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OPHTHALMIC LENS, SYSTEMS AND METHODS
WITH ANGULAR VARYING PHASE DELAY
CROSS-REFERENCES TO RELATED APPLICATIONS
[0001] This application claims priority under 35 U.S.C §119(e) to provisional
application No. 61/288,255 filed on December 18, 2009, the entire contents
of which are incorporated herein by reference. This application is related to
the following applications which were filed concurrently herewith: Single
Microstructure Lens, Systems And Methods, U.S. Patent Application No.:

. Limited Echelette Lens, Systems And Methods, U.S. Patent

Application No.: ; and Ophthalmic Lens, Systems And

Methods Having At Least One Rotationally Asymmetric Diffractive Structure,

U.S. Patent Application No.: . The entire contents of these

three applications are also incorporated herein by reference. This
application is also related to the following U.S. Patent Application Nos.:
61/047,699 and 12/109,251, both filed on April 24, 2008; 12/429,155 filed on
April 23, 2009; 12/372,573 filed on February 17, 2009; 12/197,249 filed on
August 23, 2008; 12/120,201 filed on April 13, 2008, and 12/771,550 filed
on April 30, 2010. Full Paris Convention priority is hereby expressly

reserved.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002] This invention relates generally to an ophthalmic lens, and more specifically

to an ophthalmic lens having coupled thereto or integrated thereon one or
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more rotationally asymmetric and/or non-continuous diffractive zones for
varying phase delay in order to improve vision at a range of distances, as

well as systems and methods relating to same.

Description of the Related Art

[0003]

[0004]

[0005]

Surgery on the human eye has become commonplace in recent years. Many
patients pursue eye surgery as an elective procedure, such as to avoid the
use of contacts or glasses. Other patients pursue surgery to correct an
adverse condition in the eye. Such adverse conditions may include, for
example, cataracts or presbyopia, as well as other conditions known to those

skilled in the art.

The anatomy and physiology of the human eye is well understood. Generally
speaking, the structure of the human eye includes an outer layer formed of
two parts, namely the cornea and the sclera. The middle layer of the eye
includes the iris, the choroid, and the ciliary body. The inner layer of the eye
Includes the retina. The eye also includes, physically associated with the
middle layer, a crystalline lens that is contained within an elastic capsule,
also referred to as the lens capsule, or capsular bag. Image formation in the
eye occurs by entry of image-forming light to the eye through the cornea, and
refraction by the cornea and the crystalline lens to focus the image-forming

light on the retina. The retina provides the light sensitive tissue of the eye.

Ophthalmic lenses, such as intraocular lenses (IOLs), phakic |OLs and

corneal implants may be used to enhance or correct vision, such as to
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[0006]

[0007]

[0008]

correct for the aforementioned adverse conditions, including aberrations or
iInadequacies that adversely affect the performance of the referenced
structures of the eye. For example, IOLs are routinely used to replace the

crystalline lens of an eye that is removed during cataract surgery.

Ophthalmic lenses, such as IOLs, may be monofocal, multifocal, or may
include monofocal and multifocal portions. More particularly, a monofocal
|OL portion may provide a single focal point, whereas a multifocal |OL portion
may provide multiple focal points, such as for correction of vision at different
distances. For example, a bifocal IOL may provide two different focal points,

typically for near and distant vision.

A diffractive bifocal IOL may divide incident light into two diffractive orders to
provide the aforementioned near and distant bifocal vision. |n such lenses,
the optic area is generally divided into a plurality of echelettes that are offset
parallel to the optical axis by predetermined diffractive step heights in order

to provide a specific phase relationship.

A phase “plate” is typically comprised of a plurality of echelettes in which the
optical height of the steps causes a phase delay. For example, a step height
of one-half times the design wavelength results in approximately 80% of the
light at the design wavelength being evenly split between zeroeth and first
diffraction orders. This phase plate configuration may be used to produce a
bifocal lens in which the zeroeth diffraction order produces a first focal point

for distant vision, and the first diffraction order produces a second focal point
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corresponding to near or intermediate vision. A step height equal to the
design wavelength results in a monofocal diffractive IOL that may be used to

correct for chromatic aberration.

[0009] A first particular problem associated with diffractive multifocal/bifocal IOLs is
dysphotopsia, i.e. halos and glare. Halos arise when light from the unused
focal image creates an out-of-focus image that is superimposed on the used
focal image. For example, if light from a distant point source is imaged onto
the retina by the distant focus of a bifocal IOL, the near focus of the IOL will
simultaneously superimpose a defocused image on top of the image formed
by the distant focus. This defocused image may manifest itself in the form of
a ring of light surrounding the in-focus image, referred to as a halo. A
second problem frequently associated with diffractive multifocal/bifocal IOLs
IS reduced contrast vision. These difficulties arise, at least in part, due to the
symmetric, and/or the concentric, nature of the aforementioned diffractive

echelettes of the IOL.

[0010] Thus, a need exists for a lens, system and method that improves the
performance of multifocal lenses, and particularly of multifocal ophthalmic

lenses.

SUMMARY OF THE INVENTION

[0011] The present invention includes ophthalmic lenses such as spectacles, contact
lenses, corneal inlays or onlays, or intraocular lenses (IOLs) including, for

example, phakic IOLs and piggyback |OLs having coupled thereto or
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[0012]

[0013]

[0014]

integrated thereon at least one rotationally asymmetric ditfractive structure
and a system and method relating to same. The lens of the present invention
may include one or more surface regions having a refractive optical power

and/or a diffractive optical power that together enhance vision.

More particularly, in embodiments of the present invention, an ophthalmic
lens may include one or more rotationally asymmetric and/or non-continuous

diffractive zones, such as for providing improved multifocal vision.

A multifocal ophthalmic lens, system and method in accordance with the
present invention may include an optic having an anterior surface, a posterior
surface, and an optical axis, wherein the optic includes at least one refractive
region associated with at least one of the anterior surface and the posterior
surface, and at least one diffractive region comprising a plurality of diffractive
echelettes coupled with at least a portion of the at least one refractive region
and having a rotational asymmetry with respect to the optical axis. The phase
plate may have at least two diffractive orders with associated diffractive
optical powers configured for forming, in conjunction with the coupled portion

of the at least one refractive region, at least a first focus and a second focus.

The aforementioned first focus may be configured to provide distant vision,
and the second focus may be configured to provide near vision. The
refractive region may comprise approximately half of the optic while the

diffractive region may comprise the other half of the optic, by way of non-
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[0015]

[0016]

[0017]

[0018]

limiting example. The plurality of echelettes may comprise a step height as

between adjacent ones of the plurality of echelettes.

A multifocal ophthalmic lens, system and method in accordance with the
present invention may further include at least one or more rotationally
asymmetric and/or non-continuous zone wherein each respective step height
in the zone may vary tangentially as a function of the rotational angle or vary

around a particular circumference along the optic.

Systems and methods in accordance with the present invention may include
any manner of providing an ophthalmic lens having one or more rotationally
asymmetric structures. Such systems and method may include, and/or may
be executed by, for example, hardware, software, and computing systems

and processes.

Thus, the present invention provides a lens apparatus, system and method
that improve the performance of diffractive lenses, and particularly of

multifocal and/or toric ophthalmic lenses, in ophthalmic applications.

BRIEF DESCRIPTION OF THE DRAWINGS

Understanding of the present invention will be facilitated by consideration of
the following detailed description of the preferred embodiments of the
present invention taken in conjunction with the accompanying drawings, in

which like numerals refer to like parts, and in which:
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[0019]

[10020]

[0021]

10022]

[0023]

10024]

[0025]

[0026]

[0027]

[0023]

Figure 1 Is a schematic illustration of an eye including a prior art intraocular

lens;

Figure 2 is a schematic illustration of an eye including a prior art intraocular

lens;

Figure 3 is a schematic illustration of a prior art ophthalmic lens;

Figure 4 is a schematic illustration of an ophthalmic lens according to

embodiments of the present invention;

Figure 5 Iis a schematic illustration of an ophthalmic lens according to

embodiments of the present invention;

Figure 6 i1s a schematic illustration of an ophthalmic lens according to

embodiments of the present invention;

Figure 7 shows aspects of a single microstructure lens according to

embodiments of the present invention.

Figure 7a illustrates aspects of a lens profile according to embodiments of

the present invention.

Figure 8 Is a block diagram illustrating a clinical computing system.

For illustration purposes, the profile geometries shown in certain
aforementioned figures were not drawn exactly to scale. The heights of the
profiles shown in the figures are generally on the order of O(zero) umeters to

about 8.0 umeters although the heights may vary depending on factors such
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[00029]

[00030]

as the amount of correction needed by the patient, the refractive index of the

lens material and surrounding medium, and the desired phase shift/ delay.

DETAILED DESCRIPTION

It is to be understood that the figures and descriptions of the present
invention have been simplified to illustrate elements that are relevant for a
clear understanding of the present invention, while eliminating, for the
purpose of clarity, many other elements found in typical lenses, lens systems
and methods. Those of ordinary skill in the pertinent arts may recognize that
other elements and/or steps are desirable and/or required in implementing
the present invention. However, because such elements and steps are well
known in the art, and because they do not facilitate a better understanding of
the present invention, a discussion of such elements and steps is not
provided herein. The disclosure herein is directed to all such variations and
modifications to such elements and methods known to those skilled in the

pertinent arts.

The present invention is directed to an ophthalmic lens such as, for example,
spectacles, contact lenses, corneal inlays or onlays, or intraocular lenses
(I0Ls) including, for example, phakic IOLs and piggyback |IOLs, having
thereupon at least one rotationally asymmetric diffractive structure and a
system and method relating to same. The lens of the present invention may
include one or more surface regions having a refractive optical power and a
diffractive optical power that together enhance vision. The terms "power" or

"optical power" are used herein to indicate the ability of a lens, an optic, an
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[00031]

[00032]

optical surface, or at least a portion of an optical surface, to redirect incident
light for the purpose of forming a real or virtual focal point. Optical power
may result from reflection, refraction, diffraction, or some combination thereof
and is generally expressed in units of Diopters. One of skill in the art will
appreciate that the optical power of a surface, lens, or optic is generally
equal to the reciprocal of the focal length of the surface, lens, or optic, when
the focal length is expressed in units of meters. Further, as used herein, the
term "refractive optical power" or "refractive power" includes optical power
produced by the refraction of light as it interacts with a surface, lens, or optic,
and the term "diffractive optical power" or "ditfractive power" includes optical
power resulting from interference of non-refractive light, and may or may not

be related to the ditfraction of light as it interacts with a surface, lens, or optic.

More particularly, in embodiments of the present invention, an ophthalmic
lens may include one or more rotationally asymmetric and/or non-continuous
diffractive zones, such as for providing improved multifocal vision correction.
The embodiments of the corrective lens, system and method of the present
invention thus provide improved performance after implantation, such as by
at least reducing halos and improving contrast vision. The present invention
IS directed to ophthalmic lenses mentioned herein, as well as, corneal

reshaping procedures and combinations of the foregoing.

Figure 1 illustrates an IOL 20 having an optical axis 21 disposed in an eye
22. The IOL 20 may comprise a phase plate 23 having at least one

diffractive structure Phase plate 23 may be disposed on an anterior surface
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24 having a base curvature C, and may be illuminated by incident light 26
from a distant object that enters eye 22 in the form of collimated light. A first
portion 27 of incident light 26 may be substantially unaffected by phase plate
23 and is focused by anterior surface 24 and a posterior surface 28, through
refraction, to produce a first focus 29 approximately located on a retina 30 of
eye 22 for providing distant vision. A second portion 32 of incident light 26
may be diffracted by phase plate 23 to form a second focus 34. The net
optical power of anterior surface 24 for forming the second focus 34 is
generally considered to be a combination of the refractive optical power of
the anterior surface 24 due to the base curvature C, and the diffractive

optical power of phase plate 23.

[00033] The term "near vision," as used herein, refers to vision provided by at least a
portion of a lens, such as |OL 20, wherein objects relatively close to the
subject are substantially in focus on the retina of the subject eye. The term
"near vision generally corresponds to vision provided when objects are at a
distance from the subject eye of between about 1 to 2 feet. The term "distant
vision," as used herein, refers to vision provided by at least a portion of a
lens, wherein objects relatively far from the subject are substantially in focus
on the retina of the eye. The term "distant vision" generally corresponds to
vision provided when objects are at a distance of at least about 6 feet or
greater. The term "intermediate vision," as used herein, refers to vision
provided by at least a portion of a lens, wherein objects at an intermediate

distance from the subject are substantially in focus on the retina of the eye.

10
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[00034]

[00035]

[00036]

Intermediate vision generally corresponds to vision provided when objects

are at a distance of about 2 feet to about 5 feet from the subject eye.

The ophthalmic lens, system and method of the present invention preferably
provide an improved correction of at least one of near, intermediate or distant
vision, and/or of at least one aberration or subjective performance
iInadequacy, in accordance with the aforementioned presence of at least one
rotationally asymmetric diffractive structure. For example, an ophthalmic
lens having multiple rotationally asymmetric echelettes may provide
improved multifocal vision correction by reducing halos and improving

contrast vision, as discussed immediately below.

Figure 2 illustrates the performance of a bifocal IOL 20 for a near object 40
located relatively close to eye 22. Under these conditions, distant and near
foci 29, 34 are disposed such that near focus 34 is approximately located on
retina 30, and distant focus 29 is located behind retina 30. Therefore, IOL 20
may function as a bifocal lens that provides a patient with both near and
distant vision in a manner that approximates the accommodative ability of the
natural lens of eye 22 when that lens is lost due to presbyopia and/or

removal, by way of example.

Phase plate 23 of a typical bifocal |IOL 20 is generally comprised of a plurality
of echelettes, having a particular offset or step height along the optical axis
21. As used herein, the term "zone" or "angular section” may be used to

identify portions of an optic which are distinguishable from an adjacent

11
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[00037]

[00038]

portion of an optic based on optical properties of the zone. For example,
adjacent zones may be refractive and diffractive. Two adjacent zones may
also be diffractive with different phase discontinuities or stepheights.
Additionally, one zone may have a constantly varying phase continuity
wherein the stepheight varies tangentially as a function of the rotational
angle. Such a zone, may for example, have a stepheight that transitions
from the stepheight of one adjacent zone and increases/ decreases until it

reaches the stepheight of the other adjacent zone, as detailed below.

The bifocal characteristics of a typical IOL 20 may be realized by selecting
the echelette stepheight such that rays to either side of the step experience a
difference in optical path length of, for example, A/2, where A is a design
wavelength. Alternatively, a typical IOL 20 may be in the form of a
monofocal IOL in which the step height is such that rays to either side of the
step experience a difference in optical path length of A. The benefits of such
a monofocal diffractive include chromatic aberration correction. Of course,
those skilled in the art will appreciate that other multiples of A are also

frequently employed in the pertinent arts to vary the optical path length.

Referring now to Figure 3, an ophthalmic lens 100 preferably includes optic
102. Optic 102 has an anterior surface 104, a posterior surface 106, and an
optical axis 108. The optic 102 may comprise a first region 110 having an
optical power and comprising a multifocal phase plate 112 for producing a
first focal point F1 (zeroeth order) and a second focal point F2 (first order).

By way of example, input light ray 124 may be split into two focused light

12
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[00039]

[00040]

[00041]

rays 124a and 124b, directed to the first focus F1 and the second focus F2,
respectively. In certain embodiments, phase plate 112 may be disposed on
the anterior surface 104. Alternatively, the phase plate 112 may be disposed
on the posterior surface 106. As understood to those skilled in the art, the

diffractive structure may be coupled to the optic, or integrated thereon.

The diffraction orders (and the refractive power) of multifocal phase plate 112
may be such that the location of the first focus F1 and the second focus F2
along the optical axis 108 are configured to provide near vision and distant
vision. That is, the first focus F1 is configured to provide distant vision, while
the add power of the multifocal phase plate 112 is configured such that the
second focus F2 provides near vision. For example, in typical embodiments
a near vision add power is 3.0 or 4.0 Diopters. Alternatively, the add power
may be such that the first focus F1 provides distant vision, while the second
focus F2 provides intermediate vision. For example, F2 may typically be 1-

2.5D.

Ophthalmic lens 100 may be an IOL, such as IOL 20 of Figure 1, for
placement in either the posterior or anterior chambers of an eye. As such,
ophthalmic lens 100 may be used to replace the natural lens of the eye, such
as after removal of the natural lens during cataract surgery. Alternatively,

ophthalmic lens 100 may be of any sort mentioned herein.

Foldable/deformable materials are particularly advantageous for formation of

implantable ones of ophthalmic lens 100, in part because lenses made from

13
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[00042]

such deformable materials may be rolled, folded or otherwise deformed and
inserted into the eye through a small incision. The lens material preterably
has a refractive index allowing a relatively thin, and preferably flexible, optic
section including the phase plate. When ophthalmic lens 100 is an
intraocular lens, optic 102 may have a diameter of about 4 mm or less to

about 7 mm or more, by way of non-limiting example.

When configured as an |OL, ophthalmic lens 100 may comprise any of the
various means available in the art for centering or otherwise disposing optic
102 on lens 100 within the eye. For example, ophthalmic lens 100 may
comprise one or more fixation members or haptics. The haptics may be
made of the same material as optic 102 and/or integrally formed therewith.
Alternatively, one or more haptics may be formed separately and attached to
optic 102. The haptics may comprise any of a variety of materials which
exhibit sufficient supporting strength and resilience, and/or which are
substantially biologically inert in an intended in-vivo environment. Suitable
materials for this purpose include, for example, polymeric materials such as
silicone polymeric materials, acrylic polymeric materials, hydrogel-forming
polymeric materials, such as polyhydroxyethylmethacrylate,
polyphosphazenes, polyurethanes, and mixtures thereof and the like. In
other exemplary embodiments, ophthalmic lens 100 may include a
positioning means that allows optic 102 to move along optical axis 108 In
response to deformation of the capsular bag and/or in response to the ciliary

muscles of the eye. (i.e. accommodating IOLS)

14
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[00043]

[00044]

Referring again specifically to Figure 3, a multifocal phase plate 112 may
comprise a first plurality 128 of echelettes 130. A first region 110 may
typically include a central diffraction region 134 that is surrounded by
echelettes 130. In traditional diffractive |OLs, the central diffraction region
134, along with surrounding echelettes are annular and rotationally
symmetric in form. Determination of an outer diameter of each echelette is
generally a function of design wavelength and the desired focal length of the
lens. Each of the echelettes 130 may typically have an area that is
substantially the same as each of the remaining echelettes 130. In
symmetrical embodiments of lens 100, echelettes 130 may be offset parallel
to the optical axis 108 so as to form steps 138 between adjacent echelettes
130. The steps 138 may be selected to produce a predefined phase

relationship between each of the echelettes 130.

The present invention provides a multifocal |OL having rotationally
asymmetric diffractive echelettes, which may include at least partially non-
annular and/or non-continuous diffractive structures. The rotationally
asymmetric nature of a multifocal diffractive |OL in accordance with the
present invention is such that the subjective discomfort resulting from halos
and/or reduced contrast vision is minimized. As used herein, rotational
symmetry is defined, with respect to a diffractive lens, as a constant step
height around a particular circumference on a subject lens. As such,
rotational asymmetry is herein defined as a nonconstant step height around a

particular circumference along the optic or as a non-annular diffractive step

15
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[00045]

[00046]

about the optic. Rotationally asymmetry may also herein be defined as a

step height that varies tangentially as a function of rotational angle.

Figure 4 is an illustration of a rotationally asymmetric multifocal diffractive
|OL 20a in accordance with the present invention. Angular section A
comprises a diffractive pattern 160, having a predetermined diffractive optical
power, such as a power of about 2 to about 4 Diopters. The stepheight of
the diffractive pattern establish a phase shift of about A. As a result, section
A is monofocal. Angular section A is located towards the bottom of the optic
and may cover between about 25% and about 45% of the optic. Angular
sections B are multifocal diffractive transition sections 162, wherein the
diffractive step height may change from a step height of section A to a zero
diffractive step at the uppermost portion of section B. Angular section B is
located adjacent and on both sides of Angular section A and may cover
between about 5% to about 25% of the optic. In the illustration, angular
section B may have a light distribution that varies between about 100 percent
to near focus at positions labeled “1”, and about 100 percent to far focus at
positions labeled “2.” Further, the uppermost portion of the illustrated optic,
that is, that portion of the optic that is opposite section A along a diameter of
the optic, may be a monofocal area, and more specifically a non-diffractive

monofocal area. Section A may be spherical or aspherical.

The illustrated diffractive zones are asymmetric in that the semi-circular
echelettes have a diffractive step height that varies. Additionally, only about

half of the lens has diffractive echelettes, thus the diffractive structure is non-

16
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continuous. As illustrated herein, the upper portion covers about 50% of the
optic, but in other embodiments, the upper portion may cover from about
33% to about 66%. Of course, as will be appreciated by those skilled in the
pertinent arts in light of the discussion herein, the zones may alternatively be
of any rotationally asymmetric configuration or otherwise variable diffractive
power zones, and/or series of non-continuous, variable diffractive power

Z0ONeEsS.

[00047] More particularly, Figure 5 illustrates an alternative embodiment of a
multifocal rotationally asymmetric |IOL 20b, wherein the upper portion of the
optic, i.e. that portion of the optic opposite section A along a diameter of the
optic, includes a ditfractive portion, labeled in Figure 5 as section C. In the
illustrated embodiment, section A may have a stepheight of the diffractive
pattern with a phase shift of about 0.7A. As a result, section A is bifocal,
directing about 74 percent to near focus, and 14 percent to far focus, while
about 12% of the light is directed in non-viewing orders. Section B may
include transition zones (zones that transition from the stepheight of one
adjacent zone and increases/ decreases until it reaches the stepheight of the
other adjacent zone), and section C may have a stepheight of the diffractive
pattern with a phase shift of about 0.293A. As a result, section C is a bifocal,
directing about 13 percent of the light to near focus, and 75 percent to far
focus, while about 12% of the light is directed to non-viewing orders.
Thereby, the upper portion of the optic may be multifocal, diffractive, far-

dominant, thus allowing further fine tuning to improve visual quality and to
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[00043]

[00049]

eliminate halos. Of note, as was the case in the illustrated embodiment of
Figure 4, the embodiment of Figure 5 is rotationally asymmetric at least in
that the diffractive phase delay, step height, i.e. the light distribution, changes
with the meridian of the optic. Additionally, the percentage of the optic that
each zone covers in Figure 5 may be equivalent to the ranges disclosed in

Figure 4.

In another preferred embodiment, the upper portion of Figure 5, section C,
may be a diffractive monofocal, and sections A and B may be a diffractive
bifocal with differing light distributions. Other variations include rotationally
asymmetric diffractive structures which cover approximately 10% to 100% of
the optic with light distributions between about 100% to near focus to about
100% to far focus. Additionally, the number of rotationally asymmetric
angular sections may vary between 1 and 32 with the percentage of the optic
that each section covers varying between 5% and 100%. Additionally, the
light distribution may be varied versus the meridian by changing the
diffractive echelette shape for different meridians, as is disclosed in
application US2009/0268158. Additionally, the light distribution may be
varied radially, for example, such as also disclosed in applications

12/109,251 (Weeber), 11/000,770 (Simpson), and 11/259,524 (Bandhauer).

In another preferred embodiment disclosed in Figure 6, a single ring
microstructure 200 for extending depth of focus as detailed below may be
added to the aforementioned rotationally asymmetric diffractive

embodiments. Addition of the single ring microstructure to the rotationally
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[00050]

[00051]

[00052]

asymmetric designs disclosed herein extends depth of focus without adding
halos. In another preferred embodiment, a limited number of rings, or

echelettes, as detailed below, may be added to extend depth of focus.

Of course, any of the examples detailed herein may be applied to any type of
ophthalmic lenses, including spectacle lenses, contact lenses, corneal inlays
or inlays, phakic lenses, and/or piggy-back lenses. Additionally, any of the
examples detailed herein may be imposed on any base refractive profiles,

e.g. spherical, aspheric, or toric.

While certain zones in FIG 4-6 show segments of constant phase delay,
stepheight, or light distribution, it should be appreciated that in alternative
embodiments, the phase delay, stepheight, or light distribution may vary
smoothly over the entire circumference of the echelettes, as in Figure 4,
section B. Other exemplary embodiments include stepheights which

transition abruptly.

Figure 7 discloses the single ring microstructure for extending depth of focus
as detailed in U.S. Patent Application No. 61/288,255 filed on December 18,
2009 and Single Microstructure Lens, Systems And Methods, U.S. Patent

Application No.: , filed concurrently herewith, both incorporated

herein by reference. The single ring microstructure may be placed on the
side opposing the rotationally asymmetric diffractive structure, or may be
iIncorporated on the same side as seen in Figure 6. In addition, the ring 200

may have a constant step height or may vary as detailed above.
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[00053]

[00054]

Only half of the lens is shown in Figure 7, although since the single ring
microstructure is rotationally symmetric, the other half is a mirror image that
complements the lens at the left side of Figure 7. Profile 200 of the single
ring surface includes an inner portion or single ring 210, a step or transition
220, and an outer portion 230. Inner portion 210 extends between a central
location 270 of profile 200 and transition 220, and outer portion 230 extends
between transition 220 and a peripheral location 280 of profile 200. Central
location 270 Is typically disposed at the optical axis. Transition 220 Is
disposed at a distance of about 1.5 mm from the optical axis, and peripheral
location 280 is disposed at the diameter of the clear aperture of the lens,
here at a distance of about 3.0 mm from the optical axis. |In some cases,
transition 220 can be disposed at a distance from the optical axis that is
within a range from about 0.5 mm to about 2.0 mm, and peripheral location
280 can be disposed at a distance from the optical axis that is within a range
from about 2.0 to about 3.5 mm, or bigger (for example, for contact lenses,
the ranges would be scaled due to the larger sizes of the contact lens

compared to an |OL).

As shown in Figure 7, the surface height or sag (d) from a reference plane
perpendicular to the optical axis, of each point on the lens profile is plotted
against the radial distance (r) from the optical axis of the lens. As shown
here, the value of displacement or total sag (d) can have a value within a
range from about 0 mm to about 0.07 mm. The total sag can depend on the

refractive shape of the surface and can have a value, for an IOL, of typically
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[00055]

[00056]

[00057]

[00058]

between O mm and about 2 mm, or to about minus 2 mm, In cases where the

surface is concave.

Inner Portion

Inner portion or echelette 210 includes a center 210a and a peripheral edge
210b. At center or central section 210a of inner portion 210, the sag (d) of
inner portion 210 is substantially equivalent to the displacement or sag (d) of
peripheral curve 260. At peripheral edge 210b, the sag (d) of inner portion
210 is substantially equivalent to the sag (d) of diffractive base curve 240.
Where radial distance (r) is zero, sag (d) of inner portion 210 is equivalent to
the value of the peripheral curve 260. The value of sag (d) between radial
distance zero and radial distance at the peripheral edge 210b, for example at
1.5 mm, gradually and smoothly changes from the value of peripheral curve
260 (at r=0) to diffractive base curve 240 (at r=1.5 mm) in a parabolic
fashion. As shown here, inner portion 210 can present a parabolic shape, for
example as described in Equation 4a of Cohen, Applied Optics, 31:19, pp.

3750-3754 (1992), incorporated herein by reference.

Transition

At the peripheral edge 210b, where the radial distance (r) Is 1.5 mm, the
value of sag (d) steps or changes from the value of diffractive base curve 240
to the value of peripheral curve 260. Where radial distance (r) corresponds
to transition 220, sag (d) of inner portion 210 is equivalent to the value of the

diffractive base curve 240. Relatedly, the displacement of the profile 200
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[00059]

[00060]

[00061]

approaches that of the peripheral curve 260 as the radial distance increases
from a value of zero to a value of about 1.5 mm. The value of the offset can
be determined along the vertical axis. The offset value may be selected
depending on the amount of phase delay. According to one embodiment, the
iInner portion 210 and the outer portion 230 may not end up at the same
vertical height at position 210b/230a. One way to connect these two
endpoints is by using a straight vertical line. As shown here, the diffractive
transition step provides a sharp step in the profile. In some cases the
transition is characterized by a step height having a value within a range from

about 0.5 microns and about 4 microns.

Quter Portion

Quter portion 230 includes an inner or central edge 230a and a peripheral
edge 230b. At inner edge 230a, the sag (d) of outer portion 230 is
substantially equivalent to the sag (d) of peripheral curve 260. At peripheral
edge 230Db, the sag (d) of outer portion 230 remains substantially equivalent
to the sag (d) of peripheral curve 260. The value of sag (d) for the outer
portion 230 of profile 100 between radial distance 1.5 mm and radial distance
3.0 mm is equivalent to the value of peripheral curve 260. The sag of the
profile 200 and the peripheral curve 260 are approximately equivalent

between radial distance values of 1.5 mm and 3.0 mm.

The limited ring embodiments comprise of adding a limited number of

echelettes to the above detailed single ring microstructure. In general such
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[00062]

limited ring embodiments comprise of a limited number of echelettes that are
either adjacent or non-adjacent to the inner central echelette and may or may
not be separated by a refractive region. In some exemplary embodiments,
every 2" 3" 4™ or 5™ echelette in Section A in Figures 4 and/or 5 may be
extended into a full ring similar to ring 200 in Figure 6. It should be
appreciated that any variation of limited ring embodiments falls within the

scope of this invention.

Figure 7A provides a graphical representation of a portion of a lens diffractive
profile with a central echelette and one peripheral adjacent echelette
according to embodiments of the present invention. In Figure 7A, the height
of the surface relief profile (from a plane perpendicular to the light rays) of
each point on the echelettes surface is plotted against the distance from the
optical axis of the lens. The echelettes can have a characteristic optical zone
930 and transition zone 931. Optical zone 930 can have a shape or
downward slope that may be linear when plotted against p as shown In
Figure 7A. When plotted against radius r, optical zone 930 can have a shape
or downward slope that is parabolic. Central and peripheral echelettes can
have a surface area that is between 0.7 and 7 mm2. For example, the
echelettes may have a surface area that is 0.85 mm2. An outer (refractive)
zone can follow the base radius with a fixed offset. Exemplary embodiments
include peripheral echelette(s) that are similar in shape (e.g. elliptical) and

variable stepheight as the central echelette. Of course, this invention
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iIncludes those embodiments where the peripheral echelette(s) differ in shape

and/or variable stepheight as compared to the central echelette.

[00063] Figure 8 is a block diagram illustrating the implementation of the present
invention, as set forth hereinabove, in a clinical system 300 comprised of one
or more apparatuses that of capable of assessing the eye’'s biometry and of
performing the calculations and comparisons set forth in designing the
asymmetric diffractive multifocal elements discussed herein. The system
300 may include a biometric reader and/or input 301, a processor 302, and a
computer readable memory 304 coupled to the processor 302. The
computer readable memory 304 includes therein an array of ordered values
308 and sequences of instructions 318 which, when executed by the
processor 302, cause the processor 302 to select and/or design the
diffractive structures and manufacture the lens through, for example, known
molding or lathe techniques. The array of ordered values 308 may comprise
data used or obtained from and for use in design methods consistent with
embodiments of the invention. For example, the array of ordered values 308
may comprise one or more desired refractive outcomes, parameters of an
eye model based on one or more characteristics of at least one eye, and/or
data related to an IOL, a set of IOLs, and one or more rotationally

asymmetric echelettes.

[00064] The sequence of instructions 318 may include one or more steps consistent
with embodiments of the invention. In some embodiments, the sequence of

instructions 318 may include application of calculations, algorithms,
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[0065]

[0066]

customization, simulation, comparison, remote communications and

networking, and the like.

The processor 302 may be embodied in a general purpose desktop or laptop
computer, and/or may comprise hardware and/or software associated with
inputs 301. In certain embodiments, the system 300 may be configured to be
electronically coupled to another device, such as one or more instruments for
obtaining measurements of an eye or a plurality of eyes. Alternatively, the
system 300 may be embodied in a handheld device that may be adapted to

be electronically and/or wirelessly coupled to one or more other devices.

Although the Invention has been described and pictured In an exemplary
form with a certain degree of particularity, it should be understood that the
present disclosure of the exemplary form has been made by way of example,
and that numerous changes in the details of construction and combination
and arrangement of parts and steps may be made without departing from the

spirit and scope of the invention as set forth in the claims hereinatfter.
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CLAIMS

What is claimed is:

1. An ophthalmic lens, comprising:

an anterior face and a posterior face, the faces disposed about an optical axis;

at least one diffractive region imposed on the anterior face or the posterior face,

comprising a plurality of diffractive echelettes, wherein the phase delays vary
tangentially.

The ophthalmic lens of claim 1, wherein the stepheights of the echelettes
vary tangentially.

The ophthalmic lens of claim 1, wherein the light distribution of the echelettes
vary tangentially.

The ophthalmic lens of claim 1, wherein the diffractive region is located within
an angular section of the optic.

The ophthalmic lens of claim 2, wherein the diffractive region is within an
angular section that covers between 5 and 66% of the optic.

The ophthalmic lens of claim 5, wherein the stepheights within an angular
section of an optic transition from the stepheight of one adjacent zone to the
stepheight of another adjacent zone.

The ophthalmic lens of claim 5, wherein the stepheights within an angular
section of an optic transition from the stepheight of one diffractive zone to the

stepheight of an adjacent monofocal zone.
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8. The ophthalmic lens of claim 5, wherein the stepheights within an angular

section of an optic transition from the stepheight of one diffractive zone to

another adjacent refractive zone.

9. An ophthalmic lens, comprising:

an optic having an anterior surface, a posterior surface, and
an optical axis, the optic comprising:

at least one refractive region associated with at least one of
the anterior surface and the posterior surface; and

at least one ditfractive region comprising a plurality of diffractive echelettes
having a rotational asymmetry with respect to the optical axis, the ditfractive region
having at least two diffractive orders with associated diffractive optical powers

configured for forming, in conjunction with the at least one refractive region, at least a

first focus and a second focus.

10.  The ophthalmic lens of claim 9, wherein the refractive region comprises from

about 33% to about 66% of the opitic.

11.  The ophthalmic lens of claim 9, wherein light at a design wavelength that is

incident on the ophthalmic lens is split between the zeroeth diffraction order and the first

diffraction order to form the first focus and the second focus.

12.  The ophthalmic lens of claim 9, wherein the plurality of echelettes comprise a
step height as between adjacent ones of the plurality of echelettes, and wherein each of

the respective step heights varies rotationally as a function of the rotational asymmetry.
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13.  The ophthalmic lens of claim 9, wherein the plurality of diffractive echelettes
COMprises:

a first section comprising a monofocal diffractive pattern having a first one of the
associated diffractive optical powers; and

a second section comprising a plurality of multifocal transitions.

14.  The ophthalmic lens of claim 13, wherein the plurality of multifocal transitions
comprise a transition from about 100 percent to the first focus to about 100 percent to

the second focus.

15.  The ophthalmic lens of claim 13, wherein the plurality of ditffractive echelettes
further comprises a third region comprising a variable focus between the first focus and

the second focus.

16.  The ophthalmic lens of claim 15, wherein the variable focus comprises about 25

percent to the first focus comprising a near focus, and about 75 percent to the second

focus comprising a distant focus
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