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(57) Abrégé/Abstract:
Apparatuses, systems and methods for providing improved ophthalmic lenses, particularly intraocular lenses (IOLs), include
features for reducing dysphotopsia effects, such as haloes and glare, in extended range of vision lenses. Exemplary ophthalmic
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(57) Abrégé(suite)/Abstract(continued):
lenses can include an optic including a first surface and a second surface each disposed about an optical axis and extending
radially outward from the optical axis to an outer periphery of the optic. A diffractive profile including a plurality of echelettes is

disposed on the first surface such that no echelette on the first surface repeats between the optical axis and the outer periphery of
the optic.



wO 20207115104 A1 |0 00000 KO Y00 00 0 0 00

CA 03100676 2020-11-12

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intellectual Propert J
(o wer Orgmiation 2 0 OO0 OO 0 O A0

International Bureau

/ (10) International Publication Number
(43) International Publication Date ===~ WO 2020/115104 A1
11 June 2020 (11.06.2020) WIRPOIPCT
(51) International Patent Classification: (74) Agent: BRUNNER, John Michael Owen ct al.; Carpmaels
G02C 7/04 (2006.01) AG61F 2/16 (2006.01) & Ransford LLP, One Southampton Row, London WCIB
5HA (GB).

(21) International Application Number:
PCT/EP2019/083615 (81) Designated States (unless otherwise indicated, for every
. - kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: AO, AJ"I", AU, AZp BA. BB, BG, BIL BN, BR, BW, BY, BZ.
04 December 2019 (04.12.2019) CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,

(25) Filing Language: English Dz, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,

(26) Publication Language: English KR,KW,KZ LA, LC,LK,LR,LS, LU, LY, MA, MD, ME,
(30) Priority Data: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
62/776,362 06 December 2018 (06.12.2018) US OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
. , SC, SD, SE, SG, SK. SL, SM, ST, SV, SY, TH, TJ, TM, TN,

(71) Applicant: AMO GRONINGEN B.V. [NL/NL]|; Van Swi- TR, TT. TZ UA. UG, US, UZ VC, VN, ZA. ZM. ZW.

etenlaan 5, 9728 NX Groningen (NL).

. . ' ) (84) Designated States (unless otherwise indicated, for every
(72) Inventors: WEEBER, Hendrik A.; Van Swietenlaan 5, kind of regional protection available): ARTPO (BW, GH,

9728 NX Groningen (NL). ROSEN, Robert, Van Swieten- GM. KE. LR. LS. MW. MZ. NA. RW. SD. SL. ST. SZ. TZ
laan 5, 9728 NX Groningen (NL). UG, ZM, ZW), Eurasian (AM, AZ, BY, KG. KZ, RU. TJ.
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE. ES, FIL FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

(54) Title: DIFFRACTIVE LENSES FOR PRESBYOPIA TREATMENT

P

408c O‘
408h 4080 08l

A410b t 4 |

Ob t 408¢ 1 4100|4101 L 4101, 408n..{

“.“Od \Amf \ \ ;{14101 }[ :“OZ"] |

W | 408c

|
i | 08g \ 14408k | 410m h! 408y
\A-_\ialloe“‘k}ll}ogxlylgi?l \}\‘f }}/:X‘/ ,’l,./J If”j
‘i

1474}”

410k 408m 410n 410, 4105 410”

T
,L 410r 25

0
508c /503q
510b | 508d sosh 508i 5o N

A S

/ S08r s08v
[ Isoss

508t 1

fsca
g

Is10f | 510] Ix

P I IH
Nl }x:%‘j;*i‘jﬁ“ i

i Roddid cﬁﬂam"ﬁ

FIG. 5

(57) Abstract: Apparatuses, systems and methods for providing improved ophthalmic lenses, particularly intraocular lenses (IOLs),
include features for reducing dysphotopsia effects, such as haloes and glare, in extended range of vision lenses. Exemplary ophthalmic
lenses can include an optic including a first surface and a second surface each disposed about an optical axis and extending radially
outward from the optical axis to an outer periphery of the optic. A diffractive profile including a plurality of echelettes is disposed on
the first surface such that no echelette on the first surface repeats between the optical axis and the outer periphery of the optic.
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DIFFRACTIVE LENSES FOR PRESBYOPIA TREATMENT

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to, and the benefit of, under 35 U.S.C. § 119(e) of U.S.
Provisional Appl. No. 62/776,362, filed December 6, 2018, which is incorporated by reference
herein in its entirety.

BACKGROUND

[0002] Embodiments of the present invention relate to vision treatment techniques and in
particular, to ophthalmic lenses such as, for example, contact lenses, corneal inlays or onlays, or
mtraocular lenses (IOLs) including, for example, phakic IOLs and piggyback IOLs (ie. IOLs
implanted i an eye already having an IOL).

[0003] Presbyopia is a condition that affects the accommodation properties of the eye. As
objects move closer to a young, properly functioning eye, the effects of ciliary muscle contraction
and zonular relaxation allow the lens of the eye to change shape, and thus increase its optical power
and ability to focus at near distances. This accommodation canallow the eye to focus and refocus

between near and far objects.

[0004] Presbyopia normally develops as a person ages, and is associated with a natural
progressive loss of accommodation. The presbyopic eye often loses the ability to rapidly and
casily refocus on objects at varying distances. The effects of presbyopia usually become noticeable
after the age of 45 years. By the age of 65 years, the crystalline lens has often lost almost all elastic
propertics and has only a limited ability to change shape.

[0005] Along with reductions in accommodation of the eye, age may also induce clouding of
the lens due to the formation of a cataract. A cataract may form in the hard central nucleus of the
lens, in the softer peripheral cortical portion of the lens, or at the back of the lens. Cataracts can
be treated by the replacement of the cloudy natural lens with an artificial lens. An artificial lens
replaces the natural lens in the eye, with the artificial lens often being referred to as an intraocular

lens or “IOL”.

[0006] Monofocal IOLs are intended to provide vision correction at one distance only, usually

the far focus. At the very least, since a monofocal IOL provides vision treatment at only one
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distance and since the typical correction is for far distance, spectacles are usually needed for good
vision atnear distances and sometimes for good vision atintermediate distances. The term “near
vision” generally corresponds to vision provided when objects are at a distance from the subject
eye at equal; or less than 1.5 feet. The term “distant vision” generally corresponds to vision
provided when objects are at a distance of at least about 5-6 feetor greater. The term “intermediate
vision” corresponds to vision provided when objects are at a distance of about 1.5 feetto about 5-
6 feet from the subject eye. Such characterizations of near, intermediate, and far vision correspond
to those addressed in Morlock R, Wirth RJ, Tally SR, Garufis C, Heichel CWD, Patient-Reported
Spectacle Independence Questionnaire (PRSIQ): Development and Validation. Am J
Ophthalmology 2017; 178:101-114.

[0007] There have been various attempts to address limitations associated with monofocal 1OLs.
For example, multifocal IOLs have been proposed that deliver, in principle, two foci, one near and
one far, optionally with some degree of intermediate focus. Such multifocal, or bifocal, IOLs are
mntended to provide good vision at two distances, and include both refractive and diffractive
multifocal I0Ls. In some instances, a multifocal IOL intended to correct vision at two distances

may provide a near (add) power of about 3.0 or 4.0 diopters.

[0008] Multifocal IOLs may, for example, rely on a diffractive optical surface to direct portions
of the light energy toward differing focal distances, thereby allowing the patient to clearly see both
near and far objects. Multifocal ophthalmic lenses (including contact lenses or the like) have also
been proposed for treatment of presbyopia without removal of the natural crystallne lens.
Diffractive optical surfaces, either monofocal or multifocal, may also be configured to provide

reduced chromatic aberration.

[0009] Diffractive monofocal and multifocal lenses can make use of a material having a given
refractive index and a surface curvature which provide a refractive power. Diffractive lenses have
a diffractive profile which confers the lens with a diffractive power that contributes to the overall
optical power of the lens. The diffractive profile is typically characterized by a number of
diffractive zones. When used for ophthalmic lenses these zones are typically annular lens zones,
or echelettes, spacedabout the optical axis of the lens. Each echelette may be defined by an optical
zone, a transition zone between the optical zone and an optical zone of an adjacent echelette, and

an echelette geometry. The echelette geometry includes an inner and outer diameter and a shape
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or slope of the optical zone, a height or step height, and a shape of the transition zone. The surface
area or diameter of the echelettes largely determines the diffractive power(s) of the lens and the
step height of the transition between echelettes largely determines the light distribution between

the different powers. Together, these echelettes form a diffractive profile.

[0010] A multifocal diffractive profile of the lens may be used to mitigate presbyopia by
providing two or more optical powers; for example, one for near vision and one for far vision. The
lenses may also take the form of an intraocular lens placed within the capsular bag of the eye,
replacing the original lens, or placed in front of the natural crystalline lens. The lenses may also
be in the form of a contact lens, most commonly a bifocal contact lens, or in any other form

mentioned herem.

[0011] Although multifocal ophthalmic lenses lead to improved quality of vision for many
patients, additional improvements would be beneficial. For example, some pseudophakic patients
experience undesirable visual effects (dysphotopsia), e.g. glare or halos. Halos may 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 simultancously superimpose a
defocused image on top of the image formed by the distant focus. This defocused image may
manifest itself in the form of aring of light surrounding the in-focus image, and is referred to as a
halo. Another area of improvement revolves around the typical bifocality of multifocal lenses.
While multifocal ophthalmic lenses typically provide adequate near and far vision, intermediate

vision may be compromised.

[0012] A lens with an extended range of vision may thus provide certain patients the benefits of
good vision at a range of distances, while having reduced or no dysphotopsia. Various techniques
for extending the depth of focus of an IOL have been proposed. One technique is embodied in the
Tecnis Symfony® lens offered by Johnson & Johnson Vision. One technique may include a bulls-
eye refractive principle, and may involve a central zone with a slightly increased power. One
technique may include an asphere or include refractive zones with different refractive zonal

powers.

[0013] Although certain proposed treatments may provide some benefit to patients in need

thereof, further advances would be desirable. For example, it would be desirable to provide
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improved IOL systems and methods that confer enhanced image quality across a wide and
extended range of foci without dysphotopsia. Embodiments of the present invention provide
solutions that address the problems described above, and hence provide answers to at least some

of these outstanding needs.

BRIEF SUMMARY
[0014] Embodiments herein described include ophthalmic lenses including anoptic including a
first surface and a second surface each disposed about an optical axis and extending radially
outward from the optical axis to an outer periphery of the optic, the first surface facing opposite
the second surface. A diffractive profile including a plurality of echelettes may be disposed on the
first surface such that no echelette on the first surface repeats between the optical axis and the outer

periphery of the optic.

[0015] Embodiments herein described include ophthalmic lenses including an optic including a
first surface and a second surface each disposed about an optical axis and extending radially
outward from the optical axis to an outer periphery of the optic, the first surface facing opposite
the second surface. A diffractive profile including a plurality of echelettes may be disposed on the
first surface such that each echelette on the first surface between the optical axis and the outer
periphery of the optic has a profile in r-squared space that is different than a profile in r-squared
space of any other echelette on the first surface between the optical axis and the outer periphery of

the optic.

[0016] Embodiments herein described include ophthalmic lenses with a first surface and a
second surface disposed about an optical axis and facing opposite cachother. A diffractive profile
may be disposed on the first surface and may include a plurality of echelettes. At least one of the

plurality of echelettes may be connected to an adjacent echelette by a step height of zero.

[0017] Embodiments herein described include ophthalmic lenses including an optic including a
first surface and a second surface each disposed about an optical axis and extending radially
outward from the optical axis to an outer periphery of the optic, the first surface facing opposite
the second surface and including a radially extending zone positioned between the optical axis and
the outer periphery of the optic. A diffractive profile including a plurality of echelettes may be
disposed on the first surface within the radially extending zone such that no echelette repeats within

the radially extending zone.
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[0018] Embodiments herein described also include manufacturing systems for making an
ophthalmic lens. Such manufacturing systems can include an mput that accepts an ophthalmic
lens prescription for a patient eye. A first module is configured to generate a diffractive profile
based on the ophthalmic lens prescription. The diffractive profile may include a plurality of
echelettes and the diffractive profile disposed on an optical surface of an optic such that no
echelette on the optical surface repeats between an optical axis and an outer periphery of the optic.
The manufacturing system may include a manufacturing assembly that fabricates the ophthalmic

lens based on the diffractive profile.

[0019] Embodiments herein described also include manufacturing systems for making an
ophthalmic lens. Such manufacturing system caninclude an input that accepts an ophthalmic lens
prescription for a patient eye. A first module is configured to generate a diffractive profile based
on the ophthalmic lens prescription. The diffractive profile may include a plurality of echelettes
for being disposed on an optical surface of an optic, and at least one of the plurality of echelettes
may be connected to an adjacent echelette by a step height of zero. The manufacturing system
may include a manufacturing assembly that fabricates the ophthalmic lens based on the diffractive

profile.

[0020] Embodiments herein described also include methods of designing an intraocular lens. Such
methods can include defining a diffractive profile and generating a diffractive lens surface based
on the diffractive profile. The diffractive profile may include a plurality of echelettes and the
diffractive profile disposed on an optical surface of an optic such that no echelette on the optical
surface repeats between an optical axis and an outer periphery of the optic.

[0021] Embodiments herein described also include methods of designing an intraocular lens. Such
methods can include defining a diffractive profile and generating a diffractive lens surface based
on the diffractive profile. The diffractive profile may include a plurality of echelettes disposed on
an optical surface of an optic, and at least one of the plurality of echelettes may be connected to

an adjacent echelette by a step height of zero.

BRIEF DESCRIPTION OF THE DRAWINGS
[0022] FIG. 1A illustrates a cross-sectional view of an eye with an implanted multifocal

refractive intraocular lens;
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[0023] FIG. 1B illustrates a cross-sectional view of an eye having an implanted multifocal

diffractive intraocular lens;
[0024] FIG. 2A illustrates a front view of a diffractive multifocal intraocular lens;
[0025] FIG. 2B illustrates a cross-sectional view of a diffractive multifocal intraocular lens;

[0026] FIGS. 3A-3B are graphical representations of a portion of the diffractive profile of a

conventional diffractive multifocal lens;

[0027] FIG. 4 is a graphical representation illustrating a lens profile for a diffractive lens

according to certain embodiments of this disclosure;

[0028] FIG. 5 is a graphical representation illustrating a lens profile for a diffractive lens

according to certain embodiments of this disclosure;

[0029] FIG. 6 is a simplified block diagram illustrating a system for generating a diffractive lens

surface, in accordance with embodiments;
[0030] FIG. 7 illustrates an example process for generating a diffractive lens surface; and

[0031] FIG. 8 illustrates an example computing environment for facilitating the systems and

processes of FIGS. 6 and 7.

DETAILED DESCRIPTION
[0032] Contemporary Lens Shapes and Diffractive Profiles

[0033] FIGS. 1A, 1B, 2A, 2B, 3A and 3B illustrate multifocal 10L lens geometries, aspects of
which are described in U.S. Patent Publication No. 2011-0149236 A1, which is hereby

incorporated by reference in its entirety.

[0034] FIG. 1A is a cross-sectional view of an eye E fit with a multifocal IOL 11. As shown,
multifocal IOL 11 may, for example, comprise a bifocal IOL. Multifocal IOL 11 receives light
from at least a portion of cornea 12 at the front of eye E and is generally centered about the optical
axis of eye E. For case of reference and clarity, FIGS. 1A and 1B do not disclose the refractive
propertics of other parts of the eye, such as the corneal surfaces. Only the refractive and/or

diffractive properties of the multifocal IOL 11 are illustrated.
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[0035] Each major face of lens 11, including the anterior (front) surface and posterior (back)
surface, generally has a refractive profile, e.g. biconvex, plano-convex, plano-concave, meniscus,
etc. The two surfaces together, in relation to the properties of the surrounding aqueous humor,
cornea, and other optical components of the overall optical system, define the effects of the lens
11 on the imaging performance by eye E. Conventional, monofocal 10Ls have a refractive power
based on the refractive index of the material from which the lens is made, and also on the curvature
or shape of the front and rear surfaces or faces of the lens. One or more support elements may be

configured to secure the lens 11 to a patient’s eye.

[0036] Multifocal lenses may optionally also make special use of the refractive properties of the
lens. Such lenses generally include different powers in different regions of the lens so as to
mitigate the effects of presbyopia. For example, as shown in FIG. 1A, a perimeter region of
refractive multifocal lens 11 may have a power which is suitable for viewing at far viewing
distances. The same refractive multifocal lens 11 may also include aninner region having a higher
surface curvature and a generally higher overall power (sometimes referred to as a positive add

power) suitable for viewing at near distances.

[0037] Rather than relying entirely on the refractive properties of the lens, multifocal diffractive
IOLs or contact lenses can also have a diffractive power, as illustrated by the IOL 18 shown in
FIG. 1B. The diffractive power can, for example, comprise positive or negative power, and that
diffractive power may be a significant (or even the primary) contributor to the overall optical
power of the lens. The diffractive poweris conferred by a plurality of concentric diffractive zones
which form a diffractive profile. The diffractive profile may either be disposed on the anterior

face or posterior face or both.

[0038] The diffractive profile of a diffractive multifocal lens directs incoming light into a
number of diffraction orders. As light 13 enters from the front of the eye, the multifocal lens 18
directs light 13 to form a far field focus 15a on retina 16 for viewing distant objects and a near
field focus 15b for viewing objects close to the eye. Depending on the distance from the source
of light 13, the focus on retina 16 may be the near field focus 15b instead. Typically, far field
focus 15a is associated with Ot diffractive order and near field focus 15b is associated with the 1t

diffractive order, although other orders may be used as well.
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[0039] Bifocal ophthalmic lens 18 typically distributes the majority of light energy into two
viewing orders, often with the goal of splitting imaging light energy about evenly (50%:50%), one
viewing order corresponding to far vision and one viewing order corresponding to near vision,

although typically, some fraction goes to non-viewing orders.

[0040] Corrective optics may be provided by phakic I0Ls, which can be used to treat patients
while leaving the natural lens in place. Phakic IOLs may be angle supported, iris supported, or
sulcus supported. The phakic IOL can be placed over the natural crystalline lens or piggy-backed
over another IOL. Itis also envisioned that the present disclosure may be applied to inlays, onlays,
accommodating IOLs, pseudophakic IOLs, other forms of intraocular implants, spectacles, and

even laser vision correction.

[0041] FIGS. 2A and 2B show aspects of a conventional diffractive multifocal lens 20.
Multifocal lens 20 may have certain optical properties that are generally similar to those of
multifocal 10Ls 11, 18 described above. Multifocal lens 20 has an anterior lens face 21 and a
posterior lens face 22 disposed about optical axis 24. The faces 21, 22, or optical surfaces, extend
radially outward from the optical axis 24 to an outer periphery 27 of the optic. The faces 21, 22,

or optical surfaces, face opposite each other.

[0042] When fitted onto the eye of a subject or patient, the optical axis of lens 20 is generally
aligned with the optical axis of eye E. The curvature of lens 20 gives lens 20 an anterior refractive
profile and a posterior refractive profile. Although a diffractive profile may also be disposed on
either anterior face 21 and posterior face 22 or both, FIG. 2B shows posterior face 22 with a
diffractive profile. The diffractive profile is characterized by a plurality of annular diffractive
zones or echelettes 23 spaced about optical axis 24. While analytical optics theory generally
assumes an infinite number of echelettes, a standard multifocal diffractive 10L typically has at
least 9 echelettes, and may have over 30 echelettes. For the sake of clarity, FIG. 2B shows only 4
echelettes. Typically, anIOL is biconvex, or possibly plano-convex, or convex-concave, although

an IOL could be plano-plano, or other refractive surface combinations.

[0043] FIGS. 3A and 3B are graphical representations of a portion of a typical diffractive profile
of a multifocal lens. While the graph shows only 3 echelettes, typical diffractive lenses extend to
at least 9 echelettes to over 32 echelettes. In FIG. 3A, the height 32 of the surface relief profile

(from a plane perpendicular to the light rays) of each point on the echelette surface is plotted

8
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against the square of the radial distance (r? or p) from the optical axis of the lens (referred to as r-
squared space). In multifocal lenses, each echelette 23 may have a diameter or distance from the
optical axis which is often proportional to Vn, n being the number of the echelette 23 as counted
from optical axis 24. Each echelette has a characteristic optical zone 30 and transition zone 31.
Optical zone 30 typically has a shape or downward slope that is parabolic as shown in FIG. 3B.
The slope of each echelette in r-squared space (shown in FIG. 3A), however, is the same. As for
the typical diffractive multifocal lens, as shown here, all echelettes have the same surface area.
The area of echelettes 23 determines the diffractive power of lens 20, and, as arca and radii are
correlated, the diffractive power is also related to the radii of the echelettes. The physical offset
of the trailing edge of each echelette to the leading edge of the adjacent echelette is the step height.
An exemplary step height between adjacent echelettes is marked as reference number 33 in FIG.
3A. The step heights remain the same in r-squared space (FIG. 3A) and in linear space (FIG. 3B).
The step offset is the height offset of the transition zone from the underlying base curve. An

exemplary step offset is marked as reference number 412 in FIG. 4.

[0044] Conventional multifocal diffractive lenses typically provide for near and far vision,
neglecting visual performance at intermediate distances. Providing for an extended range of vision
canhelp to improve the visual performance at intermediate distances. In addition, providing for a
zero-step height between transition zones may reduce visual artifacts such as halos or glare that

may otherwise be visible to a user due to one or more of the boundaries between the optical zones.

[0045] FIG. 4 shows a graphical representation illustrating an embodiment of a diffractive
profile 400. The diffractive profile 400 may result in a lens having an extended range of vision or

a lens that provides good vision over the entire range from far to near distances.

[0046] The diffractive profile 400, in the form of a sag profile, is shown extending outward from
an optical axis 402. The diffractive zones, or echelettes, are shown extending radially outward
from the optical axis 402, and would be arranged around the optical axis 402 (the other half of the
diffractive profile 400 is not shown). The diffractive profile 400 is shown relative to the Y axis
404, which represents the phase shift of the diffractive profile 400. The height is shown in units
of wavelengths, and may represent the distance from the base spherical wavefront generated by

the lens. In other embodiments, other units or scalings may be utilized. The diffractive profiles
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disclosed herein may be disposed on optics such as the optics described in regard to FIGS. 2A and
2B, among other types of optics.

[0047] The height or phase shift of the diffractive profile 400 is shown in relation to the radius
on the X axis 406 from the optical axis 402. The radial coordinate represents the distance from
the optical axis 402, and is shown in units of millimeters, although in other embodiments, other
units or scalings may be utilized. The diffractive profile 400 may extend outward from the optical
axis 402 for a radis of 2.5 millimeters (diameter of 5.0 millimeters), although in other

embodiments the diffractive profile 400 may extend for a lesser or greater radius.

[0048] The diffractive profile 400 includes a plurality of diffractive zones or echelettes. The
diffractive profile 400 may be disposed on an optical surface of the optic between the optical axis
402 and the outer periphery of the optic. The plurality of echelettes 408a—v are positioned on the
surface of the optic between the optical axis 402 and the outer periphery of the optic.

[0049] The diffractive profile 400 may include twenty-two echelettes 408a—v. The first echelette
408a is adjacent the optical axis 402. The echelettes 408a—v are connected by respective transition

zones 410a—u.

[0050] Each echelette 408a—v has a profile defined by the shape or slope of the respective
echelette 408a—v. Each echelette 408a—v as shown in FIG. 4 has the same arca as cach other
echelette 408a—v. Each echelette 408a—v has a different slope than eachother in r-squared space

and has a different profile from each other in r-squared space.

[0051] The diffractive profile 400 is disposed on the optical surface such that no echelette 408a—
v on the optical surface repeats between the optical axis 402 and the outer periphery of the optic.
As shown in FIG. 4, each echelette 408a—v does not repeat on the surface of the optic between the
optical axis 402 and the outer periphery of the optic. Each echelette 408a—v that is on the optical
surface between the optical axis 402 and the outer periphery of the optic has a profile in r-squared
space that is different than a profile in r-squared space of any other echelette 408a—v that is on the
optical surface between the optical axis 402 and the outer periphery of the optic. As shown in FIG.
4, none of the echelettes that are present on the optic are repeated over the entirety of the optical

surface of the optic.
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[0052] Asshown in FIG. 4, the diffractive profile 400 may extend over the entirety of the radial
extent of the optic from the optical axis 402 to the outer periphery of the optic. In one embodiment,
a diffractive profile may extend over only a portion of the radial extent of the optic from the optical
axis to the outer periphery of the optic, yet still be configured such that no echelette on the optical
surface repeats between the optical axis 402 and the outer periphery of the optic. For example, the
diffractive profile may not fill the entirety of the radial extent of the optic from the optical axis to
the outer periphery of the optic (such as only filling one millimeter of two millimeters of the radial
extent), yet that diffractive profile (between the optical axis of the outer periphery of the optic)
may still be configured such that no echelette on the optical surface repeats between the optical
axis 402 and the outer periphery of the optic. For example, only two or five echelettes may be
present on the entirety of the optical surface, yet eachmay have a different profile than each other

(in real space and in r-squared space).

[0053] The step heights of the echelettes 408a—v increase as the echelettes 408a—v are positioned
radially outward from the optical axis 402 and decrease as the echelettes 408a—v are positioned
radially outward from the optical axis 402. The diffractive profile 400 may include a combination
of increasing step heights and decreasing step heights (or greater or lesser step heights). For
example, a first echelette positioned radially outward of a second echelette may have a greater step
height than the second echelette. A third echelette may be positioned radially outward of the
second echelette may have a lesser step height than the second echelette. A varied combination of
greater and lesser step heights may be utilized as desired. The step offsets of the echelettes 408a—
v increase as the echelettes 408a—v are positioned radially outward from the optical axis 402 and
decrease as the echelettes 408a—v are positioned radially outward from the optical axis 402. The
diffractive profile 400 may include a combination of increasing step offsets and decreasing step
offsets (or greater or lesser step offsets). For example, a first echelette positioned radially outward
of a second echelette may have a greater step offset than the second echelette. A third echelette
may be positioned radially outward of the second echelette may have a lesser step offset than the
second echelette. The diffractive profile 400 may include a combination of both increasing and
decreasing step heights and step offsets for the echelettes 408a—v. The combinations may be as
shown in FIG. 4 (or in Table 1 below) or in other embodiments a greater or lesser number of

increasing and decreasing step heights and step offsets for the echelettes may be utilized.
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[0054] The radius of the optic may be varied in embodiments. As shown in FIG. 4, the radius
from the optical axis 402 to the outer periphery of the optic may be 2.5 millimeters. In other
embodiments, other radiuses may be utilized. For example, aradius may be 4 millimeters in one
embodiment. In one embodiment, the radius may be between 2 and 4 millimeters. The radius of
the diffractive profile 400 may fill the radius of the optic or may be a lesser radius (for example
the diffractive profile radius being less than 2.5 millimeters for an optic having a radius of 2.5
millimeters). Thus, the diffractive profile may extend outward from the optical axis 402 to a lesser

radius (and diameter) than the radius (and diameter) of the optic.

[0055] A diffractive profile according to embodiments herein may include a variety of numbers
of echelettes. For example, in one embodiment the diffractive profile may include at least two
echelettes. In one embodiment, the diffractive profile may include atleast five echelettes. In one
embodiment, the diffractive profile may include at least twelve echelettes. In one embodiment,
the diffractive profile may include at least thirty echelettes. In one embodiment, the diffractive
profile may include at least thirty-two echelettes. In one embodiment, at least 60 echelettes may
be utilized. In one embodiment, between 30 and 64 echelettes may be utilized, inclusive. Other
numbers of echelettes may be utilized and may be utilized, which may be according to the size of
the optic to be used. The echelettes may each be configured to not repeat on the optical surface,

as represented in FIG. 4.

[0056] In one embodiment, at least one of the plurality of echelettes 408a—v may be connected
to an adjacent echelette by a step height of zero. For example, transition zones 410b, 410h, 410n
cach have a step height of zero between the respective adjacent echelettes (408b, 408c, 408h, 4081,
408n, 4080). The step height of zero may reduce visual artifacts such as halos or glare that may

otherwise be visible to a user due to one or more of the boundaries between the optical zones.

[0057] In embodiments, the number of transitions having a step height of zero may be varied
from that shown in FIG. 4. For example, in one embodiment, only one transition may have a step
height of zero (such that one echelette is connected to an adjacent echelette by a step height of
zero). In one embodiment, two transitions may have a step height of zero (such that two echelettes
are connected to an adjacent echelette by a step height of zero). In one embodiment, three
transitions may have a step height of zero (such that three echelettes are connected to an adjacent

echelette by a step height of zero, and accordingly six total echelettes are connected to an adjacent
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echelette by a step height of zero counting the adjacent echelettes). In other embodiments, a greater
or lesser number of transitions having a step height of zero may be utilized. For example, at least
one of the plurality of echelettes may have a step height of zero. In one embodiment, at least three
of the plurality of echelettes may have a step height of zero. In one embodiment, at least six of the
plurality of echelettes may have a step height of zero. The step heights of zero may be positioned

between echelettes in a variety of locations as desired.

[0058] The transitions having a step height of zero may be implemented in combination with, or
separate from the diffractive profile 400 disposed on the optical surface such that no echelette on
the optical surface repeats between the optical axis 402 and the outer periphery of the optic. The
echelettes 408a—v cach not repeating on the surface of the optic between the optical axis 402 and
the outer periphery of the optic may serve to distribute light over a range from a far focal length to

anear focal length, and may enhance the depth of focus for the user.

[0059] Table 1 below illustrates an exemplary step height and step offset of a diffractive profile
according to an embodiment of the present disclosure. The step heights and step offsets of the
echelettes of the diffractive profile are provided in units of micrometers. As shown, the step
heights and step offsets of each echelette of the diffractive profile are different from each other.
The echelettes have a different profile than each other (in real space and in r-squared space).

Certain echelettes have a step height of zero (at transition zones 2, 8, 14, 20, and 23).

Table 1
Transition Zone Step Height Step Offset
0 9.851 0.000
1 2.873 4.104
2 0.000 2.873
3 10.028 0.000
4 2.317 4.098
5 1.261 2.523
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6 6.034 0.000
7 5.746 0.616
8 0.000 4.104
9 6.444 0.000
10 6.157 0.616
11 0.821 4.515
12 5.623 0.000
13 5.336 0.616
14 0.000 3.69%4
15 6.854 0.000
16 6.567 0.698
17 2.052 2.052
18 5.213 0.000
19 4.925 0.534
20 0.000 3.284
21 7.265 0.000
22 6.978 0.739
23 0.000 5.336

[0060] The diffractive profile 400 and the diffractive profile represented in Table 1 above may
be utilized to provide a good visual quality distributed within a range from far to near, and may
reduce photic phenomena and scatter. The diffractive profiles may be utilized to enhance the

contrast sensitivity of the lens.
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[0061] The diffractive profile 400 and the diffractive profile represented in Table 1 may be
utilized to reduce chromatic aberration in the far focus. The diffractive profile 400 and the
diffractive profile represented in Table 1 may be utilized toreduce chromatic aberration of the lens

or the eye by adding a diffractive power to contribute to the far focus of the lens.

[0062] In one embodiment, only a portion of the optical surface between the optical axis and the
outer periphery of the optic may include echelettes that do not repeat on the optical surface. For
example, in one embodiment, an optical surface may include aradially extending zone positioned
between the optical axis and the outer periphery of the optic. A diffractive profile may include a
plurality of echelettes and be disposed on the optical surface within the radially extending zone
such that no echelette repeats within the radially extending zone. The optical surface may include
another radially extending zone in which echelettes are repeated within the other radially extending
zone. FIG. 5 illustrates such an embodiment. As such, in FIG. 5, the diffractive profile is
configured such that at least one echelette on the optical surface repeats on the optical surface

between the optical axis and the outer periphery of the optic.

[0063] FIG. 5 illustrates an embodiment in which the optic includes a diffractive profile 500 in
which a portion of the optical surface includes echelettes that repeat on the optical surface. The
diffractive profile 500, in the form of a sag profile, is shown extending outward from an optical
axis 502. The diffractive zones, or echelettes, are shown extending radially outward from the
optical axis 502, and would be arranged around the optical axis 502 (the other half of the diffractive
profile 500 is not shown). The diffractive profile 500 is shown relative to the Y axis 504, which
represents the phase shift of the diffractive profile 500. The height is shown in units of
wavelengths, and may represent the distance from the base spherical wavefront generated by the
lens. In other embodiments, other units or scalings may be utilized. The height or phase shift of
the diffractive profile 500 is shown in relation to the radius on the X axis 506 from the optical axis
502. The radial coordinate represents the distance from the optical axis 502, and is shown in units

of millimeters, although in other embodiments, other units or scalings may be utilized.

[0064] The diffractive profile 500 includes a plurality of echelettes 508a—v separated by
transition zones 510a—u. The diffractive profile 500 includes aradially extending zone that extends
from the optical axis 502 to the transition zone 5100. The radially extending zone may be

considered a central zone, and includes echelettes 508a-o0 that each do not repeat within the radially
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extending central zone. The diffractive profile 500 however, includes another zone extending
radially outward from the central zone, and starting with transition zone 5100. This zone may be
considered a peripheral zone and includes echelettes 508p—r that do repeat within this radially
extending peripheral zone. The echelettes S08p—r have the same profile as each other in r-squared
space. As shown, three repeating echelettes 508p—r are shown, but in other embodiments a greater
or lesser number may be utilized (e.g., at least one echelette that repeats within the zone). The
number of echelettes within the zones may be varied as desired. In embodiments, setsof echelettes
may be repeated within zones as desired. The locations of the zones may be varied as desired. For
example, a radially extending zone may be merely positioned between the optical axis and the
outer periphery of the optic. In one embodiment, a radially extending zone may be a central zone
extending outward from the optical axis 502 as shown in FIG. 5. In one embodiment, a radially
extending zone may be an intermediate zone between two zones. For example, the zone shown in
FIG. 5 that starts with transition zone 5100 may be considered an intermediate zone in view of the
non-repeating echelette zone that starts at transition 510r and extends radially outward towards the
outer periphery of the optic (and includes non-repeating echelettes 508s—v). The non-repeating
echelette zone may thus be considered a peripheral zone adjacent the intermediate zone that has
repeating echelettes. Any number of radially extending zones may be provided on the optical

surface as desired.

[0065] The zones may either include non-repeating echelettes or repeating echelettes as desired.
The zones may be sized and positioned as desired. For example, in one embodiment, a central
radially extending zone may extend from the optical axis 502 for a radial distance of 1.5
millimeters. In one embodiment, a central radially extending zone may extend from the optical
axis 502 for aradial distance of 2.5 millimeters. The radially extending zone may be configured
such that no echelette within the radially extending zone is repeated within the radially extending
zone. In one embodiment, such asthe embodiment shown in FIG. 4, the radially extending zone
may extend radially outward from the optical axis 402 to the outer periphery of the optic, and may
only include echelettes that do not repeat within the radially extending zone. In other

embodiments, other zones with repeating echelettes may be included as desired.

[0066] In one embodiment, an opposite optical surface of the optic may include repeating

echelettes. For example, in the embodiment shown in FIG. 4, an opposite facing optical surface
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(such as surface 21 facing opposite surface 22) may include a diffractive profile having at least

one echelette that repeats on the opposite optical surface.

[0067] The diffractive profiles disclosed herein may vary from the profiles 400, 500 shown in
FIGS. 4 and 5. The number and configuration of echelettes 408, 508 and transition zones 410, 510

may also be varied as desired.

[0068] In one embodiment, the diffractive profiles 400, 500 may be positioned on a surface of a
lens that is opposite an aspheric surface. The aspheric surface on the opposite side of the lens may

be designed to reduce corneal spherical aberration of the patient.

[0069] In one embodiment, one or both surfaces of the lens may be aspherical, or include a

refractive surface designed to extend the depth of focus, or create multifocality.

[0070] Inone embodiment, arefractive zone on one or both surfaces of the lens may be utilized
that may be the same size or different in size as one of the diffractive zones. The refractive zone

includes arefractive surface designed to extend the depth of focus, or create multifocality.

[0071] Any of the embodiments of lens profiles discussed herein may be apodized to produce a
desired result. The apodization may result in the step heights and step offsets of the echelettes
being gradually varied according to the apodization, asto gradually increasing the amount of light

in the distance focus as a function of pupil diameter.

[0072] Systems and Methods for Determining Lens Shape:

[0073] FIG. 6 is a simplified block diagram illustrating a system 600 for generating an

ophthalmic lens based on a user input.

[0074] The system 600 includes a user nput module 602 configured to receive user input
defining aspects of the user and of a lens. The nput may accept an ophthalmic lens prescription
for a patient eye. Aspects of a lens may include an extended range of vision prescription,
anatomical dimensions like a pupil size performance, and lens dimensions, among other attributes.
An extended range of vision prescription can include, for example, a preferred optical power or
optical power profile for correcting far vision and an optical power or optical power profile for
near vision. In some cases, an extended range of vision prescription can further include anoptical

power or optical power profile for correcting intermediate vision at two, or in some cases more
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than two intermediate foci, which may fall between the optical powers or ranges of optical powers
described above. A pupil size performance can include a pupil radius of a patient and the visual
field to be optimized. These parameters can also be related to patient’s life style or profession, so
that the design incorporates patient’s visual needs as a function of the pupil size. Lens dimensions
can include a preferred radius of the total lens, and may further include preferred thickness, or a

preferred curvature of one or the other of the anterior surface and posterior surface of the lens.

[0075] A diffractive surface modeling module 604 can receive information about the desired
lens from the user mput module 602, and can determine aspects of a diffractive lens. The
diffractive surface modeling module 604 may be multizonal and may be configured to determine
aspects of a multizonal diffractive lens. The diffractive surface modeling module 604 may
generate a diffractive profile based on the ophthalmic lens prescription. For example, the modeling
module 604 can determine the shape of one or more echelettes of the diffractive profile of a
diffractive multifocal lens, including the positioning, width, step height, and curvature needed to
fulfill the target prescription for each of the echelettes, as well as the positioning of any subset of
echelettes. The diffractive surface modeling module 604 can further determine the shapes of
transition steps between echelettes. For example, transition steps may be smoothed or rounded to
help mitigate optical aberrations caused by light passing through an abrupt transition. Such
transition zone smoothing, which may be referred to as a low scatter profile, can provide for
reductions in dysphotopsia by reducing the errant concentration of incident light behind the lens
by the transition zones. By way of further example, echelette ordering, echelette offsets, and
echelette boundaries may be adjusted to adjust the step heights between some adjacent echelettes.
In particular, the diffractive surface modeling module candetermine echelette offsets to set one or
more step heights at echelette transitions to zero, or approximately zero, by these or similar
methods. The generated diffractive profile may be any of the diffractive profiles disclosed i this

application.

[0076] The diffractive surface modeling module 604 can be configured to generate performance
criteria 612, e¢.g. via modeling optical propertics in a virtual environment. Performance criteria
can include the match of the optical power profile of the diffractive lens with the desired optical
power profile based on the extended range of vision prescription. The performance criteria can

also include the severity of diffractive aberrations caused by lens surface. In some cases, the

18



10

15

20

25

30

CA 03100676 2020-11-12

WO 2020/115104 PCT/EP2019/083615

diffractive surface modeling module 604 can provide a lens surface to a lens fabrication module
for facilitating the production of a physical lens, which can be tested via a lens testing module 610
for empirically determining the performance criteria 612, so as to identify optical aberrations and
imperfections not readily discerned via virtual modeling, and to permit iteration. The lens
fabrication module may comprise a manufacturing assembly that may fabricate the ophthalmic

lens based on the diffractive profile.

[0077] A refractive surface modeling module 606 can receive information from the user input
602 and diffractive surface modeling modules 604 in order to determine refractive aspects of the
lens. For example, provided with an extended range of vision prescription and a set of diffractive
powers that can be generated by a diffractive profile, the refractive surface modeling module 606
canprovide a refractive gecometry configured to provide a base power which, when combined with
the diffractive surface, meets the requirements of the extended range of vision prescription. The
refractive surface modeling module 606 can also generate performance criteria 612, and can
contribute to providing a lens surface to a lens fabrication module 608 for facilitating the

production of the physical lens.

[0078] FIG. 7 is an example process 700 for generating a diffractive lens surface, in accordance
with embodiments. The process 700 may be implemented in conjunction with, for example, the
system 600 shown in FIG. 6. Some or all of the process 700 (or any other processes described
herein, or variations, and/or combinations thereof) may be performed under the control of one or
more computer systems configured with executable instructions and may be implemented as code
(c.g., executable instructions, one or more computer programs, or one or more applications)
executing collectively on one or more processors, by hardware or combinations thereof. The code
may be stored on a computer-readable storage medium, for example, in the form of a computer
program comprising a plurality of instructions executable by one or more processors. The

computer-readable storage medium may be non-transitory.

[0079] The process 700 may include a method of designing an intraocular lens and may include
receiving aninput of an ophthalmic lens prescription for a patient eye, which may be an extended
range of vision lens prescription (act 702). The mput can include, e.g., a desired optical power
profile for correcting impaired distance vision, a desired optical power profile for correcting

impaired intermediate distance vision, a desired optical power profile for accommodating near
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vision, and any suitable combination of the above. Based on a desired optical power profile, a
diffractive profile can be defined and generated. The generated diffractive profile may include a
plurality of echelettes and the diffractive profile disposed on an optical surface of an optic such

that no echelette on the optical surface repeats between an optical axis and an outer periphery of

the optic (act 704).

[0080] The diffractive lens profile of the diffractive lens surface may be used in combination
with aknown refractive base power. To that end, arefractive lens surface may be generated having
a base power that, in combination with the diffractive lens surface generated based on the
diffractive profile, meets the extended range of vision lens prescription (act 706). A total lens
surface can be generated based on both the refractive lens surface and the diffractive lens surface
(act 708). The refractive lens surface can include a refractive lens curvature on the anterior surface
of the lens, the posterior surface of the lens, or both. Instructions canbe generated to fabricate an
mtraocular lens based on the generated total lens surface (act 710). A manufacturing assembly

may fabricate the ophthalmic lens based on the instructions.

[0081] The methods herein are not limited to the examples of diffractive profiles discussed here,
and may extend to any of the diffractive lens profiles and ophthalmic lenses disclosed i this
application. For example, the diffractive profile that the diffractive lens surface is based on may
include a plurality of echelettes disposed on an optical surface of an optic, and at least one of the
plurality of echelettes may be connected to an adjacent echelette by a step height of zero. As
another example, the diffractive profile that the diffractive lens surface is based on may include a
plurality of echelettes. The diffractive profile may be disposed on the optical surface such that
cach echelette on the optical surface between the optical axis and the outer periphery of the optic
has a profile in r-squared space that is different than a profile in r-squared space of any other
echelette on the optical surface between the optical axis and the outer periphery of the optic. As
another example, the diffractive profile that the diffractive lens surface is based on may include a
plurality of echelettes and be disposed on anoptical surface within aradially extending zone such
that no echelette repeats within the radially extending zone. The radially extending zone may

extend radially outward from the optical axis to the outer periphery of the optic.

[0082] Computational Methods:
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[0083] FIG. 8 is a simplified block diagram of an exemplary computing environment 800 that
may be used by systems for generating the diffractive profiles and ophthalmic lenses of the present
disclosure. Computer system 822 typically includes at least one processor 852 which may
communicate with a number of peripheral devices via a bus subsystem 854. These peripheral
devices may include a storage subsystem 856 comprising a memory subsystem 858 and a file
storage subsystem 860, user interface input devices 862, user interface output devices 864, and a
network interface subsystem 866. Network interface subsystem 866 provides an interface to
outside networks 868 and/or other devices, such as the lens fabrication module 608 or lens testing

module 610 of FIG. 6.

[0084] User interface input devices 862 may include a keyboard, pointing devices such as a
mouse, trackball, touch pad, or graphics tablet, a scanner, foot pedals, a joystick, a touchscreen
incorporated into the display, audio input devices such asvoice recognition systems, microphones,
and other types of mput devices. Userinput devices 862 will often be used to download a computer
executable code from a tangible storage media embodying any of the methods of the present
disclosure. In general, use of the term “input device” is intended to include a variety of

conventional and proprietary devices and ways to input information into computer system 822.

[0085] User mterface output devices 864 may include a display subsystem, a printer, a fax
machine, or non-visual displays such as audio output devices. The display subsystem may be a
cathode ray tube (CRT), a flat-panel device such as a liquid crystal display (LCD), a projection
device, or the like. The display subsystem may also provide anon-visual display such as via audio
output devices. In general, use of the term “output device” is intended to include a variety of
conventional and proprietary devices and ways to output information from computer system 822

to a user.

[0086] Storage subsystem 856 can store the basic programming and data constructs that provide
the functionality of the various embodiments of the present disclosure. For example, a database
and modules implementing the functionality of the methods of the present disclosure, as described
herein, may be stored in storage subsystem 856. These software modules are generally executed
by processor 852. In a distributed environment, the software modules may be stored on a plurality
of computer systems and executed by processors of the plurality of computer systems. Storage

subsystem 856 typically comprises memory subsystem 858 and file storage subsystem 860.

21



10

15

CA 03100676 2020-11-12

WO 2020/115104 PCT/EP2019/083615

Memory subsystem 858 typically includes a number of memories including a main random access
memory (RAM) 870 for storage of instructions and data during program execution and/or a read

only member (ROM) 882.

[0087] Various computational methods discussed above, e.g. with respect to generating a lens
surface, multizonal or not, may be performed in conjunction with or using a computer or other
processor having hardware, software, and/or firmware. The various method steps may be
performed by modules, and the modules may comprise any of a wide varicty of digital and/or
analog data processing hardware and/or software arranged to perform the method steps described
herein. The modules optionally comprising data processing hardware adapted to perform one or
more of these steps by having appropriate machine programming code associated therewith, the
modules for two or more steps (or portions of two or more steps) being integrated into a single
processor board or separated into different processor boards in any of a wide variety of integrated
and/or distributed processing architectures. These methods and systems will often employ a
tangible media embodying machine-readable code with instructions for performing the method
steps described above. Suitable tangble media may comprise a memory (including a volatile
memory and/or anon-volatile memory), a storage media (such as a magnetic recording on a floppy
disk, ahard disk, atape, or the like; on an optical memory such as a CD, a CD-R/W, a CD-ROM,
aDVD, or the like; or any other digital or analog storage media), or the like.
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WHAT IS CLAIMED IS:

1. An ophthalmic lens comprising:

an optic including a first surface and a second surface each disposed about an optical axis
and extending radially outward from the optical axis to an outer periphery of the optic, the first
surface facing opposite the second surface; and

a diffractive profile including a plurality of echelettes and disposed on the first surface
such that no echelette on the first surface repeats between the optical axis and the outer periphery

of the optic.

2. The ophthalmic lens of claim 1, wherein at least one of the plurality of echelettes has a
step height of zero.

3. The ophthalmic lens of claim 1, wherein at least three of the plurality of echelettes

have a step height of zero.

4. The ophthalmic lens of claim 1, wherein the plurality of echelettes includes at least

five echelettes.

5. The ophthalmic lens of claim 1, wherein the plurality of echelettes includes at least

twelve echelettes.

6. The ophthalmic lens of claim 1, wherein the plurality of echelettes includes at least
thirty echelettes.

7. The ophthalmic lens of claim 1, further comprising a diffractive profile disposed on

the second surface and including at least one echelette that repeats on the second surface.
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8. An ophthalmic lens comprising:

an optic including a first surface and a second surface each disposed about an optical axis
and extending radially outward from the optical axis to an outer periphery of the optic, the first
surface facing opposite the second surface; and

a diffractive profile including a plurality of echelettes and disposed on the first surface
such that each echelette on the first surface between the optical axis and the outer periphery of
the optic has a profile in r-squared space that is different than a profile in r-squared space of any

other echelette on the first surface between the optical axis and the outer periphery of the optic.

9. The ophthalmic lens of claim 8, wherein at least one of the plurality of echelettes has a
step height of zero.

10. The ophthalmic lens of claim 8, wherein at least three of the plurality of echelettes

have a step height of zero.

11. The ophthalmic lens of claim 8, wherein the plurality of echelettes includes at least

five echelettes.

12. The ophthalmic lens of claim 8, wherein the plurality of echelettes includes at least

twelve echelettes.

13. The ophthalmic lens of claim 8, wherein the plurality of echelettes includes at least
thirty echelettes.

14. An ophthalmic lens comprising:

a first surface and a second surface disposed about an optical axis and facing opposite
cach other; and

a diffractive profile disposed on the first surface and including a plurality of echelettes,
wherein:

at least one of the plurality of echelettes is connected to an adjacent echelette by a step

height of zero.

24



CA 03100676 2020-11-12

WO 2020/115104 PCT/EP2019/083615

15. The ophthalmic lens of claim 14, wherein at least three of the plurality of echelettes

are connected to an adjacent echelette by a step height of zero.

16. The ophthalmic lens of claim 14, wherein at least six of the plurality of echelettes are

connected to an adjacent echelette by a step height of zero.

17. The ophthalmic lens of claim 14, wherein the ophthalmic lens includes an optic that
includes the first surface and the second surface, each of the first surface and the second surface
extending radially outward from the optical axis to an outer periphery of the optic, and

the at least one of the plurality of echelettes does not repeat on the first surface between

the optical axis and the outer periphery of the optic.

18. The ophthalmic lens of claim 17, wherein the adjacent echelette does not repeat on

the first surface between the optical axis and the outer periphery of the optic.

19. The ophthalmic lens of claim 18, wherein each of the plurality of echelettes does not

repeat on the first surface between the optical axis and the outer periphery of the optic.

20. The ophthalmic lens of claim 19, wherein the plurality of echelettes includes at least
thirty echelettes.

21. An ophthalmic lens comprising:

an optic including a first surface and a second surface each disposed about an optical axis
and extending radially outward from the optical axis to an outer periphery of the optic, the first
surface facing opposite the second surface and including a radially extending zone positioned
between the optical axis and the outer periphery of the optic; and

a diffractive profile including a plurality of echelettes and disposed on the first surface
within the radially extending zone such that no echelette repeats within the radially extending

zone.
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22. The opthalmic lens of claim 21, wherein the radially extending zone extends radially
outward from the optical axis to the outer periphery of the optic.

23. The ophthalmic lens of claim 22, wherein the plurality of echelettes includes at least

five echelettes.

24. The ophthalmic lens of claim 21, wherein the radially extending zone extends

radially outward from the optical axis to a radial distance of 1.5 millimeters.

25. The ophthalmic lens of claim 24, wherein the radially extending zone is a central
zone, and the first surface includes a peripheral zone extending radially outward from the central
zone; and

the diffractive profile includes at least one echelette that repeats within the peripheral

zone.

26. The ophthalmic lens of claim 21, wherein the radially extending zone extends

radially outward from the optical axis to a radial distance of 2.5 millimeters.

27. A method of designing an intraocular lens, the method comprising:
defining a diffractive profile including:
aplurality of echelettes and the diffractive profile disposed on an optical surface
of an optic such that no echelette on the optical surface repeats between an optical axis and an
outer periphery of the optic; and

generating a diffractive lens surface based on the diffractive profile.

28. The method of claim 27, wherein the plurality of echelettes includes at least five

echelettes.

29. The method of claim 27, wherein the plurality of echelettes includes at least thirty

echelettes.
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30. The method of claim 27, wherein at least one of the plurality of echelettes has a step
height of zero.

31. A method of designing an intraocular lens, the method comprising:
defining a diffractive profile including:
a plurality of echelettes disposed on an optical surface of an optic, and
at least one of the plurality of echelettes is connected to an adjacent echelette by a
step height of zero; and

generating a diffractive lens surface based on the diffractive profile.

32. The method of claim 31, wherein at least three of the plurality of echelettes are

connected to an adjacent echelette by a step height of zero.

33. The method of claim 31, wherein the optical surface extends radially outward from
an optical axis to an outer periphery of the optic, and

cach of the plurality of echelettes has a profile in r-squared space that is different than a
profile in r-squared space of any other echelette on the optical surface between the optical axis

and the outer periphery of the optic.

34. A manufacturing system for making an ophthalmic lens, the system comprising:

an input that accepts an ophthalmic lens prescription for a patient eye;

a first module configured to generate a diffractive profile based on the ophthalmic lens
prescription, wherein the diffractive profile includes:

aplurality of echelettes and the diffractive profile disposed on an optical surface

of an optic such that no echelette on the optical surface repeats between an optical axis and an
outer periphery of the optic; and

a manufacturing assembly that fabricates the ophthalmic lens based on the diffractive

profile.

35. The system of claim 34, wherein the plurality of echelettes includes at least thirty

echelettes.
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36. The system of claim 34, wherein at least one of the plurality of echelettes has a step

height of zero.

37. A manufacturing system for making an ophthalmic lens, the system comprising:
an input that accepts an ophthalmic lens prescription for a patient eye;
a first module configured to generate a diffractive profile based on the ophthalmic lens
prescription, wherein the diffractive profile includes:
a plurality of echelettes disposed on an optical surface of an optic, and
at least one of the plurality of echelettes is connected to an adjacent echelette by a
step height of zero; and
a manufacturing assembly that fabricates the ophthalmic lens based on the diffractive

profile.

38. The system of claim 37, wherein at least three of the plurality of echelettes are

connected to an adjacent echelette by a step height of zero.

39. The system of claim 37, wherein the optical surface extends radially outward from an
optical axis to an outer periphery of the optic, and

cach of the plurality of echelettes has a profile in r-squared space that is different than a
profile in r-squared space of any other echelette on the optical surface between the optical axis

and the outer periphery of the optic.
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