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(54) Title: DUAL OPTIC, CURVATURE CHANGING ACCOMMODATIVE IOL HAVING A FIXED DISACCOMMODATED
REFRACTIVE STATE

FIG. 9A

(57) Abstract: An IOL includes a fluid optic body having a cavity defined by a sidewall, a deformable optical membrane intersect-
ing the sidewall around an anterior circumference of the sidewall, and a posterior optic intersecting the sidewall around a posterior
circumference of the sidewall. The posterior optic includes a central protrusion extending anteriorly into the cavity and the deform-
able optical membrane includes a ring-shaped protrusion extending posteriorly into a space between the sidewall and the central pro-
trusion. A second optic body is spaced apart from the fluid optic body and coupled thereto via a plurality of struts. Axial compres -
sion causes the plurality of struts to deform the sidewall in a manner that increases the diameter of the cavity, moditying a curvature
of the deformable optical membrane is modified. Contact between the ring-shaped protrusion and the central protrusion defines a
maximum modification to the curvature of the deformable optical membrane.
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DUAL OPTIC, CURVATURE CHANGING ACCOMMODATIVE 0L HAVING
A FIXED DISACCOMMODATED REFRACTIVE STATE

FIELD

[0001]  This present disclosure relates generally to the field of intraccular
fenses (I0Ls) and, more particularly, to a dual oplic, curvature changing

accommodative 10U having a fixed disaccommodated refractive siate.

BACKGROUND OF THE DISCLOSURE

[0002] The human eye in its simplest terms functions 1o provide vision by
receiving light through a clear outer portion called the cornea, and focusing
the image by way of a crystalline lens onlo a retina. The guality of the focused
image depends on many factors including the size and shape of the eye, and

the transparency and focal power of the cornea and the lens.

[0003] When age or disease causes the lens {0 becoms less transparent,
vision detericrates because of the diminished amount of light that is
fransmitted to the retina. This deficiency in the lens of the eve is medically
known as a cataract. An accepied ireatment for this condition is surgical
removal of the lens and replacement of the lens function by an artificial

intraccular lens (10L).

G004 in the United States, the majority of cataractous lenses are
removed by a surgical technique called phacoermulsification. During this
procedure, an opening is made in the anierior capsule and a thin
phacoemuisification cutting tip is inseried into the diseased lens and vibrated
ultrasonically. The vibrating cutting tip liguehies or emulsifies the lens so that
the lens may be aspirated out of the eye. The diseased lens, once removed,

is replaced by an ariificiai lens.

0008} In the natural lens, bifocality of distance and near vision is provided
by a mechanism known as accommodation. The natural lens, early in life, is
soft and contained within the capsular bag. The bag is suspended from the

ciliary muscle by zonules. Relaxgtion of the ciliary muscle applies a radial
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force that tightens the zonules, and stretches the capsular bag. As a resuli,
the natural lens tends to fallen. Tightening of the ciliary muscle relaxes the
fension on the zonules, allowing the capsuiar bag and the natural lens o
assume a more rounded shape. in this way, the natural lens can focus on

both near and far objects.

[0008] As the iens ages, it becomes harder and is less able o change
shape In response to movements of the ciliary muscle. This makes it harder
for the lens 1o focus on near objects, a medical condilion known as

presbyopia. Presbyopia affects nearly all adulis by the age of 45 or 50.

[0007] When a cataract or other disease requires the removal of the
natural lens and replacement with an artificial 0L, the IOL typically is a
monofocal lens that provides a suilable focal power for distance vision but
requires the use a pair of spectacles or contact lenses for near vision.
Multifocal 10OLs, e.g., relying on diffractive patterns o general multiple foci,

have been proposed but 10 date have not been widely accepted.

[0008] Therefore, a need exists for a safe and siable accommodative

intraccular lens that provides accommodation over a broad and useful range.

SUMMARY OF THE DISCLOSURE

0008 The present disclosure cCoONCems curvature-changing,
accommodative intraocular lenses (I0Ls) thal may be implanted in the
capsuiar bag of a patient’s eye and configured o harness the energy of the
movement of the capsular bag upon contraction and relaxation of the ciliary
muscles. In certain embodiments, the [Ols described herein are designed
such that axial compression of the capsular bag changes the shape of a fluid
optic (e.g., a fluid-filled cavily defined in part by a deformable optical
membrane), thereby altering the curvature of the membrane and the power of
the optic. As just one example, the 10Ls described herein may include a fluid
optic body and a second optic body each disposed on the optical axis and
configured {o be in comntact with a surface of the capsular bag, the fluid optic

body and the second oplic body being coupled via a plurality of struts.
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[¢o10 Upon axial compression of the capsular bag, an axial compressive
force on the struts {(e.g., via the posierior oplic) may cause the struts io
deform {(e.g., to pivot or {0 bow oul), resulting in an increase in the fension on
the deformable optical membrane (i.e., the deformable optical membrane may
stretch radially). As a result, the curvature of the deformable optical
membrane may be reduced, as in a disaccommodated native lens. In
addition, a mechanical block feaiure may define a maximum amouni of radial
stretching of the deformable optical membrane, thereby defining a consistent

minimum optical power for the 1OL

[0011]  Conversely, when axial compression is relaxed, the deformation of
the struts may be relieved and the deformable optical membrane may become
more rounded o provide for close vision, as in an accommodated native lens.
For example, the plurality of struis can be biased to rotate in a direction
opposed o the first direction upon relaxation of the axial compression. In
accordance with various aspects of the present teachings, the 10Ls described
herein can be implanted into the native capsular bag o replace a cataracious

or preshyopic natural crystalline lens removed therefrom.

00121 in certain embodiments, an IOL includes a fluid optic body having a
cavity defined by a sidewall, a deformable optical membrane intersecting the
sidewall around an anterior circumference of the sidewall, and a posterior
optic intersecting the sidewsll around a posterior circumference of the
sidewall. The posterior oplic includes a central protrusion extending anteriorly
inte the cavity and the deformable oplical membrane includes a ring-shaped
protrusion extending postericrly into a space belween the sidewall and the
central profrusion. A second optic body is spaced apart from the fluid optic
body and coupled thereto via a plurality of struis. Axial compression causes
the plurality of struts to deform the sidewall in @ manner that increases the
diameter of the cavity, modifying a curvalure of the deformable optical
membraneg is modified. Contact between the ring-shaped protrusion and the
central profrusion defines a maximum modification to the curvature of the

deformable optical membrane.
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[0013] Certain embodiments of the present disciosure may provide an iOL
that has a relatively small size andfior occuples a limited volume of the
capsuiar bag while siill providing a substantial power change between iis
accommodated and disaccommodated state.  Accordingly, the presently
disclosed 0L may allow for smaller surgical incisions during implantation.
Additionally, the shape and/or stiffness of certain embodimenis of the
presently disclosed 1OL may allow for interaction of the [OL with the capsule
in a manner that prevents posterior capsule opacification (PCQO) and anterior
capsule opacification (ACO} via square edge optics, open capsule, and

mechanical procedure.

0014} In addition, the mechanical block feature of the IOL (including the
central protrusion portion of the posterior optic and the ring-shaped protrusion
extending from the deformable optical membrane) may advantageously define
a consistent minimum optical power for the 10U as well as increase the rate of
power change at low levels of compression. Additionally, the increased
rigidity around the perimeter of the deformable oplical membrane provided by
the ring-shaped profrusion may reduce spherical aberrations induced by the

stretching of the deformable optical membrane during power change.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] For a more complete understanding of the present disclosure and
the advantages thereof, reference is now made o the following description
taken in conjunction with the accompanying drawings in which like reference

numerals indicate like features and wherein:

(3016} FIG. 1 is a perspective view of an exemplary curvature-changing,
accommodative intraocular lens, according {0 cerfain embodiments of the

present disclosure;
00171 FIG. 2 Is a cross-sectional view of the exemplary lens of FIG. 1;

[¢0181 FIG. 3A is a cross-sectional view of the exemplary lens of FiG. 1,
depicting the lens in s accommodated (close vision) state within the capsular

bag,
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(G019 FIG. 3B is a cross-sectional view of the exemplary lens of FiG. 1,
depicting the lens in s disaccommodated (near vision) state within the

capsuiar bag;

00203 FIG. 4A is a simulation of the pivoting of the struts and the
curvature change of the deformable optical membrane of the exemplary lens
of FIG. 1 as it moves from an accommodated siate to & disaccommodated

state;

(00213 FIG. 4B is another view of the simulation of the pivoting of the struts
and the curvature change of the deformable optical membrane of the
exemplary lens of FIG. 1 as it moves from an accommodated state to a

disaccommodated staie;

00221 FIG. 5 is a perspective, cross-sectional view of another exemplary
curvature-changing, accommodative infraccular lens, according o certain

embodiments of the present disclosure;

[0023; FIG. 8 is a simulation of the movement of the exemplary lens of
FIG. 6 as it moves from its resting or accommodated state to iis

disaccommodated state;

(3024} FIG. 7 is a plot depicting the power change of the exemplary lens of
FiG. 6 as it moves from iis resling or accommodated state to iis

disaccommodated state;

00251 FIG. 8 depicts data showing the modulation transfer function and

power change of the exemplary lens as shown in FIG. 1;

(0026} FIGS. SA-9B are cross-sectional views of ancther exemplary
curvature-changing, accommodative infraoccular lens, according o certain

embodiments of the present disclosure;

[0027] FIGS. 10A-10D  are cross-seclional  views of alternative
configurations of the mechanical block feature of the exemplary lens of FIG. S,

according to certain embodiments of the present disclosure; and

[0028] FIGS, 11A-11B are cross-sectional views of the exemplary lens of
FI(3. 9, depicting the lens in its accommodated (close vision) state within the

capsular bag;
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(00281 FIG. 12A-12B are cross-sectional view of the exemplary lens of
FIG. 9, depicting the lens in its disaccommodated (near vision) state within the

capsular bag,; and

(0030 FIG. 13 is a plot illustrating the optical power of the exemplary

lenses of FIGS. 5 and 9A-9B versus compression of the capsular bag.

[0031] The skilled person in the art will understand that the drawings,
described below, are for lllustration purposes only. The drawings are not

intended to limit the scope of the applicant’s teachings in any way.
DETAILED DESCRIPTION

[0032]  The present disclosure generally relates to an intraccular lens (10L)
configured to be implanted in the capsular bag of a patient and that can utilize
the movement of the capsular bag to change the power of the [OL. With
reference to FIGS. 1 and 2, an exemplary 1OL 10 is depicted, according to
certain embodiments of the present disclosure. As shown in FiG. 1, the I0L
10 generally comprises a fluid optic body 20 and a second optic body 30
separated a distance apart. A plurality of struts 40 extend between the fluid
optic body 20 and the second optic body 30 and coupie the fluid optic body 20
to the second optic body 30, thereby defining a central space. In certain
embodiments, another lens {a.g., as a solid lens) may be disposed in this
central space, as discussed in detall below. When the 10L 10 is implanted
within the capsular bag of a patient’s eye such that the fluid optic body 20 and
second optic body 30 are disposed on the optical axis {A) {gllowing light
traversing the 10OL 10 to be refracted by fluid optic body 20 and/or second
optic body 30), the compression of ihe capsular bag during
disaccommodation can cause the plurality of struts 40 to deform (e.g., rolate,
flex, bend, bow out) in manner that changes the shape of the fluid optlic body

20, thereby altering the optical power of the 10OL 10.

[0033] The fluid optic body 20 of IOL 10 can have a variety of
configurations but generally comprises & sealed cavity for containing an
optical fluid, the sealed cavity being at ieast partiaily defined by a deformable
optical membrane. As best shown in FIG. 2, the fluid optic body 20 comprises

a deformable optical membrane 22, a posterior optic 24, and a circumferential
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sidewall 26 extending therebetween such that a sealed cavity 28 (which may
contain an optical fluid) is formed within the fluid optic body 20. As discussed
in detail below, the sidewall 26 can be coupled o the deformable optical
membrane 22 such thatl rotation/flexion of af least a portion of the sidewall 26
{e.g., due o movement of the struts 40} increases tension on the deformable
optical membrane 22. In certain embodiments, the posterior optic 24 may be
more rigid than the deformable optical membrane 22 so as o provide a
relatively rigid swrface upon which the axial force can be applied during
comprassion of the capsular bag. For example, the posterior optic 24 may be
formed from a stiffer (e.g., less elastic) malerial than deformable optical
membrane 22. Alternatively, the posterior oplic 24 may be formed of the
same material deformable optical membrane 22 but may have an increased

thickness relative {o deformable optical membrane 22.

[0034] In certain embodiments, the junction of the posterior optic 24 and
the sidewall 26 can be z relatively-sharp edge (8.g., the surfaces may be
substantially perpendicular 0 one another) so as to creale a discontinuous
capsuiar bend at this junciion during compression of the capsular bag.
Likewise, such a discontinuous bend can be generated st the anterior portion
of the IOL 10, for example, via a circumferential lip about the anterior optic
body 30C.

[0035] Although the deformable optical membrane 22 is depicted and
described herein as being located anierior io the posterior oplic 24 when
disposed within the capsular bag 2 (such that the posterior oplic 24 contacts
at least a portion of a posterior surface 6 of the capsular bag 2), the present
disclosure contemplates that an 10L 10 may alternatively be configured such
that, when implanted within the capsular bag 2, the deformable membrane 22
may be localed posterior to the deformable membrane 22 (such that the
posterior optic 24 contacts at least a portion of an anterior surface 4 of the

capsular bag 2).

[0036] The second optic body 30 of IOL 10 may include any suitable optic
hody facilitating the funclionality described herein. For example, as depicted
in FIGS. 1 -2, second optic body 30 may comprise a solid (i.e., second optic

body 30 may lack a cavity). As a resull, second optic body 20 may provide a



WO 2017/153857 PCT/IB2017/050885

relatively rigid surface upon which the axial force during compression of the
capsular bag may be applied. As another example, second optic body 30
may comprise a fluid optic similar to fluid optic body 20. In other words, 10L
10 may comprise both an anterior fluid optic {8.g., second optic body 30} and
a posterior fluid optic {e.g., Auid optic body 20) each of which comprises a
deformable optical membrane that changes shape upon axial compression of

the capsular bag.

[0037]  The fluid optic bedy 20 and the second optic body 30 of iOL 10 may
each comprise a variety of materials that include, for example, fluid
impermeable and biccompatible materials.  In particular, the deformable
optical membrane 24 and the posterior oplic 24 may each be constructed of
materials that are optically transparent and smocoth {(2.g., an optical-quality
surface). Exemplary materiais include, hydrogels, silicones, acryiic materials,
and other elastomeric polymers and soft plastics. For example, the silicone
materials can be unsaturated terminated siloxanss, such as vinyl lerminated
siloxanes or multi-vinyl terminated siloxanes. Non-limiting examples include
vinyl lerminaied diphenvisiioxane-dimethyisiioxane copoiymers,  vinvl
terminated polyphenylimethylsiloxanes, vinyt terminated
phenyimethylsiloxane-diphenyidimethylsiloxane copolymers, vinyl terminated
polydimethyisiloxanes and methacrylate, and acrylate funciional siloxanes. In
other embodiments the lens-forming materials can be a hydrogel or a
hydrophobic acrylic, such as the AcrySof® acrylic. Use of elastic/flexible
materials can also enable the 10L 10 or optic body 20 to be folded upon itself
during implantation, thereby decreasing the size of the incision required to
insert the I0L 10 into the capsular bag 2. The present disclosure
contemplates that fluid optic body 20 and the second optic body 30 may be

construcied of the same or different materials.

10038] In certain embodiments, fluid optic body 20, second optic body 30,
and struts 40 can comprise a unitary body formed of the same material
throughout, though these portions may vary in thickness in order to provide for
desired movement of the IOL 10, as otherwise discussed herein.  For
example, second optic body 30 may be thicker than struts 40 and sidewall 26

such that the second oplic body 30 provides structural support to the IOL 10
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during axial compression of the capsular bag and efficiently transfers the axial
force to the struts 40, the sidewall 28, and ulimately 1o the deformable optical
membraneg 22. Likewise, the posterior oplic 24 may be thicker relative io the
sidewall 26 and deformable oplical membrane 22 such that the posterior oplic
24 may also provide structural support for the 10OL 10 upon axial compression
of the capsular bag. Additionally, this configuration may allow the sidewall 26
to flex or rotate in response to the deformation of siruts 40, thereby

tensioning/stretching the deformable optical membrane 22.

(0039} in certain embodiments, various portions of the I0OL 10 may be
made of materials of different stiffness to provide for desired movement of the
IOL 10, as otherwise discussed herein. For example, the deformable optical
membrane 22 may be made of an elastomeric material having a low modulus,
while the second oplical body 20 and posterior oplic 24 may be of a more rigid

material.

[0040]  The various components of I0OL 10 may each have any suitable
configuration facilitating accommodation as described herein. For example,
fluid optic body 20 and second optic body 30 may each have substantially
circular cross sections.  Alternatively, fluid optic body 20 and second optic
body 30 may each have non-circular cross sections (e.q., oval or elliptical
cross-section).  Additionally, the sidewall 26 of fluid oplic body 20 may have
any suitable configuration that facilitates rotation/flexion in response o
deformation of the atlached siruts 40. For example, the sidewall 26 may
define a diameter 27 of the fluid optic body 20, and the deformable optical
membrane 22 may span thal diameter. Upon axial compression of the
capsular bag (in the direction indicated by the arrows in FIG. 2), struts 40 may
impart a force on the sidewall 26, thereby causing deformation of the sidewall
26 in a manner that cause the diameter 27 defined by the sidewall o
increase. In particular, the sidewall 26 may deform such that al least a portion
of the sidewall 28 rotates about a pivol. This increase in diameter 27 of
sidewall 26 may cause a change in the radius of curvature of the deformable
optical membrane 22 {e.g., by radially streiching the deformable optical

membrane 22).
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[0041]  The present disclosure contemplates that the term “diameter” may
encompass mulliple diamsters in the case of a fluid oplic body 20 having a
non-circular cross section {e.q., an elliptical cross section having a iransverse
and conjugate diameter). Moreover, when the term “diameter” encompasses
multiple diameters, deformation of the sidewall in a manner that increases the
diameter defined by the sidewall to increase may encompass an increase in

one or more of those diameters.

[0042] The optical fluid contained within the cavily 28 of IOL 10 may be
any suitable fluid and may include, for example, an incompressible or
substantially incompressible fluid exhibiting an index of refraction different that
the fluid surrcunding the IOL 10, As a resull, light passing through the IOL 10
may undergo refraction at both the deformable optical membrane 22 and the
posterior oplic 24, the level of refraction being dependent upon the shape of
the boundary between the optical fluid and the external fluid (i.e., the shape of
the deformable optical membrane 22 and the posterior optic 24 relative (o the
optical axis(A)). Exemplary suitable fluids for use in the cavily 28 include
fluids with an index of refraction higher than water, for example, an index of
refraction greater than 1.3, In certain embodiments, the fluid may exhibit an
index of refraction greater than 1.36 or greater than 1.38. In other
embodiments, the index of refraction may be in the range of about 1.3 {0
about 1.8, in the range of about 1.36 to about 1.70, or in the range of about
1.38 to about 1.60. Suitable fluids may include saline, hydrocarbon oils,

silicone oils, and silicone gels.

[0043] The optical fluid may be disposed within the cavity 28 during
fabrication of the 10L 10, after fabrication but before implantation of the 1OL
10, or after implantation of the 10L 10. For example, the optic body 20 may
include a fill port that can be sealed or plugged after filling the cavily 28.
Additionally or alternatively, the optical fluid may be injected through the oplic

body 20 and the oplic body 20 may be self-sealing.

[0044] The plurglity of struts 40 may have any suitable configuration
facilitating accommodation of the 1OL 10 as described herein.  For example,
each of the plurality of struis 40 may generally extend between the fluid optic

body 20 and the second optic pody 30 (thereby coupling the fluid optic body
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20 to the second optic body 320} and may be configured to move or deform in
response to axial compression of the capsular bag {(as described in detail
below). In particular, as shown in FIG. 1, each of the plurality of struis 40 may
extend in a direction substantially paraliel to the optical axis (A) and couple a
point or region on the circumference of the fluid optic body 20 o a point or
region on the circumference of the second optic body 30, Although a
particular number of siruis 40 are depicted, the present disclosure
contemplates any suitable number of struts 40 facilitating to translation of
axial compression of the capsular bag into modification of the curvature of at

least the deformabie optical membrane 22.

0045} In certain embodiments, each of the struts 40 may be curved. As g
resull, the axial force imparted by the capsular bag may tend to increase
radial bowing of the struts 40. As & result, the maximum diameter of the IOL

10 in the disaccommodated state may be increased.

[0046] In certain embodimenis, struis 40 may have cross-sectional areas
that varies with length so as to provide additional support and/or to provide for
the movement of the struls 40 as discussed herein. For example, portions of
a struts 40 that are closer to the fluid optic body 20 (e.q., the posterior end of
the strut 40) may be thinner relative {o the portions of the sitrut 40 closer to the
second optic body 30 (e.q., the anterior end of the strut). As a result, the
posterior end of the strut 40 may move in response 0 axdial compression so

as to increase the deformation of the deformable optical membrane 22.

0047} in certain embodiments, adjacent struts 40 may be coupled {o one
another via a ring-like structure 46 disposed around the circumference of the
IOL 10, Ring 48 may increase stability of the 10OL 10 within the capsular bag
and/or improve the uniformity of the force exeried on the struts 40 and
deformable membrane 22 as the IOL 10 is axially compressed. Additionally,
the axial force exerted on the second optic body 30 may be more evenly
distributed between the struis 40 due to their coupling with the ring 46, and
the ring 46 may provide additional support to the struts 40 at g location
hetween the fluid optic body 20 and the second optic body 30 in which stress

on the struts 40 during axial compression is concentrated.
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[0048] In certain embodiments, the fluid optic body 20, the second optic
body 30, and the struts 40 may each be dimensioned such that, in its resting
state (as shown in FIG. 2), the ICL 10 may have a length along the optical
axis (A) that is slightly larger than the anteriorto-posterior depth of the
capsular bag. As a result, tension exerted by the capsular bag on the IOL 10
upon implantation may substantially maintain the 10L 10 in a desired position.
Additionally, the fluid oplic body 20, the second optic body 30, and the siruts
40 may each be dimensionad such that the surface area that engages the
anterior and posterior surfaces of the capsular bag is maximized while
minimizing the overall volume of the IOL 10, For example, the radial
dimensions of the 0L 10 may be slightly smailer than diameter of the
capsular bag to help maximize the transfer of energy to the IOL 10 by

minimizing loss of energy due to lateral stretching of the 10L 10,

[0048] Movement of the exemplary I0L 10 will now be described as the
capsular bag 2 goes from an accommodated state, as shown in FIG. 3A, lo a
disaccommodated state, as shown in FiG. 3B. With reference first to FIG. 3A,
the 10L 10 and capsular bag 2 are depicted in their accommodated state
during which the ciliary muscles are contracted such that zonules extending
hetween the ciliary muscles and the capsular bag 2 are slack. As a result,
there exists little radial tension on the capsular bag 2. As discussed above,
IOL 10 may be sized such that, in this state, the fluid optic body 20 and the
second optic body 30 may each be in contact with the capsular bag 2, but the
capsular bag 2 may exert a minimum amount of axial force on the 10OL 10
This minimum amount of axial force may help maintain the 1OL 10 in a desired

position within the capsular bag 2.

(0507 Upon relaxation of the ciliary muscles, the zonules will exert radial
tension on the capsular bag 2 {as indicated by the solid arrows in FIG. 3B),
which causes axial compression of the capsular bag 2 (as indicaled by the
broken arrows). As a result, the capsular bag 2 may exert a force on the 1OL
10 (specifically fluid optic body 20 and second oplic body 30), and this force
may cause a decrease in the separation distance between fluid oplic body 20
and second optic body 30. This decrease in the separation distance belween

fluid optic body 20 and second optic body 30 may contribute o the oplical
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power change of the IOL 10. However, the primary factor affecting the optical
power change of the IOL 10 may be the curvature change of the deformable
optic membrane 22 resulting from deformation of siruts 40, as discussed

further below.

[0051]  As is illustrated by comparing FIGS. 3A and 3B, the maximum
diameter of {OL 10 (e.g., the diameter measured at the ring 48) may increase
due deformation of struls 40 resuiting from axial compression of the capsular
bag 2. In particular, the posterior-curved portions of the struts 40 located
adjacent to fluid oplic body 20 may move radially and/or posteriorly (e.g.,
through rotation about the fluid optic body 20). Because the posterior-most
ends of struts 40 are coupled fo the sidewall 26, such deformation of the
struts 40 may impart a force upon the sidewall 26 and cause deformation of
the sidewall 28. For example, at least a portion of the sidewall 26 may rotate
outward about a pivot such that the diameter 27 defined by the sidewall 26
increases.  In cerfain embodiments, the portion of sidewall 26 defining
diameter 27 (i.e., the point at which sidewall 28 and deformable optical
membrang 22 intersect) may anteriorly raise the periphery of the deformable
optic membrane 22. Deformation of sidewall 26 in a manner that increases
diameter 27 may increase tension and radial strelching of the deformable
membrane 22. As a result, the deformable optical membrane 22 may exhibit
a flatter profile (e.g., a larger radius of curvature). Additionally, the distance
between the deformable oplical membrane 22 and the posterior optic 24
(along the optical axis {A)) may be decreased. As the radial force on the
capsular bag 2 is relaxed, the capsular bag 2 and IOL 10 may return to their

biased configuration shown in FIG. 2.

[0052]  With reference now to FIGS. 4A and 4B, finite element analysis of
exemplary simulated movement of the IOL 10 is depicted as the IOL 10
moves from its resting or accommodated state {as shown in phantom outline)
to its disaccommodated state {(as shown in solid color). Upon axial
compression of the capsular bag, the axial compressive force on the IOL 10
increases, initiating movement of the struts 40 and deformation of the sidewall
26. This movement of struts 40 transfers at least a portion of the force

exerted on 10L10 to the sidewall 26, which in turn transfers at least a poriion
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of that force o deformable optical membrane 22. The resuiting stress on
deformable optical membrane 22 is at a maximum along the optical axis as
the deformable optical membrane 22 is pulled from all sides. As compression
continues, the struts 40 rotate further and the cavity 28 containing the optical

fluid changes shape as the deformable optical membrane 22 becomes flatter.

[0053] As the thickness of the sidewall 26 increases and/or ils height
decreases, the overall power change of the IOL 10 during compression may
decrease or a greater axial compressive force 1o achieve the same
deformation may be required. In order to achieve maximum power change,
the thickness of the sidewall 28 (i.e., in a radial direction) may be significantly
less than iis height (i.e., along the optical axis {A)). Additionally, increased
thickness of the junction of the deformable optical membrane 22 and the
sidewall 26 may help in distributing the deformation from the struis 40 more
uniformly on the optic membrane 22, which may reduce the number of siruts
40 needed without inducing optical aberrations in the deformable optical

membrane 22.

[0054] The present disclosure contemplates that the thickness of the
deformable optical membrane 22 may be manipulated (e.g., increased,
decreased, and/or varied about iis area) so as to maintain good visual acuity
and high power change throughout accommuodation. For example, a convex
deformable optical membrane 22 (e, a membrane in which the ceniral
portion is thicker than the periphery) with a low power may reduce aberrations
during accommodation. Alternatively, if the deformable optical membrane 22
is flat (i.e., the membrane exhibits a subsiantially constant thickness), it will
deform more easily in the cenfral part than the periphery. Additionally, the
present disclosure contemplates that each surface of the IOL 10 within the
optical aperture lens can be spherical or aspheric so as to aller the optical
properties of light raversing thergthrough. For example, the various surfaces
of the second optic body 30 provide various locations 1o include complex
optical designs, in accordance with that process as known in the art and

modified in accordance with the present teachings.

[G055] The above-described ICL 10 may be fabricated using any suitable

techniques known in the art and modified in light of the present teachings.
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For exampie, IOL 10 may be injection molded such that the struts 40 and
deformable optical membrane 22 can be biased o the position shown in FIG.
2. Thatis, in the absence of substantial external forces (e.g., in iis free form
ouiside the eye), the IOL 10 can be configured to mainiain a radius of
curvature approximate its shape in an accommodated state. Accordingly, the
struts 40 would tend to return to this biased position upon removal of or
relaxation of the axial compressive force (e.q., as the capsular bag goes from
its disaccommodated configuration to its accommodated configuration). This
biased configuration may especially aid those patients in which the ciliary
bodies have lost some of their contractility or the capsular bag 2 has lost

some of iis elasticity, for example, due to age.

[00568] With reference now to FIG. &, another exemplary 10L 510 is
depicied. The IOL 510 is substantially similar to the IOL 10 depicted in FIG. 1
in that i includes a fluid optic body 520, a second optic body 530, and a
plurality of struls 540 extending therebetween. Similarly, the fluid optic body
520 defines a cavity 528 for containing a fluid and is configured to change
shape upon axial compression of the 10L 510 due to movement of the struts
540. The IOL 510 differs, however, in that adjacent struts 540 are not coupled
to one ancther at a location between fluid optic bodies 520 and second optic
body 530 {(e.g., via a ring 46 as shown in FIG. 1), Although the ring 46 can
provide stability in some aspects, a lens such as {OL 510 lacking such a ring
may ease implantation {e.g., by allowing the I0OL 510 to be folded into a more
compact shape) and may ease viscoelastic removal. In certain embodiments,
the dimensions of IOL 510 may be have a greater overall diameter relative to
IOL 10 so as to extend more radially within the capsular bag, thereby
increasing stability of the I0OL 510 (e.g., by reducing rotation) following

implantation.

[0057]  With reference now to FIG. 6, finite element analysis of exemplary
simulated movement of the 10L 510 is depicted as the lens 510 moves from
its resting or accommodated state {(as shown in phantom outling) to is
disaccommodated state (as shown in solid color). Upon axial compression of
the capsular bag, the axial compressive force on the IOL 510 initiates

movement of the second optic body 530 and thus rotation and/or bowing out
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of struts 54{0. This rotation resulls in a radial force applied to the deformable
optical membrane 522 such that the cavity 528 containing the optical fluid

changes shape, thereby aitering the power of the fluid optic body 520.

[0058]  With reference now to FIG. 7, an exemplary simulation depicts the
optical power change of the exemplary IOL 510 as it moves from s
accommodated state fo iis disaccommodaled stale. As the lens 510 is
comprassed from s accommodated state (compression = 0 mm) fo its
disaccommodated state (compression = 0.5 mm), the IOL 510 exhibits an
optical power change of -7 diopter, which is a decrease in the focusing power
{for far vision as the light rays from far objects are more paraliel relative to

those from near objects).

[0058] With reference now to FIG. 8, a simulated modulation fransfer
function (MTF) and power change is depicted for a lens in accordance with
FIG. 5. The simulation was performed with a 3mm pupil and a model eye. In
the simulation, a simple spherical convex fype membrane is used. Since
dynamic aberrations are reasonably compensated by the membrane, all MTF

curves are close 1o the diffraction limited MTF over ~8D power change.

[0080]  With reference now to FIGS. 8A-8B, another exemplary 1OL 910 is
depicted. 1OL 910 may be substantially similar to {OL 510 depicted of FIG. 5,
but differing in that the 10L 910 additionally includes a mechanical block
feature configured to interfere with the curvature change that can be exhibited
by the deformabile optical membrane 922, In particular, the mechanical block
feature may consist of two primary components: (1) a central profrusion
portion 950 of the posterior optic 824 extending anteriorly into the cavity 928,
and {2) a ring-shaped protrusion 852 extending posteriorly from the
deformable optical membrane 922 info a portion of the cavity 928 hetween the
sidewall 928 and the central protrusion 850 of the posterior optic 824, This
combination of components may consirain movement of the deformable
optical membrane 922 and define a fixed minimum refractive power (as
described in further detail below). In addition to defining a fixed minimum
refractive power, the mechanical block feature may also be advantageous in
that i reduces the toial fluid volume of cavily 828, increases power change at

fow levels of compression (as illustrated in FIG. 13), and decreases the
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amount of higher order aberrations induced during compression {dus at ieast
in part to the structural stability added o the periphery of the deformable
opticai membrane 822 by ring-shaped protrusion 852).

0061}  Although the components 850/852 of the mechanical block feature
are shown as having particular shapes and relative orientations, the present
disclosure contemplates that the componenis 850/852 of the mechanical
block feature may sach have any suitable shape. For example, FIGS 10A-
10D Hustrate alternatively shaped components 950/852 of the mechanical
block feature illustrated in FIG. 9. In particular, as illusirated, the components
950/952 may have various widths and/or volumes, edges of the components
950/952 may be rounded, and/or draft angles may be applied o various

surfaces of components 950/952.

(0082} FIGS. 11A-11B and 12A-12B illustrate the effect of the mechanical
block feature as the IOL 910 changes power axial compression of the
capsular bag 2. In particular, FIGS. 11A-11B illustrate 10L 910 in an
accommodated stale (maximum refractive power) and FIGS. 12A-12B

Hlustrate 10L 810 in a disaccommodated state (minimum refractive power).

(G063} As discussed above with regard to FIGE. 3A-3B, axial compression
of the capsular bag 2 may cause the posterior-curved portions of the siruts
940 located adjacent to fluid optic body 920 1o move radially and/or posteriorly
{e.q., through rolation about the fluid optic body 820). Because the posterior-
most ends of struts 940 are coupled to the sidewall 926, such deformation of
the struts 940 may impart a force upon the sidewall 926 and cause
deformation of the sidewall 926. For example, at least a portion of the
sidewall 926 may rotate outward about a pivot such that the diameter defined
by the sidewall 26 increases. Such deformation of sidewall 926 may increase
tension and radial stretching of the deformable membrane 822, In addition,
rotation about the pivet point during deformation of sidewall 926 may cause
corresponding rotation of ring-shaped protrusion 852 such that the space
between ring-shaped protrusion 8952 and central protrusion portion 950 is
decreased. As compression continues, ring-shaped profrusion 952 may
contact central profrusion portion 950 and define a maximum deformation of

sidewall 926 as well as a maximum radial stretching of the deformable
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membrane 922. As a resull, ring-shaped protrusion 852 and ceniral
protrusion portion 950 may collectively define a minimum refractive power for
IOL 210.

(0064} FIG. 13 is a plot illustrating the optical power of I0Ls 510 and 910
versus compression of the capsular bag 2. As illustrated, the mechanical
block feature of IOL 810 may increase the rate of optical power change at low
comprassion levels (highlighted by the increased slope of the plot related o
IOL 910 for low compression levels). Additionally, the mechanical block
feature of IOL 910 may define a minimum refractive power for [OL 910 despite
increased compressive force (as the mechanical block feature may provide an

equivalent resistive force that prevents further compression.

[0085]  As noted above, the 1OLs described herein generally provide a
space between the optic bodies and struts within which a solid lens can be
disposed. Whereas the curvature of the deformable optical membrane {e.g.,
deformable optical membrane 22 of FIG. 1) is generally responsible for the
optical power of the [OL, a sclid lens disposed within the space can
additicnally provide for power change or other features (e.g., spherical,
aspheric, toric features), as is known in the arl. To further aid delivery, the
solid lens can also be elastomeric or foidable {0 ease inseriion info the
capsular bag. Additionally or alternatively, a second optic body of the IOLs
described herein can provide for such spherical, aspherical, or toric features,

as noted abovs.

0068} In use, the exemplary accommodative intraccular lenses described
herein are adapted to be inserted in the human eye using conventional
surgical iechnigues modified in accordance with the present teachings.
Typically, the natural crystalline lens is first removed and the 1Ol can be
folded into @ compact size for insertion through an ingision or opening in the
capsular bag. Following insertion, a single piece 10L {(e.q., IOL 10) can be
manipulated {o assume its proper position in the capsular bag, as described
above. Alternatively, an I0L in which multiple components are delivered fo
the capsular bag independently can be assembled in situ {.q., by coupling
the struts 40 to a fluid optic body 20 delivered independenily). In some

aspects, the I0OLs described herein can be implanted in the capsular bag
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without optical fluid contained within the cavity of the fluid optic body such that
the method for implantation can further include filling the cavily with the optical
fluid while the lens is disposed within the eye (e.g., via injection). In this
manner, implantation of the exempiary {Ols described herein can aid in
restoring natural vision by providing an accommodative, curvature-changing
refractive lens that mimics how the natural crystalline lens changes shape in
response {0 movement of the ciliary bodies to variously bend incoming light

onto the retina depending on the desired focal point.

[0087]  The term intraocular lens or "IOL” is used herein fo refer to any lens
or iens component adapted {o be inserted into a patient's eye. Such a lens
can be phakic or aphakic (also referred to in the art as pseudophakic) to
restore, improve, or partially correct vision. Phakic lenses are used in
conjunclion with the natural lens of an eye to correct refractive errors such as
myopia (near-sightedness), hyperopia (far-sightedness) and asligmatism,
coma or other higher order refractive errors {blurred vision dug to poor light
focusing on the retina due to an irregularly shaped cornes or, in some
instances, an irregularly shaped natural lens). An aphakic or pseudophakic
lens is inserted in the eye subsequent to removal of the natural lens due to
disease, e.g., a calaract or clouding of the natural lens. The aphakic or
pseudophakic lens can also resiore, improve, or partiaily correct vision by
providing a power comparable to that of the natural lens and can also correct
myopia, hyperopia or other refractive errors.  Either type of lens may be
implanted in the anterior chamber in front of the iris or in the posterior
chamber behind the iris and in front of the natural lens or in the region where

the natural lens was before removal.

[0088] It will be appreciated that various of the above-disclosed and cother
features and functions, or alternatives thereof, may be desirably combined
into many other different systems or applications. H will alsc be appreciated
that various presently unforeseen or unanticipated alternatives, modifications,
variations or improvements therein may be subsequently made by those
skilied in the art which allemnatives, varigtions and improvements are also

intended to be encompassed by the foliowing claims.
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CLAIMS

1. An intraocular lens configured to be implanted within a capsular
bag of a patient’s eye, the lens comprising:

a fluid optic body comprising a cavity for containing an optical fluid, the
cavity defined by:

a sidewall extending around the cavity and defining a diameter
of the cavity,

a deformable optical membrane intersecling the sidewall around
an anterior circumference of the sidewall and spanning the diameter of the
cavity, the deformable optical membrane configured to extend across the
optical axis of the patient’s eye;

a posterior optic intersecting the sidewall around a posterior
circumference of the sidewall, wherein:

the posterior oplic comprises a central profrusion
exiending anteriorly into the cavity, and
the deformable optical membrane comprises a ring-
shaped protrusion extending posteriorly into a space between the sidewall
and the central protrusion of the posterior oplic; and
a second optic body spaced a distance apart from the fluid optic body
and configured o extend across the oplical axis of the patient's eye,; and
a plurality of struts extending from the sidewall and coupling the fluid
optic body to the second optlic body, the struts being configured such that
axial compression of the capsular bag causes the plurality of struts to deform
the sidewall in a manner that increases the diameter of the cavity such that a
curvature of the deformable oplical membrane is modified, wherein contact
between the ring-shaped protrusion of the deformable optical membrane and
the central protrusion of the posterior optic defines a maximum modification {o

the curvature of the deformable optical membrane.
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2. The intraccular lens of claim 1, wherein the fluid optic body is
configured o be disposed in contact with a first surface of the capsular bag
and the second optic body is configured o be disposed in contact with a

second surface of the capsular bag.

3. The intraoccular lens of claim 1, wherein the deformation of the
sidewall in a manner that increases the diameter of the cavity causes an

increase in tension on the deformable optical membrane.

4. The intraocular lens of claim 3, wherein the deformation of the
sidewsall in a manner that increases the diameter of the cavity causes the

deformable optical membrane to stretch radially.

5. The intraccular lens of claim 1, wherein the struts are configured
such that axial compression of the capsular bag causes deformation of the

struts.

8. The intraocular lens of claim 5, wherein the deformation of the
struts comprises each of the struts bowing ocutward relative 1o the optical axis

of the patient’s eye.

7. The infraccular lens of claim 5, wherein the deformation of the

struts comprises a radius of curvature of each of the struls decreasing.

8. The intraocular lens of claim 1, wherein the modification of the
radius of curvature of the deformable optical membrane comprises an

increass in the radius of curvature.

9. The intraocular lens of claim 1, wherein, upon axial compression
of the capsular bag, a distance between the fluid optic body and the second

optic body along the optical axis decreases.

10. The intraccular lens of claim 1, wherein the deformation of the

sidewall comprises rotation of at least a portion of the sidewall about a pivol.
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11, The intraccular lens of claim 1, wherein each of the plurality of

struts comprises a curved portion that is concave relative to the optical axis.

12. The intraocular lens of claim 1, wherein the second optic body

comprises g solid optic.

13.  The intraocular of claim 1, wherein the second optic body

comprises a second fluid optic body.

14.  The intragcular lens of claim 1, wherein each of the plurality of
struts are coupled o one ancther via a circumferential ring disposed betwesan

the fluid optic body and the second optic body.

15, The intraocular lens of claim 14, wherein the circumferential ring

increases in diameter upon axial compression of the capsular bag.

16.  The intraocular lens of claim 1, further comprising a solid lens

disposed between the fluid optic body and the second optic body.
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