular device
(e.g., by changing a geometry or a flexible electronic lens
and/or some other type of flexible lens) and/or could be
detected by the intra-ocular device (e.g., by an accommoda-
tion sensor) and used by electronics of the intra-ocular device
to control the optical power of an electronic lens of the intra-
ocular device.

[0031] Such a force-coupling material could be formed by
depositing a fluid into the lens capsule (following removal of
the lens from the lens capsule), positioning the intra-ocular
device within the fluid in the lens capsule (e.g., aligned with
an optical axis of the eye), and solidifying the fluid (e.g., by
photopolymerization or some other process related to the
composition of the fluid). A material formed through such a
process could be in intimate contact with the inner surface of
the lens capsule, allowing coupling of forces from the lens
capsule into the polymeric material and further into any con-
tents of the material (e.g., into the intra-ocular device). Posi-
tioning of the intra-ocular device, fluid, material, or other
elements could be accomplished by using a laser or other
surgical instrument to form a hole in the anterior surface of the
lens capsule. The existing natural lens could be removed by
fragmentation (e.g., using ultrasonic vibrations) and removed
(e.g., via suction in concert with a matched addition of fluids
to maintain the volume and shape of the lens capsule).

[0032] The electronic lens could be configured in a variety
of'ways to enable electronic control of the optical power of the
electronic lens. The electronic lens could include piezo ele-
ments, electro-wetting elements, liquid crystal elements and/
or reservoirs, microfluidic elements and/or reservoirs, or
other electronic actuators configured to change a geometry
(e.g., a shape, a thickness, a curvature) of the electronic lens
based on an electric signal applied to the electronic lens.
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Additionally or alternatively, an optical property (e.g., an
index of refraction, a degree and/or direction of birefringence,
a degree and/or spectrum of reflectivity and/or opacity) of one
or more elements of the electronic lens could be controlled
based on an electrical signal applied to the electronic lens. For
example, the electronic lens could include a layer of liquid
crystal (e.g., nematic liquid crystal) disposed between two
substantially transparent conductors such that, when an oscil-
lating voltage signal is applied across the conductors, an
effective refractive index of the liquid crystal is changed
based on one or more properties of the applied oscillating
voltage signal. Such a liquid crystal and associated transpar-
ent conductors could be flexible (e.g., the conductors could be
a plurality of silver nanowires) to enable deformation of the
electronic lens and/or the intra-ocular device by accommo-
dation forces applied via the lens capsule.

[0033] Further, such an intra-ocular device could include
one or more additional lenses (e.g., flexible silicone elastomer
lenses) configured to provide additional optical power to the
intra-ocular device in combination with the electronic lens.
The optical power and other properties of the additional lens
(es) and electronic lens could be specified relative to proper-
ties of the eye (e.g., a geometry of the eye and/or of the retina
and cornea of the eye) to provide correction for myopia,
hyperopia, astigmatism, or some other optical defect or aber-
ration of the eye. In some examples, an unpowered state of the
intra-ocular device (i.e., a state wherein the intra-ocular
device is not receiving external power and/or a battery of the
intra-ocular device is discharged) could provide an optical
power such that far objects can be imaged in-focus by the
user’s eye.

[0034] Such an intra-ocular device could include a control-
ler or other electronic elements configured to operate the
electronic lens and accommodation sensor of the intra-ocular
device. Such a controller could be configured to detect a
deformation, stress, strain, curvature, pressure, or other infor-
mation or property related to accommodation forces applied
via the lens capsule and the coupling material using the
accommodation sensor. The controller could further apply an
electrical signal (e.g., a DC voltage, an oscillating electrical
signal) to the electronic lens to control the optical power of
the electronic lens based on the detected accommodation
forces. This could include applying the electrical signal based
on calibration data (e.g., data relating detected outputs of the
accommodation sensor to electrical signals applied to the
electronic lens) stored in a data storage of the intra-ocular
device (e.g., in flash and/or EEPROM memory of the control-
ler). The controller, other elements of the intra-ocular device
(e.g., antennas, batteries), interconnects between the ele-
ments of the intra-ocular device, electronic lens, and/or
accommodation sensor could be flexible, e.g., could be com-
posed of flexible conductors, flexible semiconductors, or
other flexible materials or components.

[0035] The intra-ocular device could include other ele-
ments. In some examples, the intra-ocular device could
include one or more antennas configured to enable commu-
nication with an external system and/or reception of wireless
power by the intra-ocular device. For example, the intra-
ocular device could be powered by receiving power from an
external wireless power emitter (e.g., a wireless power emit-
ter disposed in a pair of eyeglasses or some other device worn
by a user of the intra-ocular device). Additionally or alterna-
tively, the intra-ocular device could include a battery (e.g., a
solid-state, thin-film battery) and could be powered by the
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battery. In some examples, the battery could be recharged by
wireless power received by the antenna (e.g., the intra-ocular
device could be powered by the battery during the day, and
could be recharged by wireless power received using an
antenna of the intra-ocular device during the night, e.g., from
a wireless power transmitter disposed near a bed of a user of
the intra-ocular device). An antenna could be used to transmit
information to an external system (e.g., to transmit detected
accommodation forces, e.g., for use as part of human inter-
face system) and/or to receive information from an external
system (e.g., to receive updated calibration data relating
detected accommodation forces to applied electrical signals).
Such communications could be encrypted.

[0036] Other configurations, modes and methods of opera-
tion, and other embodiments are anticipated. Systems and/or
methods described herein could include additional optical
elements, methods of detecting accommodation and/or oth-
erwise detecting a desired lens optical power, electronic
lenses, or other elements to provide additional functionality
according to an application. A system as described herein
could be formed and/or emplaced in a lens capsule or other
region and/or tissue of an eye according to an application.
Systems as described herein could be applied toward restor-
ing and/or enhancing vision of a human or animal or toward
some other application. Other applications, operations, and
configurations of electronic optical devices as described
herein are anticipated.

[0037] It should be understood that the above embodi-
ments, and other embodiments described herein, are provided
for explanatory purposes, and are not intended to be limiting.
[0038] Further, the term “lens capsule” as used herein
should be understood broadly to include tissues of the eye
that, under normal biological conditions, contain the natural
lens (i.e., the crystalline lens) and that transmit forces into the
natural lens to at least partially control the shape ofthe natural
lens. “Lens capsule” could refer to the natural, intact lens
capsule, a lens capsule that has been penetrated or otherwise
surgically altered, and/or a lens capsule that has had some
aspect (e.g., a portion of the anterior surface of the lens
capsule) surgically or otherwise removed. The term “accom-
modation forces” is intended to refer to forces applied to
contents of the lens capsule both by the tissues of the lens
capsule itself (e.g., due to the geometry, elasticity, and other
properties of the tissues of the capsule) and by external tissue
acting on/through the lens capsule (e.g., forces applied by the
ciliary muscles through the zonules).

II. ACCOMMODATION OF THE EYE THROUGH
NATURAL AND ARTIFICIAL PROCESSES

[0039] Generally, human (and animal) eyes include a vari-
ety of elements configured to focus or otherwise manipulate
light from the environment of the human such that the light
can be detected in focus on a retina of the eye and used to
image the environment. In particular, a human eye includes
refractive lensing elements (e.g., a crystalline lens, a cornea),
a controllable aperture (e.g., an iris), and a light-sensitive
element (e.g., the retina).

[0040] Objects located at different locations in the environ-
ment (e.g., different distances from the eye) could be imaged
by controlling one or more elements of the eye to focus light
from a particular object onto the retina. That is, the eye could
be controlled to have a first optical power (e.g., measured in
diopters) during a first period of time to allow objects at a first
distance from the eye to be imaged in-focus by the retina. The
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eye could be controlled, during a second period of time, to
have a second optical power higher than the first optical
power to allow objects at a second distance that is closer than
the first distance to be imaged in-focus. This process of con-
trolling the optical power of the eye (by controlling properties
of one or more elements of the eye) over time to allow in-
focus imaging of objects at different distances over time is
referred to herein as accommodation.

[0041] The overall optical power of an eye is provided by a
combination of the optical power of a number of elements of
the eye. The majority of the optical power of a human eye is
provided by the curved interface between the lower index-of-
refraction air in front of the eye and the higher index-of-
refraction cornea and aqueous humor of the front aspects of
the eye. The curved geometry and non-uniform, higher-than-
surrounding-tissues index-of-refraction of the crystalline lens
of'the eye provides further optical power to the eye. Accom-
modation in the human eye (i.e., controlling of the overall
optical power of the eye to allow for in-focus imaging of
objects at different distances from the eye during different
periods of time, as described above) is generally achieved by
operating one or more elements of the eye (e.g., the ciliary
muscle(s)) to change the geometry ofthe crystalline lens, thus
changing the optical power of the crystalline lens.

[0042] To illustrate the configuration and operation of the
human eye to image objects in an environment, FIG. 1A
shows a cross-section view through the center of an eye 110.
The eye 110 includes a cornea 120, crystalline lens 131, and
other elements configured to focus light from the environ-
ment, by refraction, onto a retina 140 of the eye. The crystal-
line lens 131 is located within a lens capsule 133 that is
connected via zonules 135 to the ciliary body 137 of the eye
110. As shown in FIG. 1A, elements of the eye 110 are
configured such that far object light 115a (i.e., light reflected,
emitted, or otherwise received by the eye 110 from a distant
object) is refracted by the cornea 120, crystalline lens 131,
and other elements of the eye 110 such the far object light
115a is in-focus at the retina 140. Thus, the corresponding
distant object can be imaged, in-focus, by the eye 110.

[0043] Imaging anobject in-focus generally means refract-
ing, reflecting, diffracting, filtering, or otherwise optically
manipulating light from the object such that substantially all
of the light received from a particular point (or other small
region of the object) is detected at a single light-sensitive
point (or other small constrained region) of an imager (e.g.,
by one or more light-sensitive cells located in a small region
of the retina 140 of the eye 110). As shown in FIG. 1A, light
from such a particular point of a distance object can be sub-
stantially parallel at the eye 110. In contrast, light from nearer
objects can be more divergent and/or exhibit a greater range
of angles at the eye 110, requiring the eye 110 to have a
greater effective optical power in order to bring the light from
the nearer object into focus at the retina 140.

[0044] As an illustrative example, FIG. 1B shows a cross-
section view through the center of the eye 110 illustrated in
FIG. 1A during a second period of time. As shown in FIG. 1B,
elements of the eye 110 are configured such that near object
light 11554 (i.e., light reflected, emitted, or otherwise received
by the eye 110 from a near object) is refracted by the cornea
120, crystalline lens 131, and other elements of the eye 110
such the near object light 1155 is in-focus at the retina 140.
Thus, the corresponding near object can be imaged, in-focus,
by the eye 110.
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[0045] Generally, changes in the overall optical power of
the eye related to accommodation are caused by changes of
the optical power of the crystalline lens 131. That is, accom-
modation is effected primarily by controlling the shape of the
crystalline lens 131 and thus controlling the optical power of
the crystalline lens 131. For example, the crystalline lens 131
in FIG. 1A is flattened, while the crystalline lens 131 is
thicker and rounder in FIG. 1B. Such changes in shape of the
crystalline lens 131 can be caused be forces applied to the
crystalline lens 131 by the lens capsule 133. Such forces can
be due in part to the shape and structure of the lens capsule,
e.g., forces applied to the crystalline lens 131 due to the
elasticity of the lens capsule 133. That is, if the zonules 135
were severed, the crystalline lens 131 and lens capsule 133
would assume a thickened, round shape. Forces applied to the
lens capsule 133 and to the crystalline lens 131 via the lens
capsule 133 also affect the shape of the crystalline lens 131.
Contraction and/or relaxation of muscle fibers in the ring of
tissue comprising the ciliary body 137 can cause changes in
forces applied to the lens capsule 133 by the zonules 135 such
that the overall shape and optical power of the crystalline lens
131 can be controlled by contracting and/or relaxing muscle
fibers of the ciliary body 137. Such contraction and/or relax-
ation of ciliary body 137 muscle fibers is controlled by the
central nervous system to focus on target objects in the envi-
ronment of the eye. Such operation of the ciliary body is often
accompanies by other physiological and/or nervous changes,
for example, contraction/dilation of the iris of the eye and
convergence of the eyes.

[0046] In some situations, the ability of the eye to accom-
modate to focus on objects at different distances can be
reduced or lost. Presbyopia is an age-related condition
wherein the ability of the eye to accommodate (i.e., to change
focus in order to image objects at different distances)
decreases with increasing age. The development of presbyo-
pia could be related to an increased stiffness of the crystalline
lens of the eye, a decreased strength of the ciliary muscles or
other muscles of the eye whose relaxation and/or contraction
are related to accommodation, or to other conditions or prop-
erties of the eye.

[0047] A flexible device could be installed in the lens cap-
sule after removal of the natural lens and configured to have
an optical power that is related to accommodation forces (i.e.,
forces applied by and/or through the lens capsule) applied to
the flexible device. Such changes in optical power could be
due in part due to changes in the geometry of the device (e.g.,
deformation of the device) caused by the accommodation
forces and/or partially due to operation of one or more elec-
tronic optical elements (e.g., an electronic lens) based on the
accommodation forces as measured by one or more sensors.

[0048] Asanexample, FIG. 1C shows the eye 110 of FIGS.
1A and 1B after the natural lens 131 has been removed from
the lens capsule 133 and replaced with an intra-ocular device
100. The intra-ocular device 100 includes an active element
117 disposed within a flexible polymeric material 119. The
polymeric material 119 is configured to couple accommoda-
tion forces from the lens capsule 133 to the active element
117. As shown in FIG. 1C, elements of the eye 110 and the
intra-ocular device 100 are configured such that far object
light 115¢ (i.e., light reflected, emitted, or otherwise received
by the eye 110 from a distant object) is refracted by the cornea
120, intra-ocular device 100 (e.g., 117, 119), and other ele-
ments of the eye 110 such the far object light 115¢ is in-focus
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at the retina 140. Thus, the corresponding distant object can
be imaged, in-focus, by the eye 110.

[0049] Accommodation forces (e.g., forces applied to the
polymeric material by and/or through the lens capsule 133)
could cause a change in the overall optical power of the eye
110, allowing partial or complete restoration of the ability of
the eye 110 to accommodate (i.e., to focus during different
periods of time on objects at different distances from the eye
by activity of the elements of the eye 110 (e.g., contraction
and/or relaxation of muscle fibers of the ciliary body 137)).
This could include the accommodation forces changing an
optical power of the polymeric material 119 and/or active
element 117 by changing a geometry (e.g., deforming) the
polymeric material 119 and/or active element 117. Addition-
ally or alternatively, the accommodation force could be
detected by the active element 117 (e.g., by an accommoda-
tion sensor ofthe active element 117) and the optical power of
one or more elements of the active element 117 could be
controlled based on the detected accommodation force.
[0050] As an illustrative example, FIG. 1D shows a cross-
section view through the center of the eye 110 illustrated in
FIG. 1D during a second period of time. As shown in FIG. 1D,
elements of the eye 110 and intra-ocular device 100 are con-
figured such that near object light 1154 (i.e., light reflected,
emitted, or otherwise received by the eye 110 from a near
object) is refracted by the cornea 120, intra-ocular device 100
(e.g., 117, 119), and other elements of the eye 110 such the
near object light 1154 is in-focus at the retina 140. Thus, the
corresponding near object can be imaged, in-focus, by the eye
110.

[0051] The polymeric material 119 could have a refractive
index that is different than the refractive index of surrounding
materials (e.g., aqueous humor, vitreous humor) such that
light passing through the polymeric material 119 is refracted.
The optical power of such a polymeric material 119 could be
related to the difference between the refractive index of the
polymeric material 119 and the refractive index of surround-
ing materials and to the geometry of the polymeric material.
Thus, changes in the geometry of the polymeric material 119
(e.g., in response to the application of accommodation forces
to the polymeric material 119, as shown in FIGS. 1C and 1D)
could result in changes in the optical power of the polymeric
material. Alternatively, the refractive index of the polymeric
material 119 could be substantially the same as the refractive
index of surrounding materials, such that the optical power of
the polymeric material 119 is substantially zero.

[0052] The polymeric material 119 could be composed of
one or more of a variety of materials. The polymeric material
119 could include a silicone hydrogel. One or more properties
of the contents of the polymeric material 119 (e.g., a ratio of
monomers or other chemicals used to form the polymeric
material 119) could be specified such that a refractive index or
other properties of the polymeric material 119 are specified
according to an application. In some examples, the polymeric
material 119 could be formed such that a refractive index of
the polymeric material 119 was non-uniform (e.g., such that
the polymeric material 119 formed a gradient-index lens).
[0053] As shown in FIGS. 1C and 1D, accommodation
forces coupled to the active device 117 cause a deformation of
the active device 117. Such a deformation could cause a
change in the optical power of the active device 117 directly
(by changing the geometry of one or more refractive ele-
ments, e.g., silicone hydrogel lenses, electronic liquid-crystal
lenses, by affecting a valve, pump, or other microfluidic ele-
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ment(s)). Such a deformation could cause a change in the
optical power of the active device 117 indirectly. For
example, an accommodation sensor (e.g., a strain sensor, a
stress sensor, a flex sensor, a pressure sensor) could detect a
deformation (or some property of the active device 117
related to the deformation, e.g., a stress, a strain, a pressure, a
curvature) and the optical power of an element (e.g., an elec-
tronic lens) of the active device 117 could be controlled based
on the output of the accommodation sensor. As shown in
FIGS. 1C and 1D, accommodation forces coupled to the
active device 117 can cause deformation of the entire active
device 117. However, in other embodiments, one or more
parts of an active device could be rigid. For example, a central
portion of an active device (containing, e.g., one or more
fixed-power lenses, one or more controlled-power electronic
lenses, other electronics) could be rigid, while peripheral
portion(s) of the active device could be deformable and could
include one or more accommodation sensors such that
accommodation forces coupled to the active device by a poly-
meric material could be detected and used to operate the
active device (e.g., to control an optical power of an electronic
lens of the active device). Multiple fixed and/or controllable
lens components of the active device 117 could be configured
to provide an overall optical power of the active device 117 in
combination with each other (e.g., an additional lens of the
active deice 117 could be configured to provide an additional
optical power in combination with the optical power of the
electronic lens of the active device 117). Other configurations
of wholly and/or partially flexible active elements or other
components of an intra-ocular device (e.g., 100) are antici-
pated.

[0054] The optical power of the active device 117 could be
controlled based on other properties/factors. For example, the
active device 117 could include one or more light sensors, and
the active device 117 could be configured to control the opti-
cal power of one or more electronic lenses of the active device
117 based on the output of the one or more light sensors,
and/or based on a combination of the output of the one or
more light sensors and the output of an accommodation sen-
sor of the active device 117. The active device 117 could be
configured to receive an input from a control device (e.g., by
including an antenna, light sensor, or other element config-
ured to receive transmitted commands from such a control
device). A user could operate such a control device to set an
optical power of the active device based on user preferences
(e.g., to increase the optical power of the active device 117
when the user is attempting to focus on a near object, e.g., to
read a book held near the eyes of the user). User commands
and detected accommodation forces during such operation
could be used to update calibration data or other information
describing the operation of the active device 117 (e.g., to
develop a correspondence between detected accommodation
forces, as generated by the eye 110 ofthe user, and controlled
optical powers of the active device 117 according to the
preferences of the user).

[0055] Elements of the intra-ocular device 100 could be
configured according to additional or alternative applications.
In some examples, elements of the active device 117 and/or
polymeric material 119 could be configured to block harmful
light from reaching the retina 140 (e.g., to block light below a
specified wavelength, to block ultraviolet light). One or more
elements of the active device 117 could be configured to
provide an optical power or other optical effect to provide
correction for myopia, hyperopia, astigmatism, or other prop-
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erties of the eye 110. Additionally or alternatively, one or
more flexible or rigid lenses (not shown) could be provided on
or within the polymeric material 119 to provide an optical
power or other optical effect to provide correction for myopia,
hyperopia, astigmatism, or other properties of the eye 110.

III. EXAMPLE INSTALLATION OF AN
INTRA-OCULAR DEVICE IN AN EYE

[0056] Installation of an intra-ocular device or other objects
as described herein into an eye of a user could be imple-
mented in a variety of ways. Generally, installation ofa device
into the lens capsule or other space within an eye includes
gaining surgical access to the lens capsule or other space by
cutting through one or more membranes or other structures
(e.g., using a sharpened edge, a surgical laser or some other
means), removing a tissue to be replaced (e.g., removal of a
natural lens via ultrasonic ablation/cutting and suction), and
placement of the intra-ocular device or other object(s). Instal-
lation of an intra-ocular device as described herein to replace
anatural lens and to detect accommodation forces applied via
a lens capsule of an eye includes accessing the space within
the lens capsule, removing the natural lens (i.e., the crystal-
line lens) from the lens capsule, and installing the intra-ocular
device within the emptied lens capsule.

[0057] A patient can be prepared for surgical implantation
of an intra-ocular device by application of anesthesia. Such
anesthesia can include a local analgesic and a muscle relaxant
and/or paralytic to prevent movement of the eye during the
installation. An agent could be applied to dilate the iris or
other elements of the eye in order to ease the installation of the
intra-ocular device. Further, one or more properties of the eye
(e.g., an optical power of the cornea and/or natural lens, a
geometry of the eye, a degree of myopia, hyperopia, astigma-
tism, or other properties) could be measured to inform the
installation and/or to inform configuration of the intra-ocular
device. For example, one or more lenses could be added to the
intra-ocular device based on a measured degree of myopia or
other property of the eye. Additionally or alternatively, a
particular intra-ocular device, having a specified optical
power or other property, could be selected for installation
based on a measured degree of myopia or other property of
the eye. Further, calibration data or other programming of the
intra-ocular device could be specified based on one or more
measured properties of the eye

[0058] Accessing the natural lens and lens capsule of an eye
could include accessing the anterior chamber of the eye (i.e.,
the enclosed volume of the eye between the cornea and the iris
and lens/lens capsule ofthe eye). This could include operating
a diamond scalpel, surgical laser, or other cutting device to
create one or more cuts through the cornea into the anterior
chamber. In some examples, the anterior chamber could be
inflated with air or some other fluid to facilitate access to and
manipulation of the lens capsule.

[0059] To illustrate interaction with and manipulation of
the natural lens and lens capsule of an eye to install an intra-
ocular device, FIGS. 2A-2E are provided. FIGS. 2A-2E show
cross-section views of the lens capsule 220, zonules 230
supporting the lens capsule, and other elements of an eye
and/or intra-ocular device from the natural state of the eye (in
FIG. 2A) through a number of steps through to an illustration
of'an intra-ocular device in the lens capsule 220 (in FIG. 2E).
FIG. 2A illustrates the natural lens 210 intact within the intact
lens capsule 220; the lens capsule 230 is held in place, and the
shape of the natural lens 210 is partially determined by, forces
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exerted by the zonules 230 on and/or through the lens capsule
220. Note that the devices, methods, and embodiments
described herein do not require that the natural lens 210, lens
capsule 220, or other elements of the eye are intact and/or
healthy. For example, the lens capsule 220, zonules 230,
natural lens 210, or other elements of the eye could be dam-
aged (e.g., have one or more holes of other missing elements
or sections), have inclusions or other optical defects (e.g., the
natural lens could include cataracts). In some examples, the
natural lens 210 could already have been removed (e.g., dur-
ing a previous procedure). For example, the natural lens 210
could have been removed and replaced with an intra-ocular
lens during a previous procedure. Methods as described
herein could be modified to include accessing and removing
artificial and/or natural contents of such a lens capsule instead
of accessing and removing the natural lens 210.

[0060] Access to the interior of the lens capsule 220 could
be gained in a number of ways. For example, one or more cuts,
holes, or other openings in the lens capsule 220 could be
formed. FIG. 2B shows a hole 225 that has been formed in the
anterior (i.e., frontward-facing, to the left in FIGS. 2A-2E)
surface of the lens capsule 220. The hole 225 could be formed
through a variety of methods, including operating a surgical
laser to ablate tissues of the lens capsule 220 surrounding the
hole 225. Alternatively, a mechanical implement (e.g., a bent
needle) could be used to form an initial hole and subsequently
to form a circular tear in the anterior surface of the lens
capsule 220 that forms a closed hole 225 (e.g., according to
the continuous curvilinear capsulorhexis technique). The
removed anterior section of the lens capsule 220 could be
extracted through a hole in the cornea.

[0061] The natural lens 210 could be removed in a variety
of'ways. For example, the natural lens could be cut, sectioned,
dissected, emulsified, ablated, or otherwise damaged or
destroyed, and fragments of the natural lens 210 remaining
within the lens capsule 220 could be suctioned out or other-
wise removed. FIG. 2C shows a vacancy 227 that has been
formed within the lens capsule 220 following the removal of
the natural lens 210. In some examples, some or all of the
natural lens 210 could be destroyed and/or fragmented by
applying ultrasonic vibrations to the natural lens 210 (e.g.,
using an ultrasonic probe inserted into the natural lens 210
through the hole 225 in the lens capsule 220 and a further hole
or incision in the cornea). The natural lens 210 could addi-
tionally or alternatively be fragmented by applying one or
more sharp or blunt tools to pull apart the fibers of the natural
lens 210. Fragments of the natural lens 210 can be removed by
suction (e.g., application of suction through a tube or other
instrument inserted into the natural lens 210). Such suction
could be performed while introducing a replacement fluid
(e.g., a saline fluid) into the lens capsule 220 to maintain the
volume and/or shape of the lens capsule 220. Such introduc-
tion of replacement fluid could be performed under the con-
trol of'a microcontroller or by some other system such that the
volume of fluid introduced is substantially equal to the vol-
ume of lens fragments and/or fluid removed by suction.

[0062] An intra-ocular device could be installed in the lens
capsule 220 (e.g., within the vacancy 227). In some examples,
this could include inserting a pre-formed intra-ocular device
into the lens capsule 220 (e.g., inserting a folded or otherwise
compacted flexible intra-ocular device into the vacancy 227
and allowing and/or manipulating the intra-ocular device to
fill the vacancy 227 and to be in intimate contact with the
inside surface of the lens capsule 220). In some examples, the
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intra-ocular device could be assembled and/or formed within
the lens capsule 220. For example, a fluid could be injected
into the lens capsule 220, and the fluid could be solidified to
form a flexible polymeric material. Further, one or more
additional elements (e.g., rigid or flexible fixed lenses or other
optical elements, one or more rigid or flexible electronic
lenses and associated electronics) could be disposed within
such a polymeric material (e.g., by being positioned within a
fluid before the fluid is solidified).

[0063] FIG. 2D shows a fluid 240 filling the lens capsule
220. The fluid could be introduced by injection, e.g., through
a tube or other instrument configured to deliver the fluid into
the lens capsule 220 through the hole 225 in the lens capsule
220 and a further hole or incision in the cornea. In some
examples, the fluid 240 could be the replacement fluid intro-
duced to replace fragments of the natural lens 210 removed by
suction (i.e., the vacancy 227 within the lens capsule 220
would not be created by the removal of the natural lens 210
before introduction of the fluid 240). In some examples, the
fluid 240 could be immiscible with the replacement fluid, and
the replacement fluid could be suctioned from within the lens
capsule 220 and/or displaced by the introduced fluid 240.

[0064] An intra-ocular device 250 could then be positioned
within the fluid 240, and the fluid solidified to form a coupling
260 (e.g., a coupling 260 comprising a polymeric material)
between the lens capsule 220 and the intra-ocular device 250
such that accommodation forces can be applied to the intra-
ocular device 250, through the coupling 260, via the lens
capsule 220. FIG. 2E shows an example in which intra-ocular
device 250 may be positioned based on an optical axis of the
eye (e.g., positioned such that an optical axis of the intra-
ocular device 250 is substantially parallel and coincident with
the optical axis of the eye). The intra-ocular device 250 could
include one or more electronic lenses (e.g., nematic liquid-
crystal lenses) configured to have an electronically-control-
lable optical power. The intra-ocular device 250 could further
include one or more accommodation sensors configured to
detect accommodation forces applied to the intra-ocular
device 250 via the lens capsule 220 and coupling 260. The
optical power of the electronic lens could be controlled based
on accommodation forces detected using the accommodation
sensor. Positioning of the intra-ocular device 250 could be
performed manually or by an automated system (e.g., by an
actuated tool configured to control the location of the intra-
ocular device 250 within the fluid 240). Positioning of the
intra-ocular device 250 could be performed based on an indi-
cation provided by an imaging system, e.g., an indication of
the position of the intra-ocular device 250 relative to a desired
positioning of the intra-ocular device 250 (e.g., such that an
optical axis of the intra-ocular device 250 is aligned with the
optical axis of the eye and/or such that the intra-ocular device
250 is located at a specified distance from the retina).

[0065] Positioning of the intra-ocular device 250 could be
facilitated by haptic or other features of the optical device
250. For example, flexible springs (e.g., curved flexible wires
or filaments of a polymer material) or other elements of the
intra-ocular device 250 could be configured to apply forces
against the inside of the lens capsule 220 and to position the
intra-ocular device 250 within the lens capsule 220. Such
flexible springs could be removed and/or destroyed after posi-
tioning the intra-ocular device 250 (e.g., could be destroyed
and/or dissolved by a chemical agent in the fluid 240, could be
photodecomposed by light applied to solidify the fluid and/or
to destroy the springs, could be wholly or partially ablated by
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a beam of laser light). Additionally or alternatively, the flex-
ible springs could be more compliant than the solidified fluid
240 such that the effect of the flexible springs on the coupling
of accommodation forces between the lens capsule and the
intra-ocular device 250 by the solidified fluid 240 is negli-
gible. Removal and/or destruction of the flexible springs
could occur before, during, and/or after solidification of the
fluid 240.

[0066] The fluid 240 could be any one of a variety of fluids
and/or combinations thereof that can be solidified to form a
coupling between the lens capsule 220 and the intra-ocular
device 250. The fluid could include a variety of monomers
(e.g., silicone monomers) and other agents (e.g., photo-ini-
tiators) configured to solidify in response to some triggering
factor (e.g., light, an introduced chemical agent, a chemical
agent naturally present in the lens capsule 220 (e.g., water,
certain ions, proteins)). For example, the fluid 240 could be
configured to solidify into a silicone hydrogel. In some
examples, the fluid 240 could be stable (i.e., could substan-
tially not solidify) when disposed in the lens capsule and not
exposed to a triggering factor (e.g., light). Alternatively, the
fluid 240 could solidify spontaneously after being injected
into the lens capsule 220 (e.g., could solidify inresponse to an
agent present in the lens capsule, could include a solidifying
agent (e.g., could be a mixture of a monomer and a solidifying
agent mixed before being injected)).

[0067] The deposition/injection of the fluid 240, solidifica-
tion of the fluid 240, and/or positioning of the intra-ocular
device 250 and/or other elements on or within the fluid 240
could be performed in a number of stages. That is, an amount
offluid could be deposited and/or injected and solidified prior
to the positioning of the intra-ocular device 250 and/or depo-
sition and/or injection of further fluid. For example, an
amount of the fluid could be injected to cover the base and
walls of the lens capsule 220. The intra-ocular device 250
could then be positioned on the deposited fluid and aligned
with the optical axis of the eye. Further fluid could then be
deposited on top of the intra-ocular device 250 such that the
fluid fills the lens capsule 220. The fluid 240 could then be
solidified (e.g., by exposure to light) to form a coupling
between the intra-ocular device 250 and the lens capsule 220.
Other schemes for depositing and/or injecting fluid, solidify-
ing deposited and/or injected fluids, positioning intra-ocular
devices, or other components thereof, or other steps are
anticipated.

[0068] FIG. 3 is a flowchart of a method 300 for installing
an intra-ocular device in a lens capsule of an eye from which
anatural and/or artificial lens has already been removed. The
intra-ocular device includes (i) an electronic lens having an
optical power that can be controlled within a range of optical
powers and whose optical power is controlled in part by an
electrical signal applied to the electronic lens, (ii) an accom-
modation sensor configured to detect accommodation forces
applied to the intra-ocular device via the lens capsule of the
eye, and (iii) a controller operatively coupled to the electronic
lens and the accommodation sensor and configured to apply
an electronic signal to the electronic lens to control the optical
power of the electronic lens based on the accommodation
forces detected using the accommodation sensor. The intra-
ocular device and elements thereof could be configured and/
or operated as described herein. Further, the intra-ocular
device could include additional components configured to
provide some functionality. For example, the intra-ocular
device could include a polymeric material that contains the






