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TITLE

[1] Quint-focal diffractive intraocular lens.

BACKGROUND OF THE INVENTION
1. Field of the Invention
|2] The present invention relates generally to multifocal diffractive lenses, and more
particularly to quint-focal diffractive Intraocular Lenses (IOLs). Quint-focal diffractive IOLs
have five distinct focal points that provide a patient, who has been implanted with a quint-focal
Intraocular Lens (IOL), with distance, extended intermediate, intermediate, extended near, and

near vision. Thus, providing patients with a full depth of vision from distance to near.

2. Description of the Related Art

[3] The human crystalline lens is a transparent, biconvex structure in the eye that, along with
the cornea, helps to refract light to be focused on the retina. The crystalline lens is flexible, and
its curvature is controlled by ciliary muscles that change the curvature of the lens. This process is
called accommodation. At shorter focal distance the muscles operate to thicken the crystalline
lens, resulting in a rounder shape and thus higher refractive power. At longer focal distances the
muscles operate to allow the crystalline lens to relax to reduce the refractive power. An IOL is
an artificial lens which is implanted into the human eye following a surgery to remove the
natural crystalline lens that has been rendered ineffective by a disease such as cataracts. Usually
an IOL does not have the ability to change its shape once it has been implanted and the patient
must settle for the focusing abilities of the IOL itself or augment the IOL with another lens such

as spectacles or contact lenses.
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|4] Early IOLs were monofocal by design and were only able to provide visual focus at a
single distance, usually at far distance. As a result, the patient would need to augment the IOL
with spectacles or contact lenses to see at intermediate or near distances. As IOL technology
advanced, bifocal IOLs became available which provided the patient with two focal points so as
to improve a patient’s near and distance vision. Further improvements in materials,
manufacturing, and computer design software allowed for the construction of diffractive IOLs.
These IOLs, using the principle of diffractive constructive interference, allowed for additional
focal points to be created. A diffractive bifocal usually creates two focal points with about 82%
energy efficiency. A diffractive trifocal IOL would have three focal points, distance and near as
a bifocal lens as well as a third focal point for intermediate vision. The intermediate focal point
would increase the range of vision for the patient. A diffractive trifocal creates three focal points
with about 89% energy efficiency. However, trifocal diffractive IOLs have certain
disadvantages. First, they may not be able to provide an intermediate focal point at a comfortable
distance for the patient. Second, “holes” or “gaps” in the full range of vision from distance to
near would still exist.

[5] Additionally, both the phakic eye and the pseudo-phakic eye suffer from chromatic
aberration (CA). CA is a failure of a lens to focus all colors to a particular focal point. The
reason for this is that the refractive index of the cornea and the lens, both the natural crystalline
lens and the IOL, varies with the wavelength of a color and since the location of a focal point
depends on the refractive index, different colors will have different focal points. As a result, the
white light image formed at the retina either for the natural phakic eye or pseudophakic eye
implanted with an IOL will be blurry.

[6] US patent 9,320,594, granted to James Schwiegerling, titled “Diffractive Trifocal Lens”
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discloses a diffractive trifocal IOL comprising an optical element having at least one diffractive
surface with a profile comprised of a plurality of annular concentric zones where a distinct step
in optical thickness at the junction of adjacent zones defines a step height. The step heights are
optimized to produce a phase relationship for constructive interference at three different focal
points; distance, intermediate, and near. However, the Schwiegerling lens renders the
intermediate vision at ~80 cm for a near distance at ~40 cm which is longer than the OSHA
recemented comfortable intermediate range of ~60 cm for computer use. Furthermore, only a
portion of the entire range of intermediate vision, from about 50 cm to 180 cm, is covered by the
Schwiegerling lens leaving gaps in the intermediate vision where objects are not in focus.

[7] US patent 10,426,599 granted to Myoung-Taek Choi and others titled “Multifocal lens
having reduced chromatic aberrations” discloses an IOL that has an anterior surface, a posterior
surface and a diffractive structure providing for four focal points: distance, near, and two
intermediates. The lens increases the field of vision in the intermediate range while reducing
CA, the entire intermediate range between distance and near is not covered with only two focal
points.

[8] US patent publication 2019/0224001, also to Myoung-Taek Choi and others, titled
“Multifocal diffractive ophthalmic lens” discloses an IOL with four diffractive orders providing
distance, near, and two intermediate focal points. However, one of the intermediate focal points,
the 1st order diffraction, is suppressed in order to distribute more energy to the other focal points
and thus provide more useful vision. However, the suppression of an intermediate focal point
results in the loss of vision detail at that focal point and degrading the patient’s range of vision
from distance to near intermediate.

[9] Thus, there exists a need for a diffractive IOL that (i) provides diffraction efficiency of
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~100% so that the suppression of one or more focal points are not required, (ii) recovers wasted
diffraction efficiencies found in existing diffractive IOL designs that are allocated towards useful
focal points, (iii) has at least five diffractive orders so that the patient may have a continuity of

vision from distance to near, and (iv) reduces CA.

BRIEF SUMMARY OF THE INVENTION

[10] Disclosed is a multifocal IOL having an anterior surface, posterior surface, and at least
one diffractive structure including a plurality of either echelettes or Fourier harmonics. The
diffractive structure produces constructive interference in at least five consecutive diffraction
orders with high energy usage efficiency, to support distance to near vision along with three
additional intermediate focal points for a full range of vision between distance and near vision.
The design of the diffractive structure may also produce five consecutive diffraction orders,
commencing at the 4™ order, to support distance to near vision with reduced CA, thus providing
patients with high quality white light and color vision.

[11] Other features and advantages of various embodiments of the present invention will be

apparent to one skilled in the art from the following description.

BRIEF DESCRIPTION OF DRAWINGS
[12] The present invention will become more fully understood from the detailed description
and accompanying drawings, wherein:
[13] FIG. 1 shows an exemplary schematic plan view of an IOL according to an embodiment
of the invention.

[14] FIG. 2 shows a schematic view of the five consecutive diffraction orders.
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[15] FIG. 3 gives a table containing examples of the additional power distribution amongst
the five diffraction orders.

[16] FIG. 4 shows an exemplary diffractive step arrangement of the Optical Path Difference
(OPD) of the diffraction structures.

[17] FIG. 5 gives a table containing examples of the energy distribution amongst the five
consecutive diffraction orders.

[18] FIG. 6 is a cross-sectional view of the radial OPD phase profile for a diffractive
structure according to a first embodiment of the disclosed diffractive lens.

[19] FIG. 7 is a cross-sectional view of the radial OPD phase profile for the diffractive
structure of the first embodiment having a partial diffraction aperture. It is effectively the
diffraction structure of the first embodiment apodised with a top-hat function.

[20] FIG. 8 gives a table containing the OPD phase values at the eight ends of the four
segments of the diffraction structure for the first embodiment.

[21] FIG. 9 gives a table showing the diffraction efficiency at the 5 consecutive diffraction
orders achieved with the diffraction structure of the first embodiment.

[22] FIG. 10 is a cross-sectional view of the radial OPD phase profile for a diffractive
structure according to a second embodiment of the disclosed diffractive lens.

[23] FIG. 11 is a cross-sectional view of the radial OPD phase profile for the diffractive
structure of the second embodiment having a partial diffraction aperture. It is effectively the
diffraction structure of the second embodiment apodised with a top-hat function.

[24] FIG. 12 gives a table containing the OPD phase values at the eight ends of the four

segments of the diffraction structure for the second embodiment.
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[25] FIG. 13 shows diffraction efficiency at the 5 consecutive diffraction orders achieved
with the diffraction structure of the second embodiment.

[26] FIG. 14 is a cross-sectional view of the radial OPD phase profile for a diffractive
structure according to a third embodiment of the disclosed diffractive lens.

[27] FIG. 15 is a cross-sectional view of the radial OPD phase profile for the diffractive
structure of the third embodiment having a partial diffraction aperture. It is effectively the
diffraction structure of the third embodiment apodised with a top-hat function.

|28] FIG. 16 gives a table containing the OPD phase values at the eight ends of the four
segments of the diffraction structure for the third embodiment.

[29] FIG. 17 shows diffraction efficiency at the 5 consecutive diffraction orders achieved
with the diffraction structure of the third embodiment.

[30] FIG. 18 is a cross-sectional view of the radial OPD phase profile for the diffractive
structure of the fourth embodiment having a partial diffraction aperture. It is effectively the
achromatizing version of the first embodiment with a partial diffraction aperture.

[31] FIG. 19 gives a table containing the OPD phase values at the eight ends of the four
segments of the diffraction structure for the fourth embodiment.

[32] FIG. 20 is a cross-sectional view of the radial OPD phase profile for the diffractive
structure of the fifth embodiment having a partial diffraction aperture. It is effectively the
achromatizing version of the second embodiment with a partial diffraction aperture.

[33] FIG. 21 gives a table containing the OPD phase values at the eight ends of the four

segments of the diffraction structure for the fifth embodiment.
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|34] FIG. 22 is a cross-sectional view of the radial OPD phase profile for the diffractive
structure of the sixth embodiment having a partial diffraction aperture. It is effectively the
achromatizing version of the third embodiment with a partial diffraction aperture.

[35] FIG. 23 gives a table containing the OPD phase values at the eight ends of the four
segments of the diffraction structure for the sixth embodiment.

[36] FIG. 24 is a cross-sectional view of the radial OPD phase profile for the diffractive
structure of the seventh embodiment having a Fourier Harmonics.

[37] FIG. 25 gives a table containing the energy distribution amongst the five diffraction
orders generated from the diffractive structure of the seventh embodiment. The effective
diffraction orders are -2, -1, 0, 1, 2 for distance, extended intermediate, intermediate, extended
near, and near vision respectively.

[38] FIG. 26 gives a table containing the amplitudes and phases of the Fourier harmonics.

[39] FIG. 27 is a cross-sectional view of the radial OPD phase profile for the diffractive
structure of the eighth embodiment having a Fourier Harmonics which is effectively the partial

diffractive aperture version of the seventh embodiment.

DETAILED DESCRIPTION OF THE INVENTION
[40] The following description is presented to enable one of ordinary skill in the art to make
and use the invention and is provided in the context of a patent application and its requirements.
The various embodiments of the present invention provide a multifocal diffractive IOL with
improved continuity of vision at intermediate distances. Modifications to the various
embodiments described in this specification will be readily apparent and the principles and

features disclosed will operate effectively in other configurations such as contact or spectacle
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lenses without departing from the scope of the invention. Therefore, the present invention is not
intended to be limited to the various embodiments shown but is to be accorded the widest scope
consistent with the principles and features described herein.

[41] The multifocal diffractive IOL disclosed within this specification has an anterior
surface, a posterior surface and at least one diffractive structure including a plurality of
echelettes or Fourier harmonics. The various embodiments of the disclosed diffractive structure
provide for at least five focal points corresponding to diffractive orders to allow for distance,
near, and three stages of intermediate vision. By controlling the energy distribution between the
at least five focal points and improving the diffraction efficiency there is no need to suppress any
of the diffractive orders and the improved diffraction efficiency decreases the existence of
optical dysphotopsia. The said optical dysphotopsia are unwanted optics that may exist in
patient’s vision after cataract surgery and may be categorized as positive or negative. Positive
dysphotopsia is unwanted light, such as a streak, starburst, flicker, fog or haze whereas the less
common negative dysphotopsia described as a black line or arc-shaped shadow, in the temporal
field of vision. This invention particularly reduces the positive dysphotopsia to its minimum.

[42] FIG. 1 illustrates a particular embodiment of a multifocal diffractive IOL 10 including a
diffractive structure 12 on either the anterior or the posterior side of the IOL. Diffractive
structure 12 comprises a set of annular diffractive zones 14 wherein each zone comprises a
structure suitable for constructive interference of light. The radial width of each diffraction zone
14 controls for additional powers while the step structure within each diffraction zone 14
controls the amount of light diffracted into each of the focal points. Diffractive structure 12 is
positioned on base optic 16 which is monofocal and is typically set for distance viewing. IOL 10

includes haptics 18 to hold IOL 10 in place within the capsular bag where previously the
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crystalline lens would be found. Shown in FIG. 1 are two haptics but I[OLs may have more than
two haptics or some other sort of structure to hold the IOL in its proper position within the
capsular bag. IOL 10, diffractive structure 12, and haptics 18 are typically made from the same
flexible materials, such as silicone. Although the disclosed embodiments are described as an
IOL, the embodiments may be equally applied to contact lenses and spectacles as well to IOLs
that reside in locations of the eye other than the capsular bag.

[43] It is desirable for an IOL to provide a full depth of vision for the patient so that objects
from near, to intermediate, and to distance may be seen in focus. Monofocal IOLs provided
patients with a very narrow depth of vision, generally at distance, so that only objects at a far
distance are in focus. Bifocal IOLs provided patients with simultaneous vision where objects at
near and at distance are in focus. Objects at a near field of vision are those objects that are
generally 30 cm to 45 cm in front of the cornea of the eye while objects at a distance field of
vision are those objects that are generally at least 400 cm from the eye. The quint focal IOL,
represented by IOL 10, seeks to bring into focus those objects that reside between the near and
distance fields of vision by use of diffractive structure 12. Diffractive structure 12 introduces a
phase perturbation into the optical path to generate five effective diffraction orders to assist
patients for vision at distance, extended intermediate, intermediate, extended near, and near
distances. FIG. 2 schematically shows, for diffractive structure 12 of IOL 10 disclosed herein,
the five focal points that are created: distance, extended intermediate, intermediate, extended
near, and near.

[44] FIG. 3 shows a table containing examples of ADD power that are useful for presbyopia,
that is near vision, correction. The amount of ADD power to be crafted onto IOL 10 depends

upon the extent of the patient’s presbyopia condition, that is the near vision needs of the patient.



WO 2020/132703 PCT/US2020/019129

From the amount of ADD applied to the near vision, the amount of addition power applied to
each of the intermediate focal points may be determined where extended intermediate is V4,
intermediate is %2, and extended near is % of the ADD applied to the near vision. The table in
FIG. 3 shows examples where the amount of ADD applied to near visionis 2 D, 3 D, 3.2 D, and
4D.

[45] FIG. 4 shows an exemplary micro-structure of diffractive structure 12 of the echelette
type where the y-axis, being in the same direction as the optical axis, is shown in terms of optical
path difference (OPD) while the x-axis, being the distance from the center of the lens as
represented by X, is shown in terms of the radius » squared. The echelette micro-structure of
diffractive structure 12 takes the form of a four step repeating diffractive structure that produces
a phase relationship for constructive interference at five different focal points; distance, extended
intermediate, intermediate, extended near, and near; within the range of vision, with each step
being a diffractive zone 14. FIG. 1 shows eight diffraction zones 14 and thus the micro-structure
of FIG. 4 has been repeated twice. The radius of each diffraction zone 14 is based on the Fresnel

diffractive lens design for the diffraction ring diameter:

2iA
rl = —
ADD

[46] Where 7; is the radius of the i zone on the lens; X is the design wavelength; and ADD is
the addition power for the near focus. The phase profile of each diffraction zone 14 is a linear
line segment in terms of radius 7’ with an OPD starting point defined as ®;; and an OPD ending
point defined as ®;2. The first diffractive zone 14 from the center of the lens can be chosen as

the reference of the OPD, that is ®;; is defined as zero. As the micro-structure repeats every
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fourth diffractive zone 14, the value of @ at each repeating cycle will be zero. This is shown in
FIG. 4 where @;; and ®s; are both zero. The width of each diffractive zone 12 is Xi+; - X; as
determined by the Fresnel equation above where X is in terms of radius 7° and 7 is one of the
values 0, 1, 2, or 3. The fraction of incident light energy focused at a particular diffraction order;
being 0, +1, +2, +3, and +4; is referred to “diffraction efficiency” for focal points at distance,
extended intermediate, intermediate, near intermediate, and near respectively.

[47] This structure is repeated on the lens surface along the direction of radius of the lens
aperture. The OPD values at the two ends of each section of the four segments are the design
values of the diffraction structure. The OPD distribution of the structure may be expressed with

the following equation:

X=X WPy, — D
@11 _'_( Q. Av’(lz 11) Xo < X < X1
X=X WD, — D,
®n+( JZ{‘ 21) X <X <X,
23 (Y == X - '-1 { 279 T 2
OPD(X) = ¢»1+(X Ko (D3 — Pgy) %, <X <X,
3 AX
(X — X)) (D, — @
@41 n N 3)(AX42 41) X% <X < X4

Where

22
T ADD

Ko = 4 AX Mt X )
0= "ATAX,

X, = Xg + AX

Xz = XO + 2 AX
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Xz =X+ 34X
Ry is the radius of the diffractive aperture, R 1s the radius of the lens aperture, the values of o, £,
y, and & are all known in art though £ is always zero for the non-achromatizing first, second,
and third embodiments.

[48] The micro-structure of FIG. 4 may be altered to distribute focal energy amongst the five
focal points depending upon the needs of the patient. The table in FIG. 5 shows seven different
examples of diffraction efficiency at distance or O diffraction order, extended intermediate or 1%
diffraction order, intermediate or 2™ diffraction order, extended near or 3™ diffraction order, and
near or 41 diffraction order. A particular energy profile can be achieved through optimization to
the ten ®;; with the help of custom or commercial raytracing software.

[49] FIGS. 6, 10, and 14 shows the OPD phase profile of diffractive structure 12 for the first,
second, and third embodiments respectively of the quint focal IOL. The phase profile is
illustrated as a plurality of diffraction zones 14 about optical axis OA, shown as a dashed line,
where the radial location is zero. As diffraction zones 14 are annular rings about the optical axis
the OPD phase profile is symmetrical about optical axis OA. Each diffraction zone 14 is
bounded on either side by a vertical step and each set of four diffraction zones 14, starting from
the first diffraction zone closest to optical axis OA, is represented by the step structure of FIG. 4.
The step structure in FIG. 4 shows the diffraction zones along the radius of the lens aperture
starting from the optical axis OA. The diffractive phase profile is separated from the refractive
portion of base optic 16 (i.e., zero on the vertical axis corresponds to the surface of base optic
16). The OPD phase profile shows five repeating sets of the four diffraction zones represented
by FIG. 4. This discussion also applies to FIGS. 7, 11, and 15 where the OPD phase profile of

diffractive structure 12 for the first, second, and third embodiments respectively of the quint
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focal IOL is apodised by a top hat function.

[50] FIGS. 8, 12, and 16 give a table containing the OPD phase values at the eight ends of
the four diffraction zones 14 of diffraction structure 12 as shown in FIG. 4 for the first, second,
and third embodiments respectively of the quint focal IOL. The column Step 1 shows the OPD
phase values for the range Xo to X; being ®;; and ®;; respectively. The column Step 2 shows the
OPD phase values for the range X; to X2 being ®2; and @2 respectively. The column Step 3
shows the OPD phase values for the range X> to X3 being ®3; and @3 respectively. Finally, the
column Step 4 shows the OPD phase values for the range X5 to Xs being ®4; and @42
respectively. The OPD phase values are repeated for each set of the four diffraction zones 14
shown in FIG. 4. FIG. 1 shows IOL 10 with eight diffraction zones 14 thus twice repeating the
OPD phase values given in the tables.

[51] FIGS. 9, 13, and 17 give a table containing an estimation of the diffraction efficiency at
the 5 consecutive diffraction orders achieved with the diffraction structure of the first, second,
and third embodiments respectively of the quint focal IOL at photopic aperture. In the figures
the reader may see that the first, second, and third embodiments of IOL 10 provides excellent
efficiency at both distance (0™ order) and near (4" order) focal points while broadly spreading
the efficiency at the three intermediate focal points (1%, 2, and 3™ orders). One with ordinary
skill in the art would appreciate that the diffraction efficiencies may be shifted between the five
orders by a change of the OPD values in diffraction structure 12. In this manner vision may be
improved at any one of the five diffraction focal point at the expense of vision in the remaining
focal points in order to best adapt the IOL to the lifestyle of the patient.

[52] The first, second, and third embodiments of the quint focal IOL may be converted to an

achromatizing version to reduce the CA of the pseudophakic eye by a change of the energy
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producing diffraction orders. The first, second, and third embodiments of the quint focal IOL all
use, as the energy producing diffraction orders, the 0™ diffractive order for distance vision and
the 4™ diffractive order for near vision. The achromatizing version of the first, second, and third
embodiment, being the fourth, fifth, and sixth embodiments herein, use as the energy producing
diffraction orders, the 4™ for distance vision, 8" for near vision, and 5", 6", and 7" diffraction
orders for the intermediate focal points. The diffraction efficiency estimation of the first, second,
and third embodiments shown in FIGS. 9, 13, and 17 respectively, remain the same for the
achromatizing fourth, fifth, and sixth embodiments.

[53] FIGS. 18, 20, and 22 shows the achromatizing phase profile of diffractive structure 12
for the fourth, fifth, and sixth embodiments respectively of the quint focal IOL. The OPD phase
profile is illustrated as a plurality of diffraction zones 14 about optical axis OA, shown as a
dashed line, where the radial location is zero. As diffraction zones 14 are annular rings about the
optical axis the OPD phase profile is symmetrical about optical axis OA. Each diffraction zone
14 is bounded on either side by a vertical step and each set of four diffraction zones 14, starting
from the first diffraction zone closest to optical axis OA, is represented by the step structure of
FIG. 4. The phase profile is separated from the refractive portion of base optic 16 (i.e., zero on
the vertical axis corresponds to the surface of base optic 16). The phase profile shows three
repeating sets of the four diffraction zones represented by FIG. 4.

[54] FIGS. 19, 21, and 23 give a table containing the OPD phase values at the eight ends of
the four diffraction zones 14 of diffraction structure 12 as shown in FIG. 4 for the fourth, fifth,
and sixth embodiments respectively of the quint focal IOL. The column Step 1 shows the OPD
phase values for the range Xy to X; being ®;; and ®@;> respectively. The column Step 2 shows the

OPD phase values for the range X; to X2 being ®2; and @2, respectively. The column Step 3
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shows the OPD phase values for the range X> to X3 being ®3; and @3 respectively. Finally, the
column Step 4 shows the OPD phase values for the range X to Xy being ®4; and @
respectively. The OPD phase values are repeated for each set of the four diffraction zones 14
shown in FIG. 4. FIG. 1 shows IOL 10 with eight diffraction zones 14 thus twice repeating the
OPD phase values given in the tables.

[55] The manufacturing of diffractive structure 12 of quint focal IOL 10 may be simplified
by the application of sinusoidal Fourier harmonics to diffractive structure 12. The diffraction
structures in embodiments discussed thus far, embodiments one through six, consists of a
plurality of echelettes. The following embodiments, seven and eight, consists of a plurality of
Fourier harmonics. The application of the Fourier harmonics smooths the step structure shown
in FIG. 4 to eliminate the sharp contours while retaining the diffraction efficiency of diffractive
structure 12 at ~100%. The OPD distribution of the sinusoidal Fourier harmonics exemplary can

be exemplified with the following equation:

N

ZA : -(mADDX FY X < Rj
OPD(X) = {4 LS T A i) = 1D

a+BX +yXP+6X° RE<X<R?

Where Add is the near addition power and the values of N, 4;, ¥;, 2, 5, v, and § are all
parameters to be optimized for the design goals of the quint focal IOL.

[56] FIG. 24 shows the OPD phase profile of a diffractive structure 12 modified by the
application of twelve sinusoidal Fourier harmonics as embodiment eight of the quint focal IOL.
The application of the sinusoidal Fourier harmonics shifts the effective diffraction orders from O,

+1, +2, +3, and +4 to -2, -1, 0, +1, and +2 where -2 diffraction order is for distance, -1 diffraction
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order is for extended intermediate, O diffraction order is for intermediate, +1 is for extended near,
and +2 is for near vision respectively. The OPD phase profile is illustrated as a plurality of
diffraction zones 14 about optical axis OA, shown as a dashed line, where the radial location is
zero. As diffraction zones 14 are annular rings about the optical axis the OPD phase profile is
symmetrical about optical axis OA. The OPD phase profile is separated from the refractive
portion of base optic 16 (i.e., zero on the vertical axis corresponds to the surface of base optic
16). FIG. 25 gives a table containing the diffraction efficiencies for each of the diffraction
orders: -2, -1, 0, +1, and +2, in this embodiment. FIG. 26 gives a table listing the amplitudes and
phases of the sinusoidal Fourier harmonics applied to the quint focal IOL. FIG. 27 shows a
cross-sectional view of the radial OPD phase profile for the diffractive structure of this
embodiment apodised by a top hat function which is effectively the partial diffractive aperture
version of the seventh embodiment.

[57] Although a number of embodiments have been illustrated and described herein, it will
be appreciated by those of ordinary skill in the art that a wide variety of equivalent embodiments
or implementations calculated to achieve the same purposes may be substituted for the
embodiments disclosed herein without departing from the scope of the present invention. Those
with skill in the art will readily appreciate that embodiments in accordance with the present
invention may be implemented in a very wide variety of ways. This application is intended to
cover any adaptations or variations of the embodiments discussed herein.

[58] The terms and expressions which have been employed in this specification are used as
terms of description and not of limitation, and there is no intention, in the use of such terms and

expressions, to exclude equivalents of the features shown and described or portions thereof, it
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being recognized that the scope of the invention is defined and limited only by the claims that

follow.
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CLAIMS
What is claimed is:
1. An intraocular lens, comprising:
a lens having an anterior surface and a posterior surface; and
a diffractive profile disposed on at least one of the anterior surface and the posterior
surface, the diffractive profile comprising a plurality of annular zones configured to
produce constructive interference in at least five consecutive diffractive orders within
a range of vision, the five consecutive diffractive orders including a lowest diffractive
order, an extended intermediate diffractive order, an intermediate diffractive order, an
extended near diffractive order, and a highest diffractive order, wherein:
the highest diffractive order corresponds to a near focus for near vision, a lowest
diffractive order corresponds to a distance focus for distance vision, the extended
intermediate diffractive order corresponds to an extended intermediate focal point, the
intermediate diffractive order corresponds to an intermediate focal point, and the

extended near diffractive order corresponds to an extended near focal point.

2. The intraocular lens of claim 1, wherein
the near, extended near, intermediate, and the extended intermediate focal points each
correspond to a different add power relative to a base power of the distance focal
point;
an add power corresponding to the extended intermediate focal point is less than one half
of an add power corresponding to the near focal point;

an add power corresponding to the intermediate focal point is one half of an add power
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corresponding to the near focal point; and
an add power corresponding to the extended near focal point is greater than one half of an

add power corresponding to the near focal point.

. The intraocular lens of claim 1, wherein the five consecutive diffractive orders are 0, +1,

+2, +3, and +4.

4. The intraocular lens of claim 1, wherein the five consecutive diffractive orders are +4, +5,

+6, +7, and +8.

. The intraocular lens of claim 1, wherein the five consecutive diffractive orders are -2, -1,

0, +1, and +2.

6. The intraocular lens of claim 1, wherein the plurality of annular zones comprises

diffractive steps.

7. The intraocular lens of claim 6, wherein the diffractive steps repeat.

The intraocular lens of claim 7, wherein the number of diffractive steps is four.

9. The intraocular lens of claim 8, wherein the diffractive steps are described with the

following formula:
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K= X W Dyy — By
Dy + ( L)(m{lz 1) Xo =X <X,

(X — X )Py, — By
_ 21+ i)(‘AXZZ 21) X, <X <X,
PP K X@y =)
31V > X, =X <X;
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Py + - j)kAXJ 2 X3 S K <Xy
Where
ax o A
T ADD

xﬂm4mum(jﬁ>

\4 AX
X, = X, + AX
X, = Xg -+ 2 AX
X, = Xq -+ 3 AX

ADD is the desired addition power at the highest diffractive order.

10. The intraocular lens of claim 9, wherein the diffractive profile is apodised by the top hat

function:

_ (1 r<Rp
A‘% r>Rp

Where Rj is the radius of the top hat function.
11. The intraocular lens of claim 9, wherein the OPD is further modified with the following
formula:
OPD(X) = a +BX +yX* +6X° RE<X<R?
Where «, 8, v, and § coefficients of the polvnomials to be optimized for optimal performance of the

lens.
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12. The intraocular lens of claim 1, wherein the diffractive profile is achromatized.

13. The intraocular lens of claim 1, wherein the diffractive profile is subjected to a plurality

of sinusoidal Fourier harmonics.

14. The intraocular lens of claim 13, wherein the number of sinusoidal Fourier harmonics is

at least twelve.

15. The intraocular lens of claim 1, wherein the diffractive profile has a diffractive

efficiency of at least 98%



