
ADVANCED ELECTRO-ACTIVE OPTIC DEVICE CROSS-REFERENCES
TO RELATED APPLICATIONS [0001] This application claims
the benefit of U.S. Serial No. 61/037,35 1 filed on
March 18, 2008 and U.S. Serial No. 61/060,291 filed on
June 10, 2008, each of which is incorporated by
reference in its entirety. BACKGROUND OF THE INVENTION
Field of the Invention [0002] The present invention
relates to an intraocular optic, an intraocular lens,
a corneal inlay, and a corneal onlay. More
specifically, the present invention relates to an
intraocular optic, an intraocular lens, a corneal
inlay, and a corneal onlay having an apodization mask
and/or a dynamic aperture for increasing depth of
field. The mask and/or aperture may be in optical
communication or integral with an ophthalmic lens that
at least partially corrects a conventional error
(lower order aberrations such as myopia, hyperopia,
regular astigmatism, and presbyopia) and/or a
non-conventional error (such as higher order
aberrations) of a user's eye. Description of the
Related Art [0003] There are two major conditions that
affect an individual's ability to focus on near and
intermediate distance objects: presbyopia and aphakia.
Presbyopia is the loss of accommodation of the
crystalline lens of the human eye that often
accompanies aging. In a presbyopic individual, this
loss of accommodation first results in an inability to
focus on near distance objects and later results in an
inability to focus on intermediate distance objects.
It is estimated that there are approximately 90
million to 100 million presbyopes in the United
States. Worldwide, it is estimated that there are
approximately 1.6 billion presbyopes. Aphakia is the
absence of the crystalline lens of the eye, usually
due to surgical removal during cataract surgery. In an
aphakic individual, the absence of the crystalline
lens causes a complete loss of accommodation that
results in an inability to focus on either near or
intermediate distance objects. For all practical
purposes, an individual will get cataracts if he or
she lives long enough. Furthermore, most individuals
with cataracts will have a cataract operation at some
point in their lives. It is estimated that
approximately 1.2 million cataract surgeries are
performed annually in the United States.[0004] The
standard tools for correcting presbyopia are reading
glasses, multifocal 



ophthalmic lenses, and monocular fit contact lenses.
Reading glasses have a single optical power for
correcting near distance focusing problems. A
multifocal lens is a lens that has more than one focal
length (i.e., optical power) for correcting focusing
problems across a range of distances. Multifocal
lenses are used in eyeglasses, contact lenses, corneal
inlays, corneal onlays, and intraocular lenses (IOLs).
Multifocal ophthalmic lenses work by means of a
division of the lens's area into regions of different
optical powers. Multifocal lenses may be comprised of
continuous surfaces that create continuous optical
power as in a Progressive Addition Lens (PAL).
Alternatively, multifocal lenses may be comprised of
discontinuous surfaces that create discontinuous
optical power as in bifocals or trifocals. Monocular
fit contact lenses are two contact lenses having
different optical powers. One contact lens is for
correcting mostly far distance focusing problems and
the other contact lens is for correcting mostly near
distance focusing problems. [0005] The standard tool
for correcting aphakia is an intraocular lens (IOL). A
first type of IOL is a single vision or multifocal IOL
that is non-accommodating and cannot change its
optical power. A second type of IOL is an
accommodating IOL that can alter its focusing power by
way of example only, compression, translation,
mechanical bending of a surface, or a combination of
the above. Aphakia may also be corrected by using a
single vision IOL in one eye and a multifocal or
accommodating IOL in the other eye, or any combination
thereof. [0006] Alternate approaches are also being
used to correct presbyopia. One approach is a corneal
inlay that provides a small, fixed diameter aperture.
By way of example only, the ACI 7000 corneal inlay
made by AcuFocus is approximately 3.8 mm in diameter,
10 mm thick, and contains an opaque annulus with a 1.6
mm diameter transparent opening. This opening acts to
reduce the aperture of the human eye to a smaller
diameter than what is normally achievable by the
natural constriction of the pupil. [0007] As is well
known in the art, limiting the diameter of the
aperture of an optical system increases the system's
depth of field. Depth of field is the distance in
front of and behind the object plane that appears to
be in focus on the image plane. Although an optical
system can only provide for the precise focus of an
object at the focal distance, in a system with
increased depth of field, the decrease in sharpness on
either side of the focal distance is gradual.
Therefore, within the depth of field, the blurring
produced on the image plane is 



imperceptible under normal viewing conditions. An
aperture is used to increase depth of field by
eliminating at least a portion of the light rays which
make a large angle with thelens's optical axis
(non-paraxial light rays). Non-paraxial light rays are
only sharply focused when originating from objects
located at the focal distance. For objects located at
other distances, non-paraxial light rays have the
highest deviation from the image plane. By eliminating
non-paraxial light rays, the deviation from the image
plane is minimized and objects located within a fixed
distance of the focal distance (i. e., within the
depth of field) appear in focus. [0008] The small
aperture counteracts some of the effects of presbyopia
by creating a larger range of distances that appear in
focus and allows presbyopes to conduct near vision
tasks without the need for multifocal contact or
spectacle lenses. The ACI 7000 is manufactured from
bio-compatible materials whose optical properties are
static, such as polyvinyldene fluoride or non-hydrogel
microporous perflouroether, by way of example only. As
such, once the inlay is placed within the cornea its
refractive optical power is fixed. [0009] The AcuFocus
corneal inlay is designed to reduce the amount of
light which reaches the retina. Additionally, the
inlay is usually only be implanted in one eye as
deleterious optical effects such as halos, doubling of
vision, light scattering, glare, loss of contrast
sensitivity, and/or reduction of light hitting the
retina are too great and may be unacceptable when the
inlay is implanted in both eyes. These deleterious
effects are caused by the size of the inlay's aperture
and occluded annulus in relation to the size of the
pupil. These effects especially occur at night when
the pupil dilates. [0010] Another approach for
correcting presbyopia is corneal refractive surgery in
which one eye is corrected for far distance and the
other eye is corrected for near distance. Another
approach is a corneal inlay that provides a multifocal
effect using diffractive optics, for example. [0011]
However, each of these approaches for correcting
presbyopia and/or aphakia has drawbacks. Of course,
some of these drawbacks are more severe than others.
For example, while spectacle eyewear is capable of
correcting one's vision for far, near and intermediate
distances, this approach requires wearing a device
that takes away from one's natural appearance. Also,
in some cases, certain multifocallenses may cause the
user to perceive distortion and experience vertigo. 



[0012] Approaches for correcting presbyopia and/or
aphakia that include the use of contact lenses can
cause discomfort and can also result in one or more
of: halos, doubling of vision, light scattering,
glare, loss of contrast sensitivity, limited range of
focus, and/orreduction of light hitting the retina.
Approaches that include the use of IOLs can result in
one or more of: light scattering, glare, halos,
ghosting, loss of contrast sensitivity, limited range
of focus, and/or reduction of light hitting the
retina. [0013] These drawbacks, or compromises to
one's vision, can be very problematic especially, by
way of example only, when driving at night, driving in
the rain, or working on a computer. Therefore, there
is a need for a superior mode of correction for
presbyopia and/or aphakia. BRIEF SUMMARY OF THE
INVENTION [0014] An ophthalmic device as described
herein may include an aperture, a peripheral region, a
first transparent electrode having a plurality of
pixel regions and a second transparent electrode
disposed over the first transparent electrode, and an
electro-active layer disposed between the first
electrode and the second electrode, the electro-active
layer including a material that allows for a variable
transmission of light. The pixel regions may be
individually addressable. The optical transmission of
the aperture, the peripheral region, or both may be
adjustable. The shape of the aperture may be
adjustable to various shapes and diameters, including
shapes other than a circle, and the aperture may be
positioned relative to the line of sight of a user of
the device. The aperture also may be repositioned
after the device has been applied to the user's eye.
The device may be worn binocularly by the wearer, and
may be capable of correcting higher order aberrations
of the wearer's vision. When worn, the device may be
fixed in position relative to the wearer's pupil.
[0015] An ophthalmic device as described herein may
include an apodization mask constructed from an
electro-active, transparent substrate, where the
substrate has at least one optical transmission
property that is alterable by electrical activation.
The adjustable optical transmission property may be,
for example, the index of refraction of the substrate,
or the amplitude and/or phase of transmitted light.
The device may include a dynamic aperture, where the
shape and size of the aperture may be defined based on
a modulation transfer function of the wearer's eye,
and the geometry of the aperture may be remotely
adjustable. The apodization mask may provide a
transmission profile, such as a phase/amplitude
profile, 



associated with a retinal image quality for distance
vision and an ambient light level range. When worn,
the device may be fixed in position relative to the
wearer's pupil.An ophthalmic device as described
herein may include an apodization mask having a
transparent substrate, where the substrate has at a
refractive index gradient. The device may include a
dynamic aperture which may be remotely adjustable.
When worn, the device may be fixed in position
relative to the wearer's pupil. An ophthalmic device
as described herein may include a substrate and a
liquid crystal layer capable of altering the optical
transmission of the device, typically by about 30% -
99% upon electrical activation. The liquid crystal
layer may be pixilated, and the device may include a
controller capable of activating segments of the
liquid crystal layer in a desired pattern. When worn,
the device may be fixed in position relative to the
wearer's pupil. BRIEF DESCRIPTION OF THE DRAWINGS
[0016] Aspects and features of the invention will be
understood and appreciated more fully from the
following detailed description in conjunction with the
figures, which are not to scale, in which like
reference numerals indicate corresponding, analogous
or similar elements. [0017] Figure 1 shows a cross
section of a healthy human eye. [0018] Figure 2A shows
an exploded cross-sectional side view of an
electro-active element having a dynamic aperture.
[0019] Figure 2B shows a collapsed cross-sectional
side view of the electro-active element of Figure 2A.
[0020] Figure 2C shows an exploded cross-sectional
side view of an element having an apodization mask.
[0021] Figure 2D shows a collapsed cross-sectional
side view of the element of Figure 2C. [0022] Figure
3A shows a plurality of electrode rings operable for
creating a dynamic aperture. [0023] Figure 3B shows an
example of a dynamic aperture having pixilated
electrodes operable for creating a dynamic
aperture.[0024] Figure 3C shows an example of a
dynamic aperture having pixilated electrodes operable
for creating a dynamic aperture. [0025] Figure 3D
shows an example of a dynamic aperture having
pixilated electrodes 



operable for creating a dynamic aperture. [0026]
Figure 4A shows an exploded cross-sectional side view
of an electro-active element having a dynamic
aperture. [0027] Figure 4B shows a collapsed
cross-sectional side view of the electro-active
element of Figure 4A. [0028] Figure 5 shows several
arrangements of the electrode rings shown in Figure 3A
herein the geometric center of a dynamic aperture may
be repositioned relative to the geometric center of
one's pupil. [0029] Figure 6 shows a stack of five
electro-active elements that may each be used for the
different arrangements of ring electrodes shown in
Figure 5. [0030] Figures 7A, 7B, and 7C show devices
having a dynamic aperture which are useful as a
corneal inlay, or corneal onlay. [0031] Figure 8 shows
an IOO located in an anterior chamber of an eye and in
optical communication with a healthy presbyopic
crystalline lens. [0032] Figure 9 shows an IOO located
in an anterior chamber of an eye and ill optical
communication with an IOL. [0033] Figure 10 shows an
IOO located in an anterior chamber of an eye and in
optical communication with an IOL that corrects for
far distance vision only. [0034] Figure 11 shows an
IOO located in an anterior chamber of an eye and in
optical communication with an IOL that corrects for
far distance vision and near distance vision. [0035]
Figure 12 shows an IOO located ill a posterior chamber
of an eye and ill optical communication with an IOL.
[0036] Figure 13 shows an IOL having a dynamic
aperture in the portion of the IOL closest to the
eye's pupil.[0037] Figure 14 shows an IOL having a
dynamic aperture in the middle portion of the IOL.
[0038] Figure 15 shows an IOL having a dynamic
aperture in the portion of the IOL closest to the
eye's retina. [0039] Figure 16 shows a corneal inlay
having a dynamic aperture in optical communication
with a healthy presbyopic crystalline lens. [0040]
Figure 17 shows a corneal inlay having a dynamic
aperture in optical 



communication with an IOL. [0041] Figure 18 shows that
during the day, or in light, when a user's pupil is
constricted, a sensor senses the increase of light and
a controller may cause a dynamic aperture in an
electro-active element to constrict. [0042] Figure 19
shows that at night, or in darkness, when a user's
pupil is dilated, a sensor senses darkness and a
controller may cause a dynamic aperture in an
electro-active element to dilate or remain dilated.
[0043] Figure 20 shows the normal operation of a
sensor and controller that have been overridden in
which a dynamic aperture in an electro-active element
is constricted for near distance tasks in dark
lighting conditions even though a user's pupil is
dilated. [0044] Figure 2 1 shows a folded optic or
lens having one or more electro-active elements.
DETAILED DESCRIPTION OF THE INVENTION [0045] As used
herein, an electro-active element refers to a device
with an optical property that is alterable by the
application of electrical energy. The alterable
optical property may be, for example, optical power,
focal length, diffraction efficiency, depth of field,
optical transmittance, tinting, opacity, refractive
index, chromatic dispersion, or a combination thereof.
An electro-active element may be constructed from two
substrates and an electroactive material disposed
between the two substrates. The substrates may be
shaped and sized to ensure that the electro-active
material is contained within the substrates and cannot
leak out. One or more electrodes may be disposed on
each surface of the substrates that is in contact with
the electro-active material. The electro-active
element may include a power supply operably connected
to a controller. The controller may be operably
connected to theelectrodes by way of electrical
connections to apply one or more voltages to each of
the electrodes. When electrical energy is applied to
the electro-active material by way of the electrodes,
the electro-active material's optical property may be
altered. For example, when electrical energy is
applied to the electro-active material by way of the
electrodes, the electroactive material's index of
refraction may be altered, thereby changing the
optical power of the electro-active element. [0046]
The electro-active element may be embedded within or
attached to a surface of an ophthalmic lens to form an
electro-active lens. Alternatively, the electro-active
element may be embedded within or attached to a
surface of an optic which provides substantially no 



optical power to form an electro-active optic. In such
a case, the electro-active element may be in optical
communication with an ophthalmic lens, but separated
or spaced apart from or not integral with the
ophthalmic lens. The ophthalmic lens may be an optical
substrate or a lens. A "lens" is any device or portion
of a device that causes light to converge or diverge
(i. e., a lens is capable of focusing light). A lens
may be refractive or diffractive, or a combination
thereof. A lens may be concave, convex, or planar on
one or both surfaces. A lens may be spherical,
cylindrical, prismatic, or a combination thereof. A
lens may be made of optical glass, plastic,
thermoplastic resins, thermoset resins, a composite of
glass and resin, or a composite of different optical
grade resins or plastics. It should be pointed out
that within the optical industry a device can be
referred to as a lens even if it has zero optical
power (known as piano or no optical power). However,
in this case, the lens is usually referred to as a
"piano lens". A lens may be either conventional or
non-conventional. A conventional lens corrects for
conventional errors of the eye including lower order
aberrations such as myopia, hyperopia, presbyopia, and
regular astigmatism. A nonconventional lens corrects
for non-conventional errors of the eye including
higher order aberrations that can be caused by ocular
layer irregularities or abnormalities. The lens may be
a single focus lens or a multifocal lens such as a
Progressive Addition Lens or a bifocal or trifocal
lens. Contrastingly, an "optic", as used herein, has
substantially no optical power and is not capable of
focusing light (either by refraction or diffraction).
The term "refractive error" may refer to either
conventional or non-conventional errors of the eye. It
should be noted that redirecting light is not
correcting a refractive error of the eye. Therefore,
redirecting light to a healthy portion of the retina,
for example, is not correcting a refractive error of
the eye.[0047] The electro-active element may be
located in the entire viewing area of the
electro-active lens or optic or in just a portion
thereof. The electro-active element may be located
near the top, middle or bottom portion of the lens or
optic. It should be noted that the electro-active
element may be capable of focusing light on its own
and does not need to be combined with an optical
substrate or lens. [0048] Figure 1 shows a cross
section of a healthy human eye 100. The white portion
of the eye is known as the sclera 110. The sclera is
covered with a clear membrane known as the conjunctiva
120. The central, transparent portion of the eye that
provides most of the eye's 



optical power is the cornea 130. The iris 140, which
is the pigmented portion of the eye and forms the
pupil 150. The sphincter muscles constrict the pupil
and the dilator muscles dilate the pupil. The pupil is
the natural aperture of the eye. The anterior chamber
160 is the fluidfilled space between the iris and the
innermost surface of the cornea. The crystalline lens
170 is held in the lens capsule 175 and provides the
remainder of the eye's optical power. A healthy lens
is capable of changing its optical power such that the
eye is capable of focusing at far, intermediate, and
near distances, a process known as accommodation. The
posterior chamber 180 is the space between the back
surface of the iris and the front surface of the
retina 190. The retina is the "image plane" of the eye
and is connected to the optic nerve 195 which conveys
visual information to the brain. [0049] A static
(non-dynamic) small aperture may have the benefit of a
large depth of field but also has the detriment of
decreased transmission of light through the lens or
optic. Likewise, a static large aperture may have the
benefit of increased transmission of light through the
lens or optic but also has the detriment of a
decreased depth of field. [0050] An ophthalmic device
(that may be a lens or an optic) may include an
electroactive element having a dynamic aperture. As
used herein, a dynamic aperture is an aperture having
an alterable diameter. The aperture diameter of the
dynamic aperture may be capable of switching between
two or more diameters, for example, between a first
diameter and a second diameter. The dynamic aperture
may switch between diameters continuously (i.e., in a
smooth transition) or discontinuously (i.e., in
discrete steps). The dynamic aperture may have a
minimum non-zero aperture diameter or may be capable
of completely closing such that the aperture diameter
is zero. The dynamic aperture may create apertures
having a circular shape, an elliptical shape, or any
shape.[0051] A dynamic aperture may be capable of
alternating between a decreased size for increased
depth of field (and decreased transmission of light)
and an increased size for increased transmission of
light (and a decreased depth of field). The size of
the dynamic aperture may be decreased for near
distance and/or intermediate distance vision when a
large depth of field is most beneficial to a user. The
dynamic aperture may be increased in size from the
diameter appropriate for proper near distance vision
to a larger diameter appropriate for proper
intermediate distance vision. The dynamic aperture's
diameter may be further increased in size for proper
far distance vision to provide for an increased
transmission of 



light since a large depth of field is not critical for
far distance vision. [0052] As used herein, an
aperture refers to a first region, typically at or
near the entrance pupil, that is encompassed by a
second region, which may be annular, where the second
region has at least one optical characteristic
different than the first region. For example, the
second region may have a different optical
transmission, refractive index, color, or optical path
length than the first region. The second region may be
referred to as a peripheral region. The optical
properties of each region may remain constant within
each region, or may vary based on the radius of the
region or another function. An apodization function
may be used to describe the variation in one or more
optical properties of one or both regions. [0053] An
apodization mask may be used to alter light entering a
wearer's eye. As used herein, a mask refers to a
device that includes a controllable aperture. In some
configurations, the mask operates by modulating the
amplitude, phase, or both of light that is transmitted
into the eye through the aperture. The aperture may be
a static or a dynamic aperture. The mask may be a
static mask, i.e., may always provide the same
modulation of light such as where a static gradient of
refractive index or optical transmittance is
incorporated into a layer of the device, or it may be
a dynamic mask that has an alterable index of
refraction or optical transmittance. [0054] As used
herein, an intraocular optic (IOO) is an optic (having
substantially no optical power) that is inserted or
implanted in the eye. An intraocular optic may be
inserted or implanted in the anterior chamber or
posterior chamber of the eye, into the stroma of the
cornea (similar to a corneal inlay), or into the
epithelial layer of the cornea (similar to a corneal
onlay), or within any anatomical structure of the
anterior chamber of the eye. An intraocular optic has
substantially zero optical power and therefore cannot
focus light. Rather, an intraocular optic as described
herein may have a dynamic aperture and may only be
capable of providing an increased depth of
field.[0055] As used herein, an intraocular lens (IOL)
is a lens (having optical power) that is inserted or
implanted in the eye. An intraocular lens may be
inserted or implanted in the anterior chamber or
posterior chamber of the eye, into the capsular sac,
or the stroma of the cornea (similar to a corneal
inlay), or into the epithelial layer of the cornea
(similar to a corneal onlay), or within any anatomical
structure of the eye. An intraocular lens has one or
more optical powers and may or may not also have a
dynamic aperture. When the IOL has a 



dynamic aperture it may be capable ofproviding an
increased depth of field. [0056] As used herein, a
corneal inlay is an optic (having substantially no
optical power) or a lens (having optical power) that
is inserted or implanted within the stroma of the
cornea When referring specifically to a corneal inlay
optic, the terms "corneal inlay optic" or "piano
corneal inlay" may be used. When referring
specifically to a corneal inlay lens, the terms
"corneal inlay lens" or "focusing corneal inlay" may
be used. As used herein, a corneal onlay is an optic
(having substantially no optical power) or a lens
(having optical power) that is inserted or implanted
within the epithelium layer of the cornea. When
referring specifically to a corneal onlay optic, the
terms "corneal onlay optic" or "piano corneal onlay"
may be used. When referring specifically to a corneal
onlay lens, the terms "corneal onlay lens" or
"focusing corneal onlay" may be used. [0057] An
electro-active element having a dynamic aperture may
be integral with (i. e., embedded within or attached
to) a corneal inlay, a corneal onlay, an IOO, or an
IOL. The IOO or IOL may be inserted or implanted in
the anterior- chamber or posterior chamber of the eye,
into the stroma of the cornea (as a corneal inlay), or
into the epithelial layer of the cornea (as a corneal
onlay). The corneal inlay and corneal onlay may be
either a lens capable of focusing light (and therefore
having an optical power) or an optic incapable of
focusing light (and therefore having substantially no
optical power). Electro-active elements as described
herein may provide an increased depth of field, and
may at least partially correct for a conventional
and/or non-conventional error of a user's eye.
Electro-active elements may be used in optical
communication with one or more of the following
devices which are capable of focusing light and may at
least partially correct for a conventional and/or
nonconventional error of a user's eye: a spectacle
lens, a corneal inlay, a corneal onlay, or an
intraocular lens. A dynamic aperture may provide for
an increased depth of field and may be in optical
communication and/or integral with an ophthalmic lens
(which may be a single vision or multifocal lens)
which corrects for refractive errors (such as
presbyopia). A mostly continuous range of perceived
focus from near distance to far distance may be
achieved . Forexample, a dynamic aperture may provide
increased depth of field which serves to provide a
continuous range of focus between the fixed or static
corrective powers of the ophthalmic lens). The mostly
continuous range of focus may include the field from a
near distance to a far distance, from a near distance
to an intermediate distance, from an intermediate
distance 



to a far distance, or between any range of distances.
[0058] Figure 2A shows an exploded cross-sectional
side view of an electro-active element 200 having a
dynamic aperture. Figure 2B shows a collapsed
cross-sectional side view of the electro-active
element of Figure 2A. One or more electro-active
elements 200 may be usable in a corneal inlay, a
corneal onlay, an IOO, or an IOL. If more than one
electro-active element is used, the electro-active
elements may be stacked one upon another if there is
proper insulation between the elements. [0059] An
electro-active element 200 may comprise two optical
substrates 210 or may be bound by two optical
substrates. The two substrates may be substantially
flat and parallel, curved and parallel, or one
substrate may have a surface relief diffractive
pattern and the other substrate may be substantially
smooth. The substrates may provide an optical power or
the substrates may have no optical power. Each
substrate may have a thickness of 200 mm or less and
may be rigid or flexible. Example rigid substrate
materials include glass and silicon. Example flexible
substrates include flexible plastic films. In general,
thinner substrates allows for a higher degree of
flexibility for the electro-active element which may
be important for lenses or optics that are inserted or
implanted into the eye. A continuous optically
transparent electrode 220 that provides for an
electrical ground may be disposed on one of the
substrates and one or more individually addressable
optically transparent electrodes 225 may be disposed
on the second substrate. Electrodes 225 may determine
the properties of the dynamic aperture such as the
size, shape, and/or diameters of the dynamic aperture.
Electrodes 220 and 225 may, for example, comprise a
transparent conductive oxide, such as indium tin oxide
(ITO) or a conductive organic material (such as
PEDOT:PSS or carbon nano-tubes). The thickness of the
optically transparent electrodes may be, for example,
less than 1 mm, but is preferred to be less than 0.1
mm. The electrodes 220 and 225 may be coated with an
alignment layer 230. Alternatively, only one of the
electrodes is coated with the alignment layer. An
electroactive material 240 is disposed between the
alignment layers. The thickness of the electro-active
material may be between 1 mm and 10 mm, but is
preferably less than 5 mm. The electro-active material
may be a liquid crystalline (LC) material.[0060] A
controller 250 connects to the electrodes 220 and 225
by electrical connections 255 and may generate an
electric field between the electrodes by applying one
or more 



voltages to each electrode. The controller may be part
of the electro-active element, or it may be located
outside the electro-active element and connect to the
electrodes using electrical contact points in the
electro-active element. The controller may be
connected to a power source, sensors, or any other
necessary electronics. In the absence of an electric
field between the electrodes, the liquid crystal
molecules align in the same direction as the alignment
direction. In the presence of an electric field
between the electrodes, the liquid crystal molecules
orient in the direction of the electric field. In an
electro-active element, the electric field is
perpendicular to the alignment layer. Thus, if the
electric field is strong enough, the orientation of
the liquid crystal molecules will be perpendicular to
the alignment direction. If the electric field is not
strong enough, the orientation of the liquid crystal
molecules will be in a direction somewhere between the
alignment direction and perpendicular to the alignment
direction. It should be noted that the substrates may
be as wide as or wider than the electrodes, alignment
layers, and electroactive material. [0061] The
electro-active element may have an aperture 260
through which light passes and an annulus 270 in which
light is absorbed and/or scattered. A change in the
size of the dynamic aperture is typically inversely
proportional to a change in the depth of field of the
electro-active element and is dependent upon a change
in the transmission of light through the electroactive
element, as is known in the art. The aperture may be
dynamic and may be capable of switching between one or
more diameters. The annulus may be positioned at the
peripheral edge of the electro-active element or may
be spaced from the peripheral edge. The annulus may
extend to the radial center of the electro-active
element. The aperture may be positioned at the
geometric center of the electro-active element and may
be capable of extending all the way to the peripheral
edge of the electro-active element, to a fixed
distance from the peripheral edge, or to a radial
distance from the geometric center of the electro
active element. The aperture also may be capable of
being relocated such that the center of the aperture
is not the same as the geometric center of the
electro-active element. The annulus typically frames
the aperture and defines the inner and outer limits
and the size of the aperture. As is described in
further detail herein, the aperture may be altered to
achieve any of a continuous or discrete range of
shapes and/or diameters. [0062] The electro-active
material may include a layer of liquid crystal doped
with a dye 



material such as a dichroic dye. By doping the liquid
crystal molecules with the dye material,the dye
molecules align themselves with the liquid crystal
molecules. The dye molecules are polar and rotate to
align with an applied electrical field. The optical
absorption of the dye material depends on the
orientation of the individual dye molecules with
respect to an incident optical wave. In a deactivated
state with homogeneous (horizontal) alignment of the
liquid crystal molecules, when the electric field
between the electrodes is not strong enough, the dye
molecules align with the alignment layers and the
absorption of light through the liquid crystal is
minimized or maximized, depending upon the relative
orientation between the dipole moment and the
direction of orientation of the dye molecule. In an
activated state with homogeneous (horizontal)
alignment of the liquid crystal molecules, when the
electric field between the electrodes is strong
enough, the dye molecules rotate and align with the
orientation of the electric field, perpendicular to
the alignment direction. In this orientation, the
absorption of light though the liquid crystal is
minimized. The opposite may be the case when a
homeotropic (vertical) alignment of the liquid crystal
is used such that absorption is minimized in a
deactivated state and maximized in an activated state.
A ferroelectric liquid crystalline material may also
be used. [0063] Figure 2C shows an exploded
cross-sectional side view of an optical element 2200
having an apodization mask. Figure 2D shows a
collapsed cross-sectional side view of the element of
Figure 2C. One or more optical elements 2200 may be
usable in a corneal inlay, a corneal onlay, an IOO, or
an IOL. If more than one element is used, the elements
may be stacked one upon another if there is proper
insulation between the elements. [0064] In one
configuration, the apodization mask may include a
single layer 2210 that includes a refractive index
gradient. For example, the substrate 2210 may include
a layer of a transparent polymer or other material
that has a refractive index gradient, preferably of at
least 0.01 units/mm in at least one meridian. In such
a configuration, the other elements 2200, 2250, 2255
may be omitted. This configuration may be referred to
as a static mask. As a specific example, the substrate
2210 may include at least one layer of a material,
such as a transparent polymer, that includes a
refractive index gradient. Preferably, the gradient is
at least 0.01 units/mm in at least one meridian.
[0065] A dynamic apodization mask may include an
electro-active element 2200 having two optical
substrates 2210 or that is bound by two optical
substrates. The two substrates 



may be substantially flat and parallel, curved and
parallel, or one substrate may have a surface relief
diffractive pattern and the other substrate may be
substantially smooth. The substrates may provide an
optical power or the substrates may have no optical
power. Eachsubstrate may have a thickness of 200 mm or
less. In general, thinner substrates allows for a
higher degree of flexibility for the electro-active
element which may be important in optics or lenses
that are inserted or implanted into the eye. A
continuous optically transparent electrode 2220 that
provides for an electrical ground may be disposed on
one of the substrates and one or more individually
addressable optically transparent electrodes 2225 may
be disposed on the second substrate. Electrodes 2225
may determine the properties of the dynamic mask by
altering the refractive index at various parts of the
mask. The electrodes 2220, 2225 may include a
transparent conductive oxide (such as ITO) or a
conductive organic material (such as PEDOT:PSS or
carbon nano-tubes). The thickness of the optically
transparent electrodes may be, for example, less than
1 mm, but is preferred to be less than 0.1 mm. The
electrodes 2220 and 2225 may be coated with an
alignment layer 2230. Alternatively, only one of the
electrodes is coated with the alignment layer. An
electroactive material 2240 is disposed between the
alignment layers. The thickness of the electro-active
material may be between 1 mm and 10 mm, but is
preferably less than 5 mm. The electroactive material
may be a liquid crystalline material. [0066] A
controller 2250 connects to the electrodes 2220 and
2225 by electrical connections 2255 and is capable of
generating an electric field between the electrodes by
applying one or more voltages to each electrode. In
some configurations, the controller is part of the
electro-active element. The controller also may be
located outside the electroactive element and connects
to the electrodes using electrical contact points in
the electroactive element. The controller may be
connected to a power source, sensors, or any other
necessary electronics. In the absence of an electric
field between the electrodes, the liquid crystal
molecules align in the same direction as the alignment
direction. In the presence of an electric field
between the electrodes, the liquid crystal molecules
orient in the direction of the electric field. In an
electro-active element, the electric field is
perpendicular to the alignment layer. Thus, if the
electric field is strong enough, the orientation of
the liquid crystal molecules will be perpendicular to
the alignment direction. If the electric field is not
strong enough, the orientation of the liquid crystal
molecules will be in a direction somewhere 



between the alignment direction and perpendicular to
the alignment direction. It should be noted that the
substrates may be as wide as or wider than the
electrodes, alignment layers, and electroactive
material. [0067] The electro-active material may
include a layer of liquid crystal doped with a dye
material such as an electrochromic dye. By doping the
liquid crystal molecules with the dyematerial, the dye
molecules align themselves with the liquid crystal
molecules. The dye molecules are polar and rotate to
align with an applied electrical field. The optical
properties of the dye material with respect to the eye
depend on the orientation of the individual dye
molecules with respect to an incident optical wave. In
a deactivated state with homogeneous (horizontal)
alignment of the liquid crystal molecules, when the
electric field between the electrodes is not strong
enough, the dye molecules align with the alignment
layers and the index of refraction of the layer is
unchanged by the dye. For example, the index of
refraction in an unactivated region may be at a
minimum. In an activated state with homogeneous
(horizontal) alignment of the liquid crystal
molecules, when the electric field between the
electrodes is strong enough, the dye molecules rotate
and align with the orientation of the electric field,
perpendicular to the alignment direction. In this
orientation, the dye alters the index of refraction of
the region. For example, the index of refraction of an
activated region may be at a maximum. The opposite may
be the case when a homeotropic (vertical) alignment of
the liquid crystal is used such that a deactivated
state has a higher index of refraction an activated
state has a lower index of refraction. A ferroelectric
liquid crystalline material may also be used. [0068]
The liquid crystal may alter its refractive index over
the visible spectrum by at least 0.1 units upon
electrical activation. As used herein, the "visible
spectrum" refers to light having a wavelength in the
range of about 400 - 750 nm. A liquid crystal (LC)
layer may include a guest-host mixture capable of
altering the optical transmission of light upon
electrical activation. As used herein, the optical
transmission of a layer or device refers to the
percentage of light energy that is transmitted through
the layer or device and not lost to absorption or
scattering. Preferably, the mixture is capable of
altering the optical transmission by at least about
30% - 99% upon activation. The liquid crystal layer
may be pixilated as previously described, and may be
electrically addressable in discrete portions of at
least about 0.25 mm2 without affecting the response of
adjacent portions. The liquid crystal 



layer may be controllable by a computerized device,
such as a processor and associated software, which may
be capable of arbitrarily addressing multiple segments
in a preprogrammed or adaptable manner. The software
may be permanently embodied in a computer-readable
medium, such as a special-purpose chip or a general
purpose chip that has been configured for a specific
use, or it may be provided by a digital signal. The
software may be incorporated into a digital signal
processing unit embedded into a vision correcting
device that includes the apodization mask. The liquid
crystal layer also may be configured or programmed to
generate a pattern that changes or modulates the
amplitude, phase, or both oflight transmitted through
the mask into the eye of the patient fitted with the
mask or a visioncorrecting device incorporating the
mask. [0069] The liquid crystalline material in
Figures 2A-2D may be a nematic liquid crystal, a
twisted nematic liquid crystal, a super-twisted
nematic liquid crystal, a cholesteric liquid crystal,
a smectic bi-stable liquid crystal, or any other type
of liquid crystalline material. An alignment layer is
a thin film, which, by way of example only, may be
less than 100 nanometers thick and constructed from a
polyimide material. The thin film is applied to the
surface of substrates that comes into direct contact
with liquid crystalline material. Prior to assembly of
the electro-active element, the thin film is buffed in
one direction (the alignment direction) with a cloth
such as velvet. When the liquid crystal molecules come
in contact with the buffed polyimide layer, the liquid
crystal molecules preferentially lie in the plane of
the substrate and are aligned in the direction in
which the polyimide layer was rubbed (i.e., parallel
to the surface of the substrate). Alternatively, the
alignment layer may be constructed of a photosensitive
material, which when exposed to linearly polarized IN
light, yields the same result as when a buffed
alignment layer is used. [0070] Figure 3A shows a
plurality of electrode rings 300 operable for creating
a dynamic aperture. The electrode rings may be useful
as optically transparent electrodes 225 in the
electro-active element 200. The electro-active
material 240 may be a liquid crystal doped with a
dichroic dye. Electrode rings 300 may be composed of
several annular shaped electrodes 310, 320, 330, and
340. Of course, fewer or more electrodes are possible.
Each electrode is individually addressable. The center
of the electrode rings may be concentric relative to a
papillary axis once the electro-active element is
placed in or on the eye. The inter-electrode gap may
be approximately 5 mm to 10 mm but may be smaller. The
inner 



diameter of electrode 310 is rl, the outer diameter of
electrode 310 is r2, the outer diameter of electrode
320 is r3, the outer diameter of electrode 330 is r4,
and the outer diameter of electrode 340 is r5. The
inner diameter of each electrode may define a
different aperture size. [0071] An electrode may be
"activated" if a sufficiently strong electric field is
applied between the electrode and a ground electrode,
if voltage above a threshold is applied to the
electrode, or if a condition is satisfied which places
an electro-active material between the electrode and
the ground electrode in an activated state. An
electrode may be "deactivated" if a sufficiently
strong electric field is not applied between the
electrode and a ground electrode, if voltage below a
threshold is applied to the electrode, or if a
condition is satisfied whichplaces an electro-active
material between the electrode and the ground
electrode in a deactivated state. [0072] When a liquid
crystalline material is used, the liquid crystalline
material may be activated when a voltage above a
threshold of approximately 10 volts is applied between
the electrodes and may be deactivated when a voltage
below a threshold of approximately 10 volts is applied
between the electrodes. The electric power used is
that of approximately 1 microwatt. It should be
pointed out that the electric potential can be, by way
of example only, lvolt or less, 5 volts or less, 10
volts or less, or over 10 volts. [0073] To reduce
power consumption, a bi-stable liquid crystalline
material may be used. A bistable liquid crystalline
material may switch between one of two stable states
with the application of electrical power (with one
state being an activated state and the other state
being a deactivated state). The bi-stable liquid
crystalline material remains in the one stable state
until sufficient electrical power is applied to switch
the bi-stable liquid crystalline material to the other
stable state. Thus, electrical power is only needed to
switch from one state to the other and not to remain
in a state. The bi-stable liquid crystalline material
may switch to a first state when +5 volts or more is
applied between the electrodes and may switch to a
second state when -5 volts or less is applied between
the electrodes. Of course other voltages, both higher
and lower, are possible. [0074] If electrodes 310,
320, 330, and 340 are activated, an opaque annulus 270
may be formed between r l and r5 and aperture 260 will
be formed between the center of the electrodes and rl.
If electrode 310 is deactivated, the opaque annulus
will now be formed between the inner diameter of
electrode 320 and r5 and aperture 260 will now be
formed 



between the center of the electrodes and the inner
diameter of electrode 320. If electrodes 310,320,330,
and 340 are deactivated, there will be no opaque
annulus 270 and aperture 260 will now be formed
between the center of the electrodes and r5. The
aperture may be increased by first deactivating
electrode 310, then electrode 320, then electrode 330,
and finally electrode 340. The aperture may be
decreased by first activating electrode 340, then
electrode 330, then electrode 320, and finally
electrode 310. Thus, as shown in Figure 3A, there are
5 possible aperture stops. However, fewer or more
aperture stops are possible. As in a camera, each
aperture stop may provide an aperture having twice the
area of the next smallest aperture size. In other
words, there may be a square root of two relationship
between the inner diameters of each electrode. Of
course, other aperture sizes are possible. When fully
constricted, the aperture diameter may be between
approximately 1.0 mm andapproximately 3.0 mm, and may
preferably be between approximately 1.0 mm and
approximately 2.5 mm, and more preferably may be
between approximately 1.0 mm and approximately 2.0 mm.
When fully dilated, the aperture diameter may be
approximately 7.0 mm or larger. In some
configurations, there may be no aperture (i.e., there
is no annulus such that the pupil of the eye serves as
the natural aperture) in dark or dim environments.
[0075] The outer edge of the annulus may extend
further than the outer edge of the pupil (whether
fully dilated or constricted). If there is a gap
between the outer edge of the annulus and the outer
edge of the pupil deleterious effects may occur such
as, by way of example only, halos, light scattering,
and reduction in contrast sensitivity. [0076] Each of
the electrode rings may be activated approximately at
the same time for an instantaneous change in the
aperture. To produce a fading in and out effect which
gradually reduces and enlarges the dynamic aperture,
each of the electrode rings may be activated and/or
deactivated sequentially. For example, the outermost
electrode ring may be activated first and deactivated
last and the innermost electrode ring may be activated
last and deactivated first. The electrodes may be
activated or deactivated in less than approximately 1
second, and may be preferably activated or deactivated
in less than approximately 0.5 seconds. [0077] The
electrodes 225 may be a plurality of individually
addressable electrodes arranged in a grid. Each
electrode may be referred to a "pixel" (the electrodes
in this case may be referred to as "pixilated"). The
pixel may be any size or shape. By selectively 



electrically activating or deactivating the pixels the
aperture 260 and annulus 270 may be formed. [0078]
Some or all of the annular electrodes may be
pixilated, or various portions of the electrode rings,
an inner portion, or combinations thereof may be
pixilated. Figures 3B and 3C show examples of
pixilated electrodes. For example, Figuere 3B, shows a
configuration in which each the electrode rings 310,
320, 330, 340 and an inner region 301 are pixilated.
In some configurations, the electrode rings may be
activated or deactivated as rings to provide an
annulus of desired size, pixels in the inner region
may be activated or deactivated to provide an aperture
of desired shape and/or size. As another example,
Figure 3C shows a configuration in which only the
inner region 301 is pixilated, and the electrode rings
310, 320, 330, 340 are not. By selectively activating
or deactivating the pixels, an arbitrary shape and
size may be provided for the annulus and aperture. As
a specific example, by selectivelyactivating or
deactivating the shaded pixels 303 in Figure 3D, a
roughly-oval aperture may be formed. The specific set
of shaded pixels is illustrative only, and other
shapes and sizes may be formed by appropriate
selection of pixels in the inner region and/or the
electrode rings. As described in further detail
herein, a specific aperture and/or annulus may be
defined to match a user's specific needs, such as to
optimize the modulation transfer function of the eye.
[0079] For example, an individual's subjective
satisfaction with perceived image quality may be
improved when the image quality is maximized over a
low- to mid-frequency range. A subjective quality
factor may be defined as SQF LGI(/ (I / ) Such a
function is described in further detail in E.M.
Granger and K.N. Cupery, "An Optical Merif Function
(SQF) which Correlates with Subjective Judgments,"
Photogr. Sci. and Eng., v. 16 (3), 1972, p. 221-30. It
has been found that the specific size and shape of an
aperture to provide desirable improvements in
subjective vision may be determined by minimizing the
merit function (SQF) based on computation of a visual
performance metric, such as visual strehl as a
function of pupil size. Such a calculation may be
performed using ray tracing of a specific eye model.
Specific examples of models suitable for performing
these calculations include the "Indiana Eye" model and
the Liu Brennan eye model as known in the art. [0080]
Figure 4A shows an exploded cross-sectional side view
of an electroactive element 400 having a dynamic
aperture. Figure 4B shows a collapsed cross-sectional
side 



view of the electro-active element of Figure 4A.
Similar to the electro-active element 200,
electroactive element 400 includes two optical
substrates 210. A continuous optically transparent
electrode 220 that provides for an electrical ground
may be disposed on one of the substrates and one or
more individually addressable optically transparent
electrodes 225 may be disposed on the second
substrate. Electrodes 225 may determine the properties
of the dynamic aperture such as the size, shape,
and/or diameters of the dynamic aperture. The
electrodes 220 and 225 may be coated with an alignment
layer 230. The alignment layers have an alignment
direction offset 90 degrees from each other, but other
values such as 180, 270, 360 degrees or more are
possible. An electroactive material 240 is disposed
between the alignment layers. The electro-active
material may be a liquid crystalline material,
preferably one of a nematic, cholesteric, or smectic
bi-stable liquid crystalline material. The liquid
crystalline material may be doped with a dichroic dye
and become a dichroic liquid crystalline material. A
controller 250 connects to the electrodes 220 and 225
by electricalconnections 255 and is capable of
generating an electric field between the electrodes.
The electro-active element may have an aperture 260
through which light passes and an annulus 270 in which
light is absorbed and/or scattered. The electro-active
element 400 may further include two polarizers 280
positioned on either side of the electro-active
material (e.g., exterior to the electrodes). The
polarizers may also be located on the outer surfaces
of the substrates (the electrodes are located on the
innermost surface of the substrates). Each of the
polarizers may have a direction of polarization
parallel to the director of the liquid crystal layer
at their respective outer surfaces (i.e., parallel to
the alignment direction of the closest alignment
layer). The polarizers have relative directions of
polarization offset by, for example, 90 degrees. Such
offset polarizers may be referred to as "crossed"
polarizers. [0081] In a deactivated state, when the
electric field between the electrodes is not strong
enough, the alignment layers orient the director of
the liquid crystal layer to align with the polarizers
at the outer surfaces. In this orientation, light
entering the first polarizer (i. e., light that is
polarized parallel to the polarization direction of
the first polarizer) is rotated 90 degrees by the
liquid crystal and can now pass through the second
polarizer (i. e., the light is now polarized parallel
to the polarization direction of the second
polarizer). Therefore, in a deactivated state the
absorption of light through the electro-active element
is minimized. In an activated state, when the electric
field between the electrodes is strong enough, the
liquid 



crystal molecules align with the orientation of the
electric field, perpendicular to the alignment
direction. In this orientation, light entering the
first polarizer (i.e., light that is polarized
parallel to the polarization direction of the first
polarizer) is not rotated and is blocked by the second
polarizer (i. e., the light is polarized orthogonal to
the polarization direction of the second polarizer).
Therefore, in an activated state the absorption of
light though the liquid crystal is maximized. [0082]
The electrode rings shown in Figures 3A-D may be
useful as optically transparent electrodes 225 in the
electro-active element 400. As above, if electrodes
310, 320, 330, and 340 are activated, opaque annulus
270 will be formed between r l and r5 and aperture 260
will be formed between the center of the electrodes
and rl. If electrode 310 is deactivated, the opaque
annulus will now be formed between the inner diameter
of electrode 320 and r5 and aperture 260 will now be
formed between the center of the electrodes and the
inner diameter of electrode 320. If electrodes 310,
320, 330, and 340 are deactivated, there will be no
opaque annulus 270 and aperture 260 will now be formed
between the center of the electrodes and r5.[0083] One
drawback to using polarizing films may be that they
typically absorb approximately 50% of incident light.
Therefore, utilizing such films in an actual device
would limit the amount of light that reaches the
retina. To counteract this effect, a region concentric
with the annular electrodes may be physically removed
from one or both of the polarizers. The region removed
may be or any size or shape, but in a preferred
configuration is equal to the inner diameter of the
smallest ring electrode. By removing this central
region, one or more polarizers may be used while
increasing the overall transmission through the
electro-active element. In this configuration, the
functionality of the dynamic aperture is not affected
and overall transmission is increased. Additionally,
the transmission contrast ratio (the ratio between
light transmitted through the aperture and light
transmitted through the annulus) between the aperture
and the annulus is increased thereby making the
dynamic aperture more efficient in providing depth of
field. Instead of removing the region, the region may
instead be composed of a thinner or less efficient
polarizing film used to increase transmission, thereby
favoring performance in the transmitting state over
the opaque state. In each of these configurations, the
transmission contrast ratio between the darkened area
of the annulus and a region of the aperture may be
increased. 



[0084] It is virtually impossible to have an implanted
corneal inlay, corneal onlay, IOO, or IOL perfectly
centered with the optical axis of the eye, because the
eye is asymmetric in normal anatomic configuration.
The most desired position of an implant is aligned
with the central axis of the pupil. Nevertheless,
approximately 0.1 mm or 0.2 mm decentration of the eye
relative to the center of the eye's pupil must be
anticipated even under normal anatomical
circumstances. [0085] Figure 5 shows several
arrangements of the electrode rings shown in Figure 3A
in which the geometric center of a dynamic aperture
may be repositioned relative to the geometric center
of one's pupil. Arrangement A has the geometric center
of the ring electrodes aligned with the geometric
center of the electro-active element's substrates.
Arrangements B, C, D, and E have the geometric center
of the ring electrodes aligned to the left, to the
right, above, and below, respectively, with the
geometric center of the electroactive element's
substrates. Arrangements A, B, C, D, and E may each be
utilized in a separate electro-active element. Figure
6 shows a stack of five electro-active elements that
may each be used for the different arrangements of
ring electrodes shown in Figure 5. Each electro-active
element is properly insulated from the other
electro-active elements. The distance between the
geometric center of the ring electrodes and the
geometric center of thesubstrates may be between
approximately 0.0 mm and approximately 1 mm, and more
preferably between approximately 0.0 mm and
approximately 0.5 mm. It should be noted that other
alignments at any angle between the two centers are
possible. This may allow for the ability to alter the
center of the dynamic aperture by way of remote
adjustment after an implant has been surgically
implanted. One or more of the arrangements of ring
electrodes may be activated to the exclusion of the
other arrangement to re-align the center of the
dynamic aperture relative to the line of sight of the
user. This is important in cases where an implant was
surgically implanted out of alignment with the line of
sight of the user. Certain retinal diseases or trauma
such as, by way of example only, macular degeneration,
retinal tears, or retinal detachments may damage a
region of the retina. This also may also be useful for
realigning the line of sight of the user away from a
damaged region of the retina to a healthy region of
the retina. [0086] The use of an aperture to block a
part of the light entering the human pupil to enhance
depth of field of the eye, and/or to reduce the impact
of off-axis stray light rays in 



creating halos and other visual artifacts may be
considered special cases of the spatial modulation of
light entering the cornea. It has been found that
additional visual benefits may achieved by using other
types of modulators. For example, it may be desirable
to define other properties of an aperture in addition
to the size and shape to provide a desired visual
effect, such as for a given set of visual tasks. One
way of doing so involves the use of an apodization
mask to alter the phase and/or amplitude of light
entering the eye. [0087] In configurations in which
electrodes 225, 2225 are a plurality of individually
addressable electrodes arranged in a grid, the
individual pixels may be selectively activated or
deactivated. For example, such a configuration may
allow for relocation of the geometric center of the
aperture 260 and annulus 270 relative to the geometric
center of the substrates or the eye's pupil. [0088]
The devices illustrated in Figures 2A, 2B, and 3-7
also may include an apodization mask as described with
reference to Figures 2C and 2D, which may be static or
dynamic. In some configurations, the structure
described with respect to Figures 2C-2D may provided
in addition to the other structures described. For
example, the devices may include an additional layer,
such as of a transparent polymer, that incorporates a
refractive index gradient, or it may include an
additional electroactive element 2200 in addition to
the other elements described, or incorporated with the
other elements as would be understood by one of skill
in the art. As another example, the devices may
include an layer that has an alterableindex of
refraction when electrically activated, or a layer
incorporating a liquid crystal that alters its
refractive index upon electrical activation. An
apodization mask also may be provided by one or more
of the layers described with respect to Figures 2-7.
For example, a substrate 210, 520 may provide a static
or dynamic mask, such as by including a refractive
index gradient or a layer having an alterable index of
refraction. [0089] Phase amplitude variation may be
introduced by using a refractive index gradient across
the pupillary aperture that causes a variation in the
optical path difference without affecting the level of
defocus a. There are several parameters that may be
varied across the pupillary aperture of an apodization
mask as a function of the pupil radius r : the
refractive index of the medium, the thickness of the
material, the optical transmission, and the edge
geometry (e.g., single or double, depending on whether
the mask is circular or annular). The mask may be
static or dynamic. A dynamic mask is adjustable by
application of an 



externally applied force such as an electric
potential. [0090] A dynamic mask may be superior to a
static mask in that as the target distance and
illumination conditions change, the optics of the eye
changes to adapt these changes in the environment. For
example, the aberrations and depth of focus of an
accommodated eye (or partially accommodated eye, for a
presbyope) viewing a near object (target distance
about 40 cm) are different for those of the same eye
in its unaccommodated state, when viewing an object at
20 feet or greater. In particular the depth of focus
available to the eye will depend on the type of vision
correction provided to the patient, and therefore the
design of the dynamic mask will complement the type
and power of the vision correction device that the
patient is already wearing, or is going to receive in
addition to the mask. A preferred method of
fabricating a dynamic mask may involve the use of a
transparent liquid crystal layer hermetically
encapsulated between two transparent sheets of
flexible acrylic polymers, synthesized to be
biocompatible in an ocular environment. Orientation of
the liquid crystal layer by application of an electric
field changes its refractive index. The modulation of
optical transmission in a dynamic mask may be
preferably provided by using a guest-host liquid
crystal system, in which an electrochromic dye is
incorporated into a transparent liquid crystal. [0091]
To diagnose and fit a patient with a dynamic mask, two
measurements may be performed: a measurement of the
size of the natural pupil as a function of ambient
light level, and a measurement of the emerging
wavefront of the eye fitted with the mask. A phase and
amplitude profile of the mask suited to provide a
desired retinal image quality (possiblyexcepting
defocus) may be generated for distance vision over a
range of ambient light levels. For example, the
spatial frequency of a peak in the OTF of the combined
eye and dynamic aperture system may be matched to the
peak of the NCSF of the patient. The dynamic mask may
be programmed to provide the appropriate correction
based on the phase/amplitude profile when performing
the intended visual tasks. For example, the mask may
be entirely or partially inactive in bright outdoor
light or other situations in which the natural pupil
closes, which could reduce the effectiveness of the
mask. In case of a mask encapsulated in an 100, IOL,
corneal inlay or corneal onlay, the dynamic mask may
be implanted prior to performing the appropriate
measurements and/or generating the phase/amplitude
profile for the treated eye. 



[0092] An electro-active element may be capable of
switching between a first optical power and a second
optical power. The electro-active element may have the
first optical power in a deactivated state and may
have the second optical power in an activated state.
The electro-active element may be in a deactivated
state when one or more voltages applied to the
electrodes of the electro-active element are below a
first predetermined threshold. The electro-active
element may be in an activated state when one or more
voltages applied to the electrodes of the
electro-active element are above a second
predetermined threshold. Alternatively, the
electro-active element may be capable of "tuning" its
optical power such that the electro-active element is
capable of providing a continuous, or substantially
continuous, optical power change between the first
optical power and the second optical power. [0093]
Electro-active lenses may be used to correct for
conventional or non-conventional errors of the eye.
The correction may be created by the electro-active
element, by the optical substrate or the ophthalmic
lens, or by a combination of the two. [0094] One or
more electro-active elements having a dynamic aperture
and/or a dynamic mask may be attached to or embedded
within an optical perform, optic, or substrate that
does not refract or diffract light for the purposes of
correcting vision errors of the eye and thus does not
provide focusing power. The electro-active element may
be attached to or embedded within an ophthalmic lens
that corrects for the user's refractive error caused
by natural anatomical conditions and/or caused by the
removal of a cataract or healthy crystalline lens. The
ophthalmic lens may also correct any or all of the
user's conventional and/or non-conventional errors of
the eye. Thus, a dynamic aperture and/or dynamic mask
may be integral with a focusing lens. Alternatively,
an electro-active lens may have a firstelectro-active
element having a dynamic aperture or dynamic mask. The
first electro-active element or a second
electro-active element in optical communication with
the first electroactive element may be capable of
correcting any or all of the user's conventional
and/or nonconventional errors of the eye. The above
devices may be a corneal onlay, a corneal inlay, an
IOO, or an IOL, and may be used in optical
communication with a focusing lens such as, by way of
example only, an IOL, a crystalline lens, a corneal
inlay, a corneal onlay, or a spectacle lens. The
focusing lens may be static (incapable of altering its
optical power) or dynamic (capable of altering its
optical power). 



[0095] Figures 7A, 7B, and 7C show optical devices
having a dynamic aperture which are useful as a
corneal inlay, or corneal onlay. The devices shown in
Figures 7A, 7B, and 7C may be modified slightly, for
example by adding stabilizing haptics, for use as an
anterior or posterior chamber IOO or IOL having a
dynamic aperture. Optic or lens 500 may have one or
more electro-active elements 510. Electro-active
element 510 may be similar to electroactive elements
200 or 400 or may not have a dynamic aperture and/or
apodization mask and may instead provide a changeable
optical power. The electro-active element may be
embedded within or attached to substrates 520. The
substrates may have no optical power or may have one
or more optical powers. The substrates and/or the
electro-active elements may be capable of correcting
for at least a portion of any or all conventional
and/or nonconventional error of the eye. A controller
530 may be electrically connected to the electrodes in
the electro-active elements by electrical connections
535. The electrodes may define a mostly transparent
aperture 540 and a mostly opaque annulus 545. The term
"mostly transparent" means approximately 50% or more
optical transmission (and preferably 75% or more) and
isn't meant to necessarily mean 100% optical
transmission. The term "mostly opaque" means
approximately 50% or less optical transmission (and
preferably 35% or less) and isn't meant to necessarily
mean 0% optical transmission. [0096] The substrates
may have one or more openings 550 and/or pores 555 to
allow nutrients and/or cellular waste products to pass
through the substrates and/or the electroactive
elements. The openings and/or pores may be created, by
way of example only, by a laser, or they may be
machined or stamped. Typically, the openings and pores
are located at non-electrical or otherwise
non-critical areas of the lens or optic such as within
a central region where the electrodes do not extend or
apply power. These features are especially important
when the lens or optic having a dynamic aperture is
used as a corneal inlay or corneal onlay.[0097] The
controller may draw at least some of its electrical
power from a power supply 560. The power supply may be
attached and integral with the substrates or attached
but not integral with the substrates. The power supply
may be a thin film rechargeable battery such as those
manufactured by Excellatron. The thin film
rechargeable battery may be capable of being cycled in
excess of 45,000 cycles. This may provide a usable
lifetime of 20-25 years in the lens or optic. Two thin
film rechargeable batteries may be used and may
stacked one atop 



the other. In this configuration, one of the batteries
may be used for 20-25 years and the other battery may
be switched to when the first battery is no longer
operable. Alternatively, the other battery may be
switched to by a signal sent remotely to the
controller. This may extend the lifetime of the optic
or lens to 40-50 years. The power supply may also be a
capacitor. The power supply may be remotely charged,
by way of example only, by induction. [0098] A
light-sensitive cell 565 and piezo-electric materials
may also be used to supplement and or augment the
power supply's electrical power. Alternatively, the
light sensitive cell and/or the piezoelectric
materials may obviate the need for a power supply. The
light-sensitive cell may be a solar cell.
Alternatively, the light-sensitive cell may be a 1.5
mm photovoltaic cell. The photovoltaic cell is
utilized and located out of the line of sight of the
user and more preferably utilized and located
peripheral to the margin of the pupil when partially
dilated by darkness, but not fully dilated. The lens
or optic may thus be charged by using an eye safe
laser capable of energizing the 1.5 mm photovoltaic
cell or cells. The user may position his or her chin
and forehead into a device that provides the eye safe
laser energy needed to energize the 1.5 mm
photovoltaic cell or cells. This may be accomplished
at home once a day or as needed. The proper energy can
be provided through a normally dilated pupil or a
fully non-medicated dilated pupil caused by a very
dark room or by the device blocking out any ambient
visible light. When utilizing a 1.5 mm photovoltaic
cell or cells within the lens or optic, the cell or
cells in may need to be capable of bending. When using
a 1.5 mm photo-voltaic cell not capable of bending,
multiple cells are used and are placed in a pattern
that allows for folding or rolling the lens or optic
over or around the cells prior to insertion into the
eye. [0099] The light-sensitive cell 565 may be a
solar cell. The solar cell may be located in front of
(closer to the cornea of the eye) and separately
disposed from a portion of the iris of a user's eye.
Thin electrical wiring may operably connect the solar
cell to the controller of the optic or lens. The
electrical wiring may pass through the pupil without
touching the iris andoperably connect to the 100 or
IOL in the anterior or posterior chamber of the eye.
The solar cell may be large enough such that it
supplies enough electrical power to obviate the need
for a separate power supply. The thin electrical
wiring may not conduct electricity and may have a form
factor which has the appropriate tensile strength to
hold the solar cell in place. In 



some configurations, one or more small holes may be
made in the iris by an ophthalmic laser such that the
thin electrical wiring connects the solar cell to the
100 or IOL that houses an electro-active element.
[0100] A lens or optic as described herein may include
a memory metal material 570 for re-establishing the
proper shape, positioning and alignment of the device
after being folded and inserted into an eye. A memory
metal "remembers" its shape and attempts to regain its
original geometry after being deformed (for example,
while being folded in preparation for insertion into
the eye). The memory metal may also function as an
antenna for inductively charging the lens or optic or
for receiving signals from a transmitter. The
transmitter may send a signal to the lens or optic to
change the diameter of the dynamic aperture or to
change the lens's optical power. [0101] A sensor 580
may be included. The sensor may be a range finder for
detecting a distance to which a user is trying to
focus. The sensor may be light-sensitive cell 565 for
detecting light that is ambient and/or incident to the
lens or optic. The sensor may include, for example,
one or more of the following devices: a
photo-detector, a photovoltaic or UV sensitive photo
cell, a tilt switch, a light sensor, a passive
range-finding device, a time-offlight range finding
device, an eye tracker, a view detector which detects
where a user may be viewing, an accelerometer, a
proximity switch, a physical switch, a manual override
control, a capacitive switch which switches when a
user touches the nose bridge of a pair of spectacles,
a pupil diameter detector, a bio-feed back device
connected to an ocular muscle or nerve, or the like.
The sensor may also include one or more micro electro
mechanical system (MEMS) gyroscopes adapted for
detecting a tilt of the user's head or encyclorotation
of the user's eye. [0102] The sensor may be operably
connected to the controller. The sensor may detect
sensory information and send a signal to the
controller which triggers the activation and/or
deactivation of one or more dynamic components of the
lens or optic. When a lens or optic includes an
electro-active element having a dynamic aperture
and/or apodization mask, the sensor, by way of example
only, may detect the intensity of light and
communicate this information to the controller. The
sensor may be a photo-detector and may be located in
aperipheral region of the lens or optic and located
behind the iris. This location may be useful for
sensing increases and/or decreases in available light
caused by the constriction and 



dilation of the user's pupil. Figure 19 shows that at
night, or in darkness, when the user's pupil is
dilated, the sensor senses darkness and the controller
may cause the dynamic aperture to dilate or remain
dilated. Figure 18 shows that during the day, or in
light, when the user's pupil is constricted, the
sensor senses the increase of light and the controller
may cause the dynamic aperture to constrict. A dynamic
aperture may remain constricted until the sensor
senses darkness or the lack of available light below a
certain threshold in which case the controller may
cause the dynamic aperture to dilate. The sensor may
be located in any region of the lens or optic that
works in an optimum manner. The controller may have a
delay feature which ensure that a change in intensity
of light is not temporary (i.e., lasts for more than
the delay of the delay feature). Thus, when a user
blinks his or her eyes, the size of the aperture will
not be changed since the delay of the delay circuit is
longer than the time it takes to blink. The delay may
be longer than approximately 0.0 seconds, and
preferably 1.0 seconds or longer. [0103] The sensor,
by way of example only, may detect the distance to
which one is focusing. If the sensor detects that a
user is focusing within a near distance range, the
controller may cause the dynamic aperture to constrict
to produce an increased depth of field. If the sensor
detects that the user is focusing beyond the near
distance range, the controller may cause the dynamic
aperture to dilate. The sensor may include two or more
photodetector arrays with a focusing lens placed over
each array. Each focusing lens may have a focal length
appropriate for a specific distance from the user's
eye. For example, three photodetector arrays may be
used, the first one having a focusing lens that
properly focuses for near distance, the second one
having a focusing lens that properly focuses for
intermediate distance, and the third one having a
focusing lens that properly focuses for far distance.
A sum of differences algorithm may be used to
determine which array has the highest contrast ratio
(and thus provides the best focus). The array with the
highest contrast ratio may thus be used to determine
the distance from a user to an object the user is
focusing on. [0104] Some configurations may allow for
the sensor and/or controller to be overridden by a
manually operated remote switch. The remote switch may
send a signal by means of wireless communication,
acoustic communication, vibration communication, or
light communication such as, by way of example only,
infrared. By way of example only, should 



the sensor sense a dark room, such as a restaurant
having dim lighting, the controller maycause the
dynamic aperture to dilate to allow more light to
reach the retina. However, this may impact the user's
ability to perform near distance tasks, such as
reading a menu. The user could remotely control the
dynamic aperture of the lens or optic to constrict the
aperture to increase the depth of field and enhance
the user's ability to read the menu. Figure 20 shows
the normal operation of a sensor and controller that
have been overridden in which a dynamic aperture is
constricted for near distance tasks in dark lighting
conditions even though the user's pupil is dilated.
When the near distance task has completed, the user
may remotely allow the sensor and controller to cause
the aperture to dilate once again automatically
thereby allowing the user to see best in the dim
restaurant with regard to nonnear distance tasks. When
activated, the remote switch signal may be received,
by way of example one, by the lens or optic via an
antenna formed from the memory metal material 570.
[0105] The substrates described herein may be coated
with materials that are biocompatible with anatomical
objects in the eye. Biocompatible materials may
include, for example, polyvinyldene fluoride or
non-hydrogel microporous perflouroether. The
substrates and the various electronics that are
affixed to or embedded within the substrates may
optionally be overcoated to be hermetically sealed to
prevent or retard leaching. Additionally, the
substrates may be designed to encapsulate the various
electronics such that they are buried within the
substrates. [0106] The lenses and optics described
herein may be bendable, foldable, and/or able to be
rolled up for fitting during insertion through a small
approximately 1mm to 3 mm incision. A syringe-like
device commonly used for implantation of IOLs having a
piston may be used as an insertion tool that allows
for a folded or rolled lens or optic to be placed
properly where desired in either the anterior or
posterior chamber of the eye. Figure 2 1 shows a
folded optic or lens having one or more electro-active
elements. [0107] Optical devices having a dynamic
aperture and/or an apodization mask can be fit or
implanted either monocularly (in only one eye of a
user) or binocularly (in both eyes of a user). Because
the dynamic aperture can be programmed to expand to a
larger size at night or in dim lighting conditions
when the pupil diameter of the user would naturally
dilate, glare, halos, ghosting, and reduced light
hitting the retina of the user are largely eliminated.
In 



contrast to other IOLs, corneal onlays, and corneal
inlays that do not have a dynamic aperture and are
therefore sometimes fit for far distance correction in
one eye and near distance correction in the other eye
as a compromise due to glare, halos, ghosting, etc.,
the lenses andoptics described herein allow for a
binocular approach. It should be pointed out that the
optics and lenses described herein can also be
implanted or fit in monocular manner, if desired, and
can be designed and fabricated in such a way that the
central point of the dynamic aperture and/or mask may
be remotely relocated relative to the center of the
optic or lens after being implanted within or on the
eye in order to better align the central axis of the
dynamic aperture to the user's line of sight. [0108]
An optic or lens having a dynamic aperture and/or an
apodization mask may be used in optical communication
with a healthy but presbyopic crystalline lens, an
underperforming or fully performing single focus IOL,
static multifocal IOL, dynamic focusing IOL (such as
that of an electro-active focusing IOL), or an
accommodating IOL without a dynamic aperture, an eye
having an iris that has been traumatized and is torn,
has a hole, or does not contract or dilate properly,
an iris devoid of pigment such as an iris of certain
albinos, a fully performing or underperforming
multifocal or single vision corneal inlay or corneal
onlay without a dynamic aperture, a fully performing
or underperforming multifocal or single vision
spectacle lens without a dynamic aperture, or an eye
that has had underperforming refractive surgery.
[0109] A "fully performing" lens is capable of
properly focusing light on the retina. An
"underperforming" lens is not capable of properly
focusing light on the retina. In most cases, an optic
or lens having a dynamic aperture and/or apodization
mask will improve the quality of visual acuity as
perceived by the user when used in association with
and in optical communication with the various examples
provided in the preceding paragraph. When used with a
fully forming lens, a dynamic aperture increases the
depth of field and acts to inhibit or remove some or
most of the higher aberrations of a user's eye. [0110]
A lens or optic that houses an electro-active element
as disclosed herein can be comprised of ophthalmic
materials that are well known in the art and used for
IOLs, or corneal inlays. The materials can be flexible
or non-flexible. For example, an IOO may be made from
two approximately 100 mm layers of, for example, a
polyether, a polyimide, a polyetherimide, or a
polysulphone material having the appropriate
electrodes, liquid 



crystalline material (which may be doped with a
dichroic dye), optional polarizing layers, power
supply, controller, sensor and other needed
electronics. Each 100 mm layer is used to form a
flexible envelope that sandwiches and houses the
electronics and electro-active material. The total
thickness of the working optic is approximately 500 mm
or less. The outer diameter of is approximately 9.0 mm
(not including any haptics). The IOO may becapable of
being folded and inserted into the eye through a small
surgical incision of approximately 2 mm or less. In
some configurations, a thin layer of memory metal is
utilized as part of the IOO to aid in opening the 100
to its proper shape and location after it has been
inserted into the eye's anterior or posterior chamber.
[0111] A tint or a filter may be incorporated into a
lens or optic to filter high energy blue light and/or
ultra-violet light. The filter or tint may also be
used to enhance contrast sensitivity as perceived by
the user. [0112] The diameter of the IOO or IOL may be
between approximately 5 mm and approximately 10 mm
(not including haptics), depending upon the lens's or
optic's intended application. Other dimensions are
possible as well [0113] When used as a corneal inlay,
the diameter of an optic or lens having a dynamic
aperture and/or apodization mask must be less than the
diameter of the cornea. In some configurations, the
optic or lens can have a diameter between
approximately 5 mm and approximately 14 mm. The outer
surface of the substrates may be curved to
substantially match the curvature of the cornea, such
as when used in a corneal inlay, or to match any other
desired curvature, or the outer surface of substrates
may be planar. [0114] Figure 8 shows an IOO 800
located in an anterior chamber of an eye and in
optical communication with a healthy presbyopic
crystalline lens 810. The IOO may include a dynamic
aperture, a dynamic mask, or both. In configurations
including a dynamic aperture, the IOO may provide for
improved intermediate and near vision by increasing
the depth of focus. Figure 9 shows an IOO 900 located
in an anterior chamber of an eye and in optical
communication with a far and near vision IOL 910. The
IOO may include a dynamic aperture, a dynamic mask, or
both. An IOO including a dynamic aperture may provide
for increased depth of focus. Figure 10 shows an IOO
1000 located in an anterior chamber of an eye and in
optical communication with an IOL 1010 that corrects
for far distance vision only. The IOO may include a
dynamic aperture, a dynamic mask, or both. The
configuration 



shown in Figure 10 may be useful for providing an
increased depth of field for providing near distance
and/or intermediate distance correction by way of a
dynamic aperture. Figure 11 shows an IOO 1100 located
in an anterior chamber of an eye and in optical
communication with an IOL 1110 that corrects for far
distance vision and near distance vision. The IOO may
include a dynamic aperture, a dynamic mask, or both. A
dynamic aperture may be useful for providing an
increased depth of field for providing intermediate
distance correction. Figure12 shows an IOO 11200
ocated in a posterior chamber of an eye and in optical
communication with an IOL. The IOO may include a
dynamic aperture, a dynamic mask, or both. Figure 13
shows an IOL 1310 having a dynamic aperture in the
portion of the IOL closest to the eye's pupil. The IOL
also may include a dynamic mask. Figure 14 shows an
IOL having a dynamic aperture in the middle portion of
the IOL. The IOL also may include a dynamic mask.
Figure 15 shows an IOL having a dynamic aperture in
the portion of the IOL closest to the eye's retina.
The IOL also may include a dynamic mask. Figure 16
shows a corneal inlay in optical communication with a
healthy presbyopic crystalline lens. The inlay may
include a dynamic aperture, a dynamic mask, or both.
Figure 17 shows a corneal inlay in optical
communication with an IOL. The inlay may include a
dynamic aperture, a dynamic mask, or both. It should
be noted, that it is not possible to show all possible
configurations, embodiments, combinations, and
placements of the present invention. For example, a
corneal inlay having a dynamic aperture are not shown.
In addition, a static or dynamic apodization mask may
be incorporated into an IOO, IOL, corneal only, coneal
inlay, or other device as shown and described, with or
without a dynamic aperture. However, these will be
apparent to those skilled in the art. [0115] An IOO or
IOL including a dynamic aperture and/or an apodization
mask can be surgically inserted during the initial
surgical procedure that inserts a conventional IOL
without a dynamic aperture. Alternatively, the IOO or
IOL may be surgically inserted as a follow on surgical
procedure hours, days, weeks, months, or years after
the initial IOL surgery. [0116] Successful operation
of a lens or optic including a dynamic aperture is
dependent upon obtaining the maximum allowable
transmission through the mostly transparent aperture
and the minimum allowable transmission through the
mostly opaque annular region. Experiments were
conducted with neutral density (ND) optical filters
with ND values 



between 0 and 1.0 in which holes having a 1.5 mm
diameter were formed in the filters to create
apertures. In some experiments, a second filter was
placed over the aperture to simulate the transmittance
through the aperture. Neutral density is measure of
light transmittance based on a logarithmic scale and
is related to the transmission (T) via the following
relationship: T = 10 ND Equation 3[0117] In the
experiment, the filter was held in front of and very
close to the eye of a noncorrected +2.5OD presbyopic
patient. The presbyopic patient looked at a near
vision target at approximately 13 inches from the
patient's eye through the aperture. It was discovered
that such an aperture works for increasing depth of
field by providing good visual acuity and contrast
sensitivity, but only under certain conditions. [0118]
In general, the best results were obtained when the ND
value of the mostly transparent aperture was less than
approximately 0.1 (T greater than approximately 80%)
and the difference in ND values between the mostly
transparent aperture and the mostly opaque annulus was
greater than approximately 0.3. In a preferred
configuration, the ND value for the mostly transparent
aperture may be less than approximately 0.04 (T
greater than approximately 90%) and the ND of the
mostly opaque annulus is greater than approximately
1.0 (T less than approximately 10%). While increasing
the difference in ND values between the mostly
transparent aperture and the mostly opaque annulus can
compensate for a high ND value in the mostly
transparent aperture, it will lead to an undesirable
decrease in overall transmission of light to the
retina. [0119] The optical effects believed to result
from use of an aperture and/or apodization mask will
now be described. Retinal image quality can be
quantitatively described by an optical transfer
function (OTF) that is the plot of the value of the
complex contrast sensitivity function as a function of
the spatial frequency of the target object. A complex
contrast sensitivity function can be used to
characterize the image quality because the optics of
the eye may change the spatial frequency of the image
relative to that of the target, dependant on the
target spatial frequency, in addition to reducing the
contrast of the image. In principle, an OTF can be
constructed for every object distance and illumination
level. The OTF of the eye varies with object distance
and illumination level, because both of these
variables change the optics of the eye. The OTF of the
eye may be reduced due to refractive errors of the
eye, 



ocular aberrations or loss of accommodative ability
due to onset of presbyopia. [0120] The image of a
point object is the Fourier transform of the aperture
convoluted with the modulation transfer function (MTF)
of the imaging optics, where the MTF is the real
component of the OTF discussed above and shown in
Equation 1. The resulting point image is known as the
point spread function (PSF), and may serve as an index
of measurement of the quality of the ocular optic
(i.e., a bare eye or eye corrected with a vision care
means). The PSF of the retinal image is found to
correlate with the quality of visual experience,
especially when it is compromised by halos or glint or
other image artifacts. Thus, asystematic approach may
be applied to designing an aperture by using a pupil
apodization function. Such a function may be
consistent with other previous representations of an
aperture, such as that published by Guyon (Guyon, O,
"Phase-induced amplitude apodization of Telescope
Pupils in Extrasolar Terrestrial Planet Imaging",
Astron & Astrophys, 401 (2003); pp 379) shown in
Equation 1: Yo(x) = YE(X) YE(X) X M (X) Equation 1 In
which Yo(x) and YE(X) represent the complex amplitudes
of the entrance and exit pupils, respectively, M (x)
represents the Fourier transform of the mask shape,
and x represents a convolution. [0121] Similar
formulations of apertures are described in, for
example, Martinache F, "A Phase-Induced Zonal Zernicke
Apodization Designed for Stellar Coronagraphy", in J
Opt A., Pure Appl Opt, 6 (2004), pp 809-814. The
apodization function may be used to introduce defocus
as described in U.S. Patent No. 5,980,040 by
introducing an apodization function or an aperture
that alters the amplitude of the wavefront as a
function of the pupillary radius. It is also possible
to introduce an artificial aperture that alters the
phase of the wavefront as a function of pupillary
radius, having a beneficial impact on the PSF. A
quadratic phase distribution leaving the real
amplitude of the apodization function unchanged can
lead to defocus, e.g., E(x) =U(x)e lwc2 Equation 2 at
the entrance pupil, with rj(x)=l, if |x| < 1A and 0
otherwise, where ais a parameter representing the
amount of defocus. [0122] Therefore, to match the
aperture to a given set of visual tasks, the geometry
and optical properties of the aperture may be relative
to a desired PSF for the set of visual tasks. 



To do so, the retinal image quality (for example, as
defined by the PSF, or the OTF of the ocular system)
may be matched to the visual perception experienced by
an individual. Visual perception may be characterized
by the neural contrast sensitivity function (NCSF).
One step in the translation of a retinal image to a
visual perception is the neuronal transfer of "visual
information," i.e., the electrical signals produced by
the retinal photoreceptors on receiving the image on
the fovea. The neuronal transfer process is subject to
noise, which can cause a degradation of image contrast
in this case. The efficiency of neuronal transfer can
be expressed as a function of a spatial frequency or a
set of spatial frequencies of the retinalimage,
retinal illuminance, and the location of the point on
the fovea with respect to the center of the exit
pupil. Therefore, a maximum, optimum, or desirable
aperture performance may be obtained by an aperture
that can modulate the quality of the retinal image
such that the OTF of the combined optical system,
including the aperture, has a peak value of contrast
at a spatial frequency that matches the peak of the
NCSF of a particular individual. Although the
chromaticity of the viewed image may affect the
relationship between the NCSF and perceived quality,
the present disclosure does not consider this factor,
and provides an achromatic assessment of the retinal
image quality and its match to the NCSF. [0123]
Different variables may be used to change the
performance of an aperture. For example, U.S. Patent
Nos. 5,786,883 and 5,757,458 to Miller et al. describe
the effects of an annular aperture, apertures that
have multiple optical zones for different types of
photoreceptors, and variations in aperture size. In
general, the depth of focus increases and the retinal
image quality improves as the aperture decreases in
size. However, the total MTF of the combined eye and
aperture system is degraded with increased aperture
size. In general, the improvement of retinal image
quality improves until the aperture size becomes about
2 mm or less. Below this point, the effects of
diffraction may overcome the positive effect due to
enhancement of the depth of field. [0124] Two types of
functional adjustments may be made within an aperture:
the optical path difference caused by at a point
within the aperture as a function of location (i.e.,
distance from the pupillary center and its azimuth),
and its optical transmission. For a two dimensional
aperture orthogonal to the optic axis of the eye, a
description of the optical transmission is provided by
a pupil apodization function, as shown in Equation 2
for a= 1. More generally, this is true for a two
dimensional aperture in another plane, since the
aperture 



may be projected onto a plane orthogonal to the optic
axis of the eye. Clinical benefits of this approach
have been reported in, for example, Applegate RA, et
al, " Aberrations and Visual performance, Part I,
Optical and neural Limits to Vision", Presented at the
Wavefront Congress, 2005, which describes the MTF of
the eye as a function of pupillary apertures.
Application of an aperture enhances the low spatial
frequency MTF at the expense of the high spatial
frequency values of the MTF function of the eye. In
effect, the aperture functions as a low band pass
spatial frequency filter. Since the NCSF of a normal
human eye typically peaks at 4-8 cycles/degree, this
shift of MTF and associated OTF values of the retinal
image enables the OTF to better match the NCSF of the
eye. As previously mentioned, improvingimage quality
at low spatial frequencies may enhance visual comfort
and the subjective quality of vision. [0125] The pupil
apodization described by Guyon and others relates to
enhancement of the resolution of a telescope system.
Their assumption was that the emerging wavefront from
the star was extremely flat, and in no need of
correction. When designing for a human visual system,
wavefront aberrations may be corrected at the expense
of the OTF at high spatial frequencies. That is, a
lower optical resolution may be acceptable to approach
an OTF of the human visual system that is peaked at
mid to low spatial frequencies, and a PSF that is
diffraction limited at least for a few (1-3) Airy
diameters (l /d, when l is the wavelength of light,
and d is the pupillary aperture). [0126] Guyon also
investigated the effect of the distance between the
center of the aperture and the optic axis of the
system on the PSF of the optical system, and showed
that this parameter could be optimized to provide an
optimum PSF without affecting the net optical
transmission of the wavefront through the aperture.
Also, the geometry of the inner edge of the aperture
can further modulate the OTF of the entrance pupil,
and thus enhance the OTF of the eye in low to mid
spatial frequency region. Even patients with defocus
or low order aberrations may benefit from a mask with
specific edge geometries designed either individually
for each, or for that particular type of vision error.
For example, a patient with astigmatism may be fitted
with a mask that will have an elliptical shape, with
the minor axis of the ellipse matching the astigmatic
axis of the patient. In this case, the depth of focus
is increased preferentially along the direction of the
astigmatic axis. Such a patient may be able to achieve
optimum vision using a spherical correction,. The
geometry and optical 



transmission characteristics of the outer edge of the
aperture (for an annular aperture) may be designed to
minimize the effect of diffraction from this edge.
[0127] In Guyon and other astronomical work, phase
amplitude variation across the pupillary aperture has
been achieved by using mirrors (e.g., the PIAA
technique, first proposed by Guyon and Doddier). While
suitable for larger-scale applications such as
telescopes, these design solutions cannot readily be
adapted to clinical device such as those described
herein. [0128] To achieve some of the features and
benefits described herein, it may be preferable to
incorporate a dynamic aperture and/or apodization mask
into a device that may be fixed relative to the pupil.
Examples of such devices include IOOs, IOLs, corneal
inlays,and corneal onlays. Otherwise the effects of
the device may be reduced or eliminated, or the device
may have an undesirable effect on the wearer's vision.
Thus, some features described herein may be less
desirable for incorporation into devices that do not
remain fixed relative to the wearer's pupil, such as
contact lenses and spectacle lenses. [0129] While
illustrative and presently preferred embodiments of
the invention have been described in detail herein, it
is to be understood that the inventive concepts may be
otherwise variously embodied and employed, and that
the appended claims are intended to be construed to
include such variations, except as limited by the
prior art.WHAT IS CLAIMED IS: 1. An ophthalmic device
to be worn by a wearer, said ophthalmic device
comprising: an aperture; a peripheral region; a first
transparent electrode comprising a plurality of pixel
regions and a second transparent electrode disposed
over the first transparent electrode; an
electro-active layer disposed between the first
electrode and the second electrode, the electr-active
layer comprising a material allowing for a variable
transmission of light; wherein said aperture provides
a higher transmission of light than said peripheral
region; and wherein the shape and size of the aperture
is adjustable by way of a controller, a sensor, or
both. 2. The device of claim 1, wherein the optical
transmission of said aperture is adjustable by way of
a controller, a sensor, or both. 



3. The device of claim 1, wherein the optical
transmission of said peripheral region is adjustable
by way of a controller, a sensor, or both. 4. The
device of claim 1, wherein the optical transmission of
said aperture is greater than the optical transmission
of said peripheral region. 5. The device of claim 1,
wherein the shape of the aperture is adjustable to
shapes other than a circle. 6. The device of claim 1,
wherein each of the plurality of pixel regions is
individually addressable. 7. The device of claim 1,
wherein the plurality of pixel regions defines a
plurality of pixels in the electro-active layer, and
wherein the transparency of the plurality of pixels is
alterable to define the central aperture. 8. The
device of claim 7, wherein the aperture is
configurable to an arbitrary shape.9. The device of
claim 7, wherein the aperture may be positioned
relative to the line of sight of a user of the device.
10. The device of claim 9, wherein the aperture may be
repositioned after the device has been applied to the
user's eye. 11. The device of claim 1, wherein the
device is capable of being worn binocularly by the
wearer. 12. The device of claim 1, wherein the device
is capable of correcting higher order aberrations of
the wearer's vision. 13. The device of claim 1,
wherein the device is capable of controlling light
that is focused on the retina of the wearer's eye. 14.
The device of claim 1 wherein, when worn by the
wearer, the device is fixed in position relative to
the wearer's pupil. 15. An ophthalmic device
comprising: an apodization mask comprising an
electro-active, transparent substrate; wherein the
substrate has at least one optical transmission
property that is alterable by electrical activation.
16. The device of claim 15, further comprising a
dynamic aperture. 17. The device of claim 16, wherein
at least one the shape of the aperture and the size of
the aperture is optimized according to a modulation
transfer function of the wearer's eye 



18. The device of claim 16, wherein the geometry of
the aperture is remotely adjustable. 19. The device of
claim 15, wherein the at least one optical
transmission property is the index of refraction of
the substrate. 20. The device of claim 15, wherein the
at least one optical transmission property is at least
one of the transmitted amplitude and the transmitted
phase of light transmitted by the substrate.2 1. The
device of claim 20, wherein the apodization mask
provides a phase and amplitude profile associated with
a retinal image quality for distance vision at an
ambient light level range. 22. The device of claim 19,
wherein the index of refraction of the substrate in
the visual spectrum changes by at least 0.1 units upon
electrical activation. 23. The device of claim 22,
wherein the substrate comprises a liquid crystal
layer, and the index of refraction of the substrate is
alterable by electrical activation of the liquid
crystal layer. 24. The device of claim 23, wherein the
liquid crystal layer comprises a guest-host mixture.
25. The device of claim 23, wherein the liquid crystal
layer is homogeneous. 26. The device of claim 23,
wherein the liquid crystal layer is electrically
addressable over an area of at least about 0.25 mm2
without affecting the response of adjacent material.
27. The device of claim 23, further comprising a
computerized controller capable of activating multiple
segments of the liquid crystal layer. 28. The device
of claim 23, wherein the controller is embedded into
the ophthalmic device. 29. The device of claim 23,
wherein the controller is configured to activate
segments in a pattern corresponding to a mask that
modulates the amplitude, the phase or both the
amplitude and the phase of light is transmitted
through the device into the eye of a user fitted with
the device. 30. The device of claim 15, wherein the
device is capable of being surgically implanted in a
user's eye. 31. The device of claim 15 wherein, when
worn by a wearer, the substrate is fixed in position
relative to the wearer's pupil.32. An ophthalmic
device, comprising: 



an apodization mask comprising a transparent
substrate; wherein the substrate has at a refractive
index gradient of at least 0.01 units/mm in at least
one meridian. 33. The device of claim 32, wherein the
refractive index gradient does not affect the level of
defocus for light transmitted through the mask. 34.
The device of claim 32, further comprising a dynamic
aperture. 35. The device of claim 34, wherein at least
one the shape of the aperture and the size of the
aperture is optimized according to a modulation
transfer function of the wearer's eye 36. The device
of claim 34, wherein the geometry of the aperture is
remotely adjustable. 37. The device of claim 32
wherein, when the device is worn by a wearer, the
substrate is fixed in position relative to the
wearer's pupil. 38. An ophthalmic device comprising: a
substrate; a liquid crystal layer capable of altering
the optical transmission of the device by about 30% -
99% upon electrical activation. 39. The device of
claim 38, wherein the liquid crystal layer comprises a
guest-host mixture. 40. The device of claim 38,
wherein the liquid crystal layer is homogeneous. 41.
The device of claim 38, wherein the liquid crystal
layer is electrically addressable over an area of at
least about 0.25 mm2 without affecting the response of
adjacent material. 42. The device of claim 41, further
comprising a computerized controller capable of
activating multiple segments of the liquid crystal
layer. 43. The device of claim 42, wherein the
controller is embedded into the ophthalmic device.44.
The device of claim 43, wherein the controller is
configured to activate segments in a pattern
corresponding to a mask that modulates the amplitude,
the phase or both the amplitude and the phase of light
is transmitted through the device into the eye of a
user fitted with the device. 45. The device of claim
38, wherein the device is capable of being implanted
into the eye of a wearer. 46. The device of claim 38
wherein, when the device worn by a wearer, the
substrate is 



fixed in position relative to the wearer's pupil. 


