WO 2022/039280 PCT/JP2021/031062

10

15

20

25

30

1

DESCRIPTION

Title of Invention

OPHTHALMIC LENS

Technical Field

The invention relates to an ophthalmic lens and to a manufacturing method for manufac-

turing the ophthalmic lens.

Background Art

It is known to use optical lenses with refractive lens profiles for ophthalmological pur-
poses. Such refractive ophthalmic lenses are typically designed to provide for sharp vi-
sion at substantially one particular distance. Hence, the focal point of such lenses is
typically quite localized, with a relatively narrow depth of focus, which can be understood
as the distance on either side of the point of best focus through which vision is distinct.
The narrow depth of focus leads to the problem that the visual acuity at other distances
remains unsatisfactory. For instance, a cataract patient who had his natural crystalline
lens removed during cataract surgery and replaced by an intraocular ophthalmic lens
with a typical refractive surface profile will usually regain sharp vision at only one of far,
intermediate and near distances, while he or she will still need to wear glasses for all

other distances.

Intraocular lenses allowing for an extended depth of focus have recently become avail-
able, wherein various optical concepts have been explored, including diffractive multifo-
cality, refractive multifocality and pinhole designs. While these approaches lead to im-
provements regarding the visual acuity at more than one distance, there remains the
need for extending the depth of focus of an ophthalmic lens, particularly an intraocular
lens, towards intermediate vision distances without compromising the visual perfor-
mance at far vision distances.

Summary of Invention

It is an object of the present invention to provide an ophthalmic lens having good far
vision performance and improved intermediate vision performance.

in a first aspect of the present invention, an ophthalmic lens comprising a lens surface
with a lens profile being representable by a combination of a standard aspheric profile
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and an even-order aspheric profile is provided, wherein the aspheric profiles are com-
bined such that, in a region immediately surrounding the vertex of the lens surface, the
lens profile converges to a sum of the standard aspheric profile and the even-order as-
pheric profile with decreasing radial distance to the vertex and, in an outer region sur-
rounding the vertex, the lens profile converges to the standard aspheric profile with in-

creasing radial distance to the vertex.

It has been found that a lens surface profile which gives rise to an extended depth of
focus towards intermediate vision distance can be presented by combining a standard
aspheric profile with an even-order aspheric profile if the combination is such that, in a
region immediately surrounding the vertex of the lens surface, the lens profile converges
to a sum of the standard aspheric profile and the even-order aspheric profile with de-
creasing radial distance to the vertex and, in an outer region surrounding the vertex, the
lens profile converges to the standard aspheric profile with increasing radial distance to
the vertex. In particular, an ophthalmic lens having such a surface profile can lead to a
focus which is extended towards higher optical powers and thereby provide for an im-
proved visual acuity at intermediate distances without compromising the visual acuity at
far distances. The proposed ophthalmic lens surface profile can also lead to a higher
insensitivity with respect to decentrations of the lens.

The radial direction is perpendicular to a central axis of the ophthalmic lens, wherein the
central axis may be an axis of symmetry, preferably rotational symmetry, of the lens
surface. The vertex is the position where the central axis traverses the lens surface.

-~ The aspheric profiles are non-spherical profiles. Hence, the aspheric profiles are prefer-

ably profiles having a curvature that is not the same everywhere in radial direction, giving
rise to a non-constant distribution of optical powers across the lens surface. The standard
aspheric profile preferably has the form of a conic section, particularly of a parabola.
More specifically, the standard aspheric profile may correspond to a conic section as
disclosed, for example, in the textbook “Modern Optical Engineering” by W. J. Smith
(McGraw-Hill, 2000) or in the user manual of the ray-tracing software Zemax OpticStudio,
version 19.4 (Zemax LLC, 2019).

The even-order aspheric profile is preferably given by a polynomial function of the radial
distance having only even-order terms. Hence, for instance, the standard aspheric profile
differs from the even-order aspheric profile in that the standard aspheric profile cannot
be accurately described by a polynomial function, in particular, not even by a rational

function.

The combination of the asp‘heric profiles refers to a combination applying preferentially

~ to the whole lens profile. This is to say, if the lens profile is represented by a combination

of the standard aspheric profile and the even-order aspheric profile, for instance, the sag
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of every point of the lens profile can be represented as a combination of a corresponding
point sag of the standard aspheric profile and a corresponding point sag of the even-
order aspheric profile. In an embodiment, the lens profile can be represented by a func-
tion of the radial distance to the vertex, wherein the function depends on a first aspheric
function describing the standard aspheric profile and a second aspheric function describ-
ing the even-order aspheric profile, such that the value of the function describing the lens
profile at any radial distance is given by a linear combination of the value of the first
aspheric function and the value of the second aspheric function at that radial distance.
The function representing the lens profile can be a sag function, for instance.

Preferably, therefore, the lens profile of the lens surface of the ophthalmic lens can be
understood as defining a single refractive zone, wherein the refractive power varies
across the zone.

The convergence of the lens profile to a sum of the standard aspheric profile and the
even-order aspheric profile with decreasing radial distance to the vertex is preferably a
convergence in an inner region surrounding the vertex, particularly in a neighborhood of
the vertex. Hence, the lens profile may be viewed as varying between being approxi-
mately described by a sum of the standard aspheric profile and the even-order aspheric
profile in the inner region surrounding the vertex, particularly the neighborhood of the
vertex, towards being approximately described by the standard aspheric profile in the
outer region surrounding the vertex. The outer region surrounding the vertex is preferably
a neighborhood of an outer boundary of the lens surface. The convergence of the lens
profile can be tested for a given function of the radial distance representing the lens
profile by, for instance, expanding the function in a power series in the radial distance at
a) the vertex and b) the outer boundary of the lens surface and comparing the terms in
the power series to corresponding terms in a power series of a standard aspheric profile
function, particularly at least the first two non-constant terms. Alternatively, the given
function may be expressed in terms of a standard aspheric profile function and a remain-
ing part, wherein the limits of the remaining part may be determined for a) the vertex and
b) the outer boundary of the lens surface.

In an embodiment, the combination of the standard aspheric profile and the even-order
aspheric profile is representable by a smooth function of the radial position, i.e. of the
radial distance to the vertex. This can lead to reduced optical aberrations, which may
cause photic phenomena. A smooth function is understood herein as a function whose
second derivative does not comprise any kinks, or, whose third derivative is continuous.
In particular, the smooth function may be understood as a function whose derivatives are
all continuous, i.e., which is infinitely differentiable.
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In an embodiment, the combination of the standard aspheric profile and the even-order
aspheric profile is representable by a function of the radial position, which has a first
order derivative of zero at the vertex of the lens surface. This can avoid negative optical

effects that will arise from a kink at the vertex.

In an embodiment, the combination of the standard aspheric profile and the even-order
aspheric profile is representable by a function of the radial position, which changes the
sign of the second-order derivative with increasing radial position. The ophthalmic lens
can in this way be particularly insensitive against decentrations, i.e. deviations of its cen-
tral axis from the optical axis. Also, an insensitivity against a tilt of the lens with respect
to the optical axis can be achieved in this way. The insensitivity against decentrations
and tilts refers to an insensitivity of optical properties of the lens, such as, for instance, a
focal position and a depth of focus of the lens. The optical properties may be measured
in terms of a modulation transfer function, particularly a through focus modular transfer

function.

Since the optical power associated with the lens profile is related to the second-order
derivative of the function representing the phase of a light wave propagating through the
lens, assuming that the index of refraction of the lens material is constant, the phase is
defined solely by the surface profile of the lens. One may conclude that the change in
sign of the second-order derivative of the surface profile with increasing radial position
leads to a corresponding change in the optical power along the radial position, i.e. with
increasing radial distance to the vertex.

Preferably, the second-order derivative of the function representing the lens profile
changes its sign with increasing radial position such that the optical power associated
with the lens profile changes from a positive value to a negative value and then back to
a positive value with increasing radial position. Furthermore, it is possible that the sign
of the second-order derivative of the function representing the lens profile. changes with
increasing radial position such that the optical power associated with the lens profile
changes sign an uneven number of times, the number being, for instance, 3 or 5. The
optical power associated with the lens profile may, in particular, be measured relative to

its value at the vertex.

It is preferred that the second-order derivative of the function representing the lens profile
changes its sign only in an inner region of the lens surface extending from the vertex to
a radial distance to the vertex of less than or equal to two-thirds of the overall radial
extent of the lens surface, preferably less than or equal to half of the overall radial extent
of the lens surface. If the lens is an intraocular lens, the overall radial extent of the lens

surface may reach approximately 3 mm, for instance.
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In a preferred embodiment, the sag function of the standard aspheric profile is defined
by

cr?

1+/1= 1+ kczr?’

wherein r denotes the radial distance to the vertex of the lens surface, ¢ denotes the

S:(r) = M

curvature at the vertex of the lens surface and k denotes the conic constant. The conic
constant k is preferably negative. The curvature ¢ at the vertex of the lens surface is
preferably positive. In an embodiment, the curvature ¢ at the vertex of the lens surface
is a) larger than or equal to 0.005 mm™* and b) smaller than or equal to 0.25 mm™. In a
preferred embodiment, the curvature c at the vertex of the lens surface is a) larger than
or equal to 0.005 mm™" and b) smaller than or equal to 0.08 mm-'. Moreover, the conic
constant k is preferably a) larger than or equal to -800 and b) smaller than or equal to 5.

~ In a preferred embodiment, the conic constant k is a) larger than or equal to -800 and b)

smaller than or equal to -5. It has been found that using such a standard aspheric profile
allows for a further improved optical performance of the ophthalmic lens.

In the present document, a sag function representing a lens profile is understood as a
measure of a depth of the lens profile with respect to a constant height given by the axial
position of the vertex of the lens surface comprising the lens profile. The same lens pro-
file could, for instance, also be represented by a function measuring the height of the
lens surface with respect to a plane virtually intersecting the lens orthogonal to the central
axis of the lens and/or the optical axis, wherein this alternative function may be given,
for instance, by the difference between a constant and the sag function of the lens profile.

In an embodiment, the sag function of the even-order aspheric profile is defined by

8
5,09 = ) Agur?, @
n=1

wherein r denotes the radial distance to the vertex of the ophthalmic lens surface and
the A,, are constants. Preferably, the change in sign of the second-order derivative of
the function representing the lens profile with increasing radial position corresponds to

one or more ratios between the constants 4,, . The values of the constants A,,, prefera-

bly range from values at the order of -10-2 to values at the order of 102 when given in
units of mm~27*1, respectively. It has been found that using such an even-order aspheric
profile also allows for a further improved optical performance of the ophthalmic lens.

In a preferred embodiment, the combination of the standard aspheric profile and the
even-order aspheric profile is defined by a combination function, which depends on the
radial distance to the vertex such that the contribution of the standard aspheric profile
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and the contribution of the even-order aspheric profile to the lens profile at a certain radial
distance to the vertex depends on the radial distance. Hence, for instance, the sag func-
tion of the standard aspheric profile and the sag function of the even-order aspheric pro-
file are not simply proportional to each other, such that the function representing the lens
profile is not simply a linear combination of the two sag functions.

In an embodiment, the sag function of the lens profile is defined by
S(r) = M)y (1) + (1 = MM))(S1(1) + S (1), 3)

wherein r denotes the radial distance to the vertex of the lens surface, S;(r) denotes a

sag function of the standard aspheric profile, S, (r) denotes a sag function of the even-

order aspheric profile and M(r) denotes the combination function. In particular, S;(r)

and §, (r) may denote the sag functions given in above equations (1) and (2). The

above equation (3) can equivalently be expressed as
S(r)=5.(r)+ (1 - M(”)) S3(r) . (4)

The combination function preferably tends to 0 towards the vertex of the lens surface
and preferably tends to 1 towards an outer boundary of the lens surface. It is also pre-
ferred that the combination function M (r) monatonically increases in the radial direction,
i.e. decreases nowhere in the radial direction. It has been found that using such a com-
bination function also allows for a further improved optical performance of the ophthalmic

lens.

In an embodiment, the combination function is a smooth function. Preferably, the combi-
nation function is defined by

M(@r) = % (1 + tanh(A(r — p))), ®)

wherein A and p are constants. More generally, it is preferred that the combination func-
tion increases in an intermediate radial region more rapidly than in an inner and an outer
radial region. In an embodiment, the constant A is larger than 2.0 mm~* and smaller than
10.0 mm™?, and the constant p is larger than 0.3 mm and smaller than 2.5 mm. In a pre-
ferred embodiment, the constant 4 is larger than 4.0 mm™! and smaller than 7.0 mm™?,
and the constant p is larger than 0.3 mm and smaller than 2.0 mm. Also these parame-

ters lead to a further improved optical performance of the ophthalmic lens.

Preferentially, the sag function S(r) of the lens profile is determined by the following set
of parameter ranges: —800 <k <5; 0.005mm™* < ¢ <025mm™!; 20mm™ <4<
10.0mm™; 03 mm < p < 2.5mm; —1.5X 1072 mm™! < 4, < 1.5 X 1072 mm™?*; —1.5 x
102mm3 <4, <15x102mm™3 ; —-9.0x1073mm™> <Az <9.0x 1073 mm™> ;
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—29%x1072mm™7 < 4g <29 % 1072 mm~’ X —3.0x 1072 mm™° < 43 < 3.0 X
1072mm™ ; —1.2x107* mm ™t <4, <1.2x 107 mm™** ; -12x107*mm™! <
A, <1.2%107*mm™, =12 X 107 mm™* < 4,4 < 1.2 X 107* mm™**. In a particular
embodiment, the sag function $(r) of the lens profile is determined by the following set
of parameter ranges: —800 <k < —5; 0.005mm™* < ¢ < 0.08 mm™; 4.0mm 1 < A4 <
70mm™; 03mm<p<2.0mm; 89x10°mm <4, <3.0x10"*mm™; 89x
103 mm™3 < A4, <1.2x10™#mm™3 ; —9.0x 103 mm™> < 44 < —4.0x 103 mm™> ;
—29x1072mm7 < 4g < —=2.0x 1072mm~7 20x1072mm™® < A, < 2.8 X
1072 mm™%;, —1.0 X 10™* mm™! < 4;, < 1.2 X 10~* mm™1%; 4,, = 0; Ay = 0.

In a preferred embodiment, the lens surface with the lens profile is a refractive lens sur-
face. Hence, the lens surface with the lens profile preferably does not comprise any dif-
fractive elements. In this way, the monofocality of the ophthalmic lens can be increased.

In a preferred embodiment, the ophthalmic lens is an intraocular lens. As an intraocular
lens, the ophthalmic lens is intended to be placed into the capsular bag of a patient's eye
after extracapsular cataract removal so as to function as a refractive medium replacing
the natural crystalline lens of the eye. However, the ophthalmic lens may also be another
kind of ocular lens, such as a contact lens or even a lens of glasses, i.e. eyeglasses.

In a further aspect of the present invention, a method for manufacturing an ophthalmic
lens is presented, wherein the manufacturing method comprises forming a lens profile of
a lens surface of the ophthalmic lens such that it is representable by a combination of a
standard aspheric profile and an even-order aspheric profile, wherein the aspheric pro-
files are combined such that, in a region immediately surrounding the vertex of the lens
surface, the lens profile converges to a sum of the standard aspheric profile and the
even-order aspheric profile with decreasing radial distance to the vertex and, in an outer
region surrounding the vertex, the lens profile converges to the standard aspheric profile
with increasing radial distance to the vertex.

The lens profile might be formed, for instance, by using a known molding procedure or
by another technique generally used for manufacturing lenses. In particular, the lens
profile might be formed by cast molding.

In another aspect of the present invention, an ophthalmic lens is presented, which is
producible by the manufacturing method.

It shall be understood that the ophthalmic lens of claim 1 and the manufacturing method
of claims 15 have similar and/or identically preferred embodiments as defined in the de-
pendent claims.

It shall be understood that a preferred embodiment of the invention can also be any
combination of the dependent claims with the respective independent claim.
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Brief Description of Drawings

[Fig. 1] Fig. 1 shows schematically and exemplarily an embodiment of an ophthalmic

lens,

[Fig. 2] Fig. 2 shows schematically and exemplarily a sag function of the lens profile and
a sag function of a standard aspheric profile,

[Fig. 3] Fig. 3 shows schematically and exemplarily a sag function of an even-order as-
pheric profile,

[Fig. 4] Fig. 4 shows schematically and exemplarily a combination function,

[Fig. 5] Fig. 5 shows schematically and exemplarily the difference between a sag function
of a lens profile and a sag function of a standard aspheric profile,

[Fig. 6] Fig. 6 shows schematically and exemplarily a far modulation transfer function,

[Fig. 7] Fig. 7 shows schematically and exemplarily a through-focus modulation transfer

function,

[Fig. 8] Fig. 8 shows schematically and exemplarily a far modulation transfer function at
a particular spatial frequency depending on a lens decentration,

[Fig. 9] Fig. 9 shows schematically and exemplarily a far modulation transfer function at
another particular spatial frequency depending on a lens decentration,

[Fig. 10] Fig. 10 shows schematically and exemplarily a sag function of a lens profile and
a sag function of a standard aspheric profile which are of a different type than the sag
functions shown in Fig. 2,

[Fig. 11] Fig. 11 shows schematically and exemplarily a far modulation transfer function
of a different type than the one shown in Fig. 6,

[Fig. 12] Fig. 12 shows schematically and exemplarily a through-focus modulation trans-
fer function of a different type than the one shown in Fig. 7,

[Fig. 13] Fig. 13 shows schematically and exemplarily an optical power profile of an oph-

thalmic lens surface,

[Fig. 14] Fig. 14 shows schematically and exemplarily a sag function of a lens profile and
a sag function of a standard aspheric profile of a further embodiment,

[Fig. 15] Fig. 15 shows schematically and exemplarily a sag function o‘f an even-order
aspheric profile of the further embodiment,
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[Fig. 16] Fig. 16 shows schematically and exemplarily a combination function of the fur-
ther embodiment,

[Fig. 17] Fig. 17 shows schematically and exemplarily the difference between the sag
function of the lens profile and the sag function of the standard aspheric profile of the
further embodiment,

[Fig. 18] Fig. 18 shows schematically and exemplarily a far modulation transfer function
for the further embodiment,

[Fig. 19] Fig. 19 shows schematically and exemplarily a through-focus modulation trans-
fer function for the further embodiment,

[Fig. 20] Fig. 20 shows schematically and exemplarily an optical power profile of the
ophthalmic lens surface of the further embodiment, and

[Fig. 21] Fig. 21 shows a flowchart exemplarily illustrating an embodiment of a manufac-
turing method for manufacturing an ophthalmic lens.

Description of Embodiments

Fig. 1 shows schematically and exemplarily an embodiment of an ophthalmic lens 1 hav-
ing a smooth lens surface 2. The lens surface 2 is, in this embodiment, radially symmetric,
i.e. symmetric against rotations about a central axis. The central axis virtually pierces
through the lens surface 2 at a center 3 of the lens surface 2, wherein the center 3 is
schematically indicated in Fig. 1 by a point. The lens 1 is attached to fixing elements 4
for fixing the lens 1 in an eye, in order to replace a natural lens, which has been removed,
by the lens 1. Thus, the lens 1 is an intraocular lens.

Since the lens surface 2 is radially symmetric, the vertex of the lens surface 2 lies at the
center 3. The curvature of the lens surface 2 of the lens 1 can be characterized by a lens
profile, which corresponds to the line of intersection of the lens surface 2 with a virtual
plane that includes the center of the lens surface 2 and is orthogonal to the plan view of
Fig. 1. Since the lens surface 2 shown in Fig. 1 is radially symmetric, the so obtained
lens profile is independent of the angular orientation of this virtual plane. In other embod-
iments, the lens surface 2 may comprise different lens profiles in different radial direc-

tions.

The lens surface 2 is an anterior surface of the lens 1 with a diameter, measured per-
pendicular to the central axis, i.e. in radial direction, of 8 mm. However, in other embod-
iments the diameter can also be smaller or larger. The anterior surface 2 is curved as-
pherically, i.e. is an aspheric surface. The lens 1 also has a posterior surface not shown



WO 2022/039280 PCT/JP2021/031062

10

20

25

30

10

in Fig. 1, which opposes the anterior surface 2. The posterior surface of the lens 1 can
also be an aspheric surface, or it can be a spherical surface.

Due to their curvatures, the lens surfaces are refractive surfaces, wherein the two refrac-
tive surfaces jointly endow the ophthalmic lens 1 with an optical power. The material of
the lens 1 is a hydrophobic acrylic material comprising an agent like benzotriazole for
absorbing ultraviolet light and a blue-light filtering chromophore like monomethine,
wherein the material is biocompatible and foldable. For more details regarding preferred
lens materials, reference is made to US 8,647,383 B2 and US 9,265,603 B2. The refrac-
tive index of the lens ma{erial might be, for instance, 1.544.

Fig. 2 shows schematically and exemplarily a graph of the sag function S(r) representing
the lens profile of the lens surface 2. Fig. 2 further shows schematically and exemplarily
a graph of the sag function S, () of a standard aspheric profile, and Fig. 3 shows sche-
matically and exemplarily a graph of the sag function S, (r) of an even-order aspheric
profile, wherein the lens profile whose sag function S(r) is shown in Fig. 2 may be rep-
resented by a combination of the standard aspheric profile whose sag function S;(r) is
shown in Fig. 2 and the even-order aspheric profile whose sag function S, (r) is shown
in Fig. 3. The combination of the two aspheric profiles, which corresponds to a combina-
tion of the respective sag functions S; (r) and S,(r), can be represented by a combina-
tion function M(r). The horizontal axes of the graphs shown in Figs. 2 and 3 indicate a
radial coordinate, i.e. a coordinate defining the radial distance r of the respective position
on the lens surface 2 to the vertex, as measured perpendicularly to the central axis of
the lens 1.

As can be seen in Fig. 2, the lens surface sag function S(r) is a smooth function of the
radial position r, meaning that particularly the first derivative of S(r) is continuous in the
whole range of radial positions. The function S(r) takes positive values ranging from 0
at the lens center » = 0 to about 0.175 mm at an outer boundary of the lens surface at a
radius 3 = 3 mm. At the vertex, which is located at the lens center r = 0, the lens sur-
face sag function S(r) has a vanishing first order derivative. In fact, in Fig. 2, the differ-
ence between the lens surface sag function S(r) and the standard aspheric profile sag
function S;(r) is hardly visible due to the resolution of the axes of the illustrated graph.

The standard aspheric profile sag function S,(r) is defined by above equation (1),

wherein the curvature ¢ at the vertex of the lens surface corresponds to a convex shape
and the conic constant k is negative, which means that the shown standard aspheric
profile is parabolic.



WO 2022/039280 PCT/JP2021/031062

10

15

20

25

30

35

11

The value of ¢ may be regarded as a reference curvature corresponding to a reference
optical power of the lens 1, wherein the reference optical power might be selected based
on a prescription in a clinical context.

The standard aspheric profile may also be regarded as a standard monofocal profile,
because the lens having a surface with such a standard aspheric profile would give rise
to essentially a single, substantially localized focal point. The reference optical power of
the lens 1 whose sag function S(r) is shown in Fig. 2 is approximately 20 diopter, and
the conic constant k is chosen appropriately. The reference optical power corresponds
to the value ¢ of the curvature at the vertex of the lens surface 2.

The even-order aspheric profile sag function S, () shown in the graph of Fig. 3 is defined

by above equation (2), wherein the horizontal axis of the shown graph indicates the radial
coordinate whose absolute value corresponds to the radial distance r to the vertex of the
lens surface 2, and the constants 4,,, are appropriately chosen. Due to the very different
resolution of the vertical axis of the graph illustrated in Fig. 3 as compared to the graph

illustrated in Fig. 2, it appears as if the even-arder aspheric profile sag function S, (r) is

substantially 0 over half the radial extent of the lens surface 2. However, already in this
inner region of the lens surface 2, the even-order aspheric profile is not negligible with
respect to the standard aspheric profile whose sag function S () is shown in Fig. 2.

The combination function M(r) corresponding to the exemplary lens 1 is shown in Fig.
4. It is defined by a smooth function of the radial position r, and is of the form given in
above equation (5), wherein the constants A and p are appropriately chosen. The lens
surface sag function for the lens surface 2 shown in Fig. 2 is a combination of the stand-
ard aspheric profile sag function S; (r) shown in Fig. 2 and the even-order aspheric pro-
file sag function S, (r) shown in Fig. 3, wherein the combination of the two sag functions
is defined by the combination function M(r) shown in Fig. 4. in this embodiment, the
combination function M(r) depends on the radial distance to the vertex such that the
contribution of the standard aspheric profile sag function S; (r) and the contribution of
the even-order aspheric profile sag function S, () to the lens profile sag function S(r) of
the lens 1 at a certain radial distance to the vertex depends on the radial distance r. The
combination function M (r) may therefore also be regarded as a mask function masking
the contributions from the two different aspheric profiles, wherein the degree of masking
depends on the radial position r.

The lens surface 2 described by the resulting lens profile sag function S(r) is shaped
such that, in a region immediately surrounding the vertex of the lens surface 2, the lens
profile converges to the sum of the standard aspheric profile, described by S, (), and
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the even-order aspheric profile, described by S, (r), with decreasing radial distance r

to the vertex and, in an outer region surrounding the vertex, the lens profile converges

to the standard aspheric profile with increasing radial distance r to the vertex.

Since the standard aspheric profile sag function S, (r), the even-order aspheric profile

sag function S, (r) and the combination function M(r) are all smooth functions in this

embodiment, also the combined sag function, i.e. the lens profile sag function S(r), is
smooth.

The aspheric profile sag functions S; (r) and S, () resulting in the lens profile sag func-
tion S(r) by combination are, in this embodiment, designed such that the second-order
derivative of the lens profile sag function S(r) changes its sign with increasing radial
position, which is reflected by an intermediate radial region in which the optical power
associated with the lens surface 2 becomes negative. This region is an annular region
of the lens surface 2 extending around a radial position of approximately 0.7 mm. The
lens profile sag function S(r) of the lens 1 is defined by above equation (3), which is
equivalent to above equation (4).

The second term of equation (4), which corresponds to the difference (1 — M(r)) S,(r)
between the lens profile sag function S(r) and the standard aspheric profile sag function
S,(r), is shown in Fig. 5 for the embodiment also illustrated in Figs. 1 to 4. From the
values of this difference function (1 — M(r)) S,(r) as seen on the vertical axis of the
graph illustrated in Fig. 5, it is apparent why the difference between the lens profile sag
function S(r) and the standard aspheric profile sag function $; () is hardly visible in Fig.
2.

As will be illustrated in the following, while the values assumed by the difference function
(1= M(r)) S,(r) shown in Fig. 5 seem to be small, corresponding to only a seemingly
small deviation of the lens surface 2 from a standard aspheric surface, the optical effects
generated by the seemingly small deviation are surprisingly large. In fact, the deviation
of the lens surface 2 from the standard aspheric surface may be designed to be just large
enough and positioned just right such that the depth of focus of the lens 1 can be widened
towards smaller focal distances. Moreover, the deviation can be designed to be still small
enough and positioned just right such that undesired photic phenomena generated by
the lens surface 2 can be avoided.

Fig. 6 shows schematically and exemplarily a modulation transfer function (MTF) calcu-
lated for a human eye into which the ophthalmic lens 1 has been placed, with an aperture
of 3.0 mm and 4.5 mm, respectively, wherein the calculation was performed for far visual
distances. It can be seen in Fig. 6 that the modulation transfer function, which may be
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regarded as a measure of imaging qualify, falls off only relatively slowly towards higher
spatial frequencies irrespective of the aperture.

Fig. 7 shows schematically and exemplarily a through-focus modulation transfer function
calculated for a human eye into which the lens 1 has been placed, at a spatial frequency
of 50 line pairs per millimeter. A through-focus modulation transfer function may also be
referred to as a through-focus response curve. In Fig. 7, the through-focus modulation
transfer function is shown for an aperture of 3.0 mm and for an aperture of 4.5 mm. The
horizontal axis indicates a focal shift, i.e. a focal distance measured relative to the focal
distance corresponding to the reference optical power of the lens 1, wherein negative
focal shifts correspond to higher optical powers with respect to the reference optical
power. For both aperture sizes shown in Fig. 7, the width of the main, far-focus peak is
widened with respect to a corresponding standard aspheric lens, particularly in the neg-
ative focal shift direction. Thus, Fig. 7 illustrates that the visual acuity of the human eye
can be improved at intermediate vision distances.

Fig. 8 schematically and exemplarily shows the modulation transfer function correspond-
ing to the lens 1, which may be regarded as an enhanced aspheric lens, at a spatial
resolution of 50 line pairs per millimeter, calculated for far vision distances and with an
aperture of 3 mm, as compared to the one of a standard aspheric lens, in its dependence
on the decentration of the lens, i.e. the deviation of the central axis of the lens surface
from the optical axis. It can be seen in Fig. 8 that the value of the modulation transfer
function decreases only relatively little as compared to the one corresponding to the
standard aspheric lens. This behavior is also visible in Fig. 9, which corresponds to Fig.
8, except that the spatial resolution is chosen to be 100 line pairs per millimeter. For
decentrations above approximately 0.6 mm, the modulation transfer function at both 50
line pairs per millimeter and 100 line pairs per millimeter is even higher for the lens 1 as
compared to the standard aspheric lens.

Fig. 10 shows schematically and exemplarily a lens profile sag function and a corre-
sponding standard aspheric profile sag function for a lens surface providing an optical
power of 6 diopter, i.e. an optical power which is smaller than the one provided by the
lens surface 2 shown in Fig. 1 and representable by the sag function shown in Fig. 2. It
can be seen in Fig. 10 that the deviations of the lens surface sag function providing such
a smaller optical power from the corresponding standard aspheric profile sag function
are higher than the corresponding deviations for the lens surface 2.

In Fig. 11, a modulation transfer function calculated for far vision distances and with an
aperture of 3.0 mm and 4.5 mm, respectively, is shown schematically and exemplarily
for a lens having a lens surface as illustrated by Fig. 10 that has been placed in a human
eye. From Fig. 11 it can be seen that, also for lens surfaces like the one illustrated by
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Fig. 10, the modulation transfer function falls off only relatively slowly towards higher
spatial frequencies irrespective of the aperture.

Fig. 12 shows schematically and exemplarily a through-focus modulation transfer func-
tion calculated for a human eye into which the lens whose surface is illustrated in Fig. 10
has been placed, at a spatial frequency of 50 line pairs per millimeter. The through-focus
modulation transfer function is shown for an aperture of 3.0 mm and for an aperture of
4.5 mm. The horizontal axis indicates a focal shift, i.e. a focal distance measured relative
to the focal distance corresponding to the reference optical power of the lens, wherein
negative focal shifts correspond to higher optical powers with respect to the reference
optical power. For both aperture sizes shown in Fig. 12, the width of the main, far-focus

-peak is widened with respect to a corresponding standard aspheric lens, particularly in

the negative focal shift direction. Thus, Fig. 12 illustrates that the visual acuity of the
human eye can be improved at intermediate vision distances also with a lens having a
surface as illustrated in Fig. 10.

Fig. 13 shows schematically and exemplarily an optical power profile corresponding to a
lens profile that is representable by a combination of the standard aspheric profile and
an even-order aspheric profile. The shown power profile, which refers to an optical power
measured relative to a reference optical power at the lens center, comprises local ex-
trema corresponding to extremal points of the second-order derivative of a function rep-
resenting the corresponding lens profile, i.e., for instance, the corresponding sag function
of the lens. Towards an outer boundary of the lens surface, the optical power tends to a
constant value. The optical power profile shown in Fig. 13 illustrates the relative spherical
power and corresponds to the lens profile illustrated by Figs. 2 to 5.

Fig. 14 shows schematically and exemplarily a graph of a further embodiment of the sag
function S(r) which might represent the lens profile of the lens surface 2. Also Fig. 14,
like Fig. 2, further shows schematically and exemplarily a graph of the sag function S; ()
of a standard aspheric profile, and Fig. 15 shows schematically and exemplarily a graph
of the sag function S,(r) of an even-order aspheric profile corresponding to the further
embodiment, wherein the lens profile whose sag function S(r) is shown in Fig. 14 may
be represented by a combination of the standard aspheric profile whose sag function
S, (r) is shown in Fig. 14 and the even-order aspheric profile whose sag function S, (r)
is shown in Fig. 15. The combination of the two aspheric profiles, which corresponds to
a combination of the respective sag functions S; (r) and S,(r), can be represented by a
combination function M(r). The horizontal axes of the graphs shown in Figs. 14 and 15
indicate a radial coordinate, i.e. a coordinate defining the radial distance r of the respec-
tive position on the lens surface 2 to the vertex, as measured perpendicularly to the
central axis of the lens 1.
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As can be seen in Fig. 14, the lens surface sag function S(r) is a smooth function of the
radial position r, meaning that particularly the first derivative of S(r) is continuous in the
whole range of radial positions. The function S(r) takes positive values ranging from 0
at the lens center r = 0 to about 0.40 mm at an outer boundary of the lens surface at a
radius 75 = 3 mm. At the vertex, which is located at the lens center r = 0, the lens sur-
face sag function S(r) has a vanishing first order derivative. In fact, in Fig. 14, the differ-
ence between the lens surface sag function S(r) and the standard aspheric profile sag
function S; () is hardly visible due to the resolution of the axes of the illustrated graph.

The standard aspheric profile sag function S, (r) is defined by above equation (1),

wherein the curvature ¢ at the vertex of the lens surface corresponds to a convex shape
and the conic constant k is negative, which means that the shown standard aspheric
profile is parabolic. Also in this embodiment the value of ¢ may be regarded as a refer-
ence curvature corresponding to a reference optical power of the lens 1, wherein the
reference optical power might be selected based on a prescription in a clinical context.
Moreover, also in this embodiment the standard aspheric profile may also be regarded
as a standard monofocal profile, because the lens having a surface with such a standard
aspheric profile would give rise to essentially a single, substantially localized focal point.
The reference optical power of the lens 1 whose sag function S(r) is shown in Fig. 14
can be relatively high, and the conic constant k can be chosen appropriately. In particular,
the conic constant k can -6 in this embodiment. The reference optical power corresponds
to the value ¢ of the curvature at the vertex of the lens surface 2.

The even-order aspheric profile sag function S, () shown in the graph of Fig. 15 is de-

fined by above equation (2), wherein the horizontal axis of the shown graph indicates the
radial coordinate whose absolute value corresponds to the radial distance r to the vertex
of the lens surface 2, and the constants A,,, are appropriately chosen. In particular, in
this embodiment the following constants apply: 4, = 1.2Xx 1073 mm™, 4, =13 X
1072 mm™3, 4g = —6.0 X 1073 mm™5, 4g = —1.8 x 1072 mm™7, A;p = 2.2 X 107> mm™?,;
A1 =0,414,=0,4;4=0.

Due to the very different resolution of the vertical axis of the graph illustrated in Fig. 15
as compared to the graph illustrated in Fig. 14, also in these figures it appears as if the

even-order aspheric profile sag function S, (r) is substantially 0 over half the radial extent

of the lens surface 2. However, already in this inner region of the lens surface 2, the
even-order aspheric profile is not negligible with respect to the standard aspheric profile

whose sag function S; () is shown in Fig. 14.
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A further embodiment of the combination function M(r) corresponding to the exemplary
lens 1 is shown in Fig. 16. It is defined by a smooth function of the radial position r, and
is of the form given in above equation (5), wherein the constants 4 and p are appropri-
ately chosen. In particular, in this embodiment the constant 4 is 4.0 mm™*, and the con-

stant p is 0.74 mm.

The lens surface sag function for the lens surface 2 shown in Fig. 14 is a combination of

the standard aspheric profile sag function S; () shown in Fig. 14 and the even-order
aspheric profile sag function S, (r) shown in Fig. 15, wherein the combination of the two
sag functions is defined by the combination function M(r) shown in Fig. 16. Also in this
embodiment, the combination function M(r) depends on the radial distance to the vertex
such that the contribution of the standard aspheric profile sag function S; () and the
contribution of the even-order aspheric profile sag function S, (r) to the lens profile sag
function S(r) of the lens 1 at a certain radial distance to the vertex depends on the radial
distance r. The combination function M(r) may therefore alsoc be regarded as a mask
function masking the contributions from the two different aspheric profiles, wherein the

degree of masking depends on the radial position r.

Also in this embodiment, the lens surface 2 described by the resulting lens profile sag
function S(r) is shaped such that, in a region immediately surrounding the vertex of the
lens surface 2, the lens profile converges to the sum of the standard aspheric profile,

described by S, (r), and the even-order aspheric profile, described by S, (r), with de-

creasing radial distance r to the vertex and, in an outer region surrounding the vertex,
the lens profile converges to the standard aspheric profile with increasing radial distance
r to the vertex. Moreover, also in this embodiment, since the standard aspheric profile

sag function S, (r), the even-order aspheric profile sag function S, (r) and the combina-

tion function M(r) are all smooth functions in this embodiment, also the combined sag
function, i.e. the lens profile sag function S(r), is smooth.

The second term of equation (4), which corresponds to the difference (1 — M(r)) S,(r)
between the lens profile sag function S(r) and the standard aspheric profile sag function
S, (r), is shown in Fig. 17 for the embodiment illustrated in Figs. 14 to 16. From the values
of this difference function (1 - M(r)) S,(r) as seen on the vertical axis of the graph il-
lustrated in Fig. 17, it is apparent why the difference between the lens profile sag function
S(r) and the standard aspheric profile sag function S, (r) is hardly visible in Fig. 14.

As will be illustrated in the following, while the values assumed by the difference function
(1- M(r)) S,(r) shown in Fig. 17 seem to be small, corresponding to only a seemingly
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small deviation of the lens surface 2 from a standard aspheric surface, also in this em-
bodiment the optical effects generated by the seemingly small deviation are surprisingly
large.

Fig. 18 shows schematically and exemplarily an MTF calculated for a human eye into
which the ophthalmic lens 1 has been placed, with an aperture of 3.0 mm and 4.5 mm,
respectively, wherein the calculation was performed for far visual distances. It can be
seen in Fig. 18 that the madulation transfer function, which may be regarded as a meas-
ure of imaging quality, falls off only relatively slowly towards higher spatial frequencies
irrespective of the aperture. '

Fig. 19 shows schematically and exemplarily a through-focus modulation transfer func-
tion calculated for a human eye into which the lens 1 with the lens profile of the further
embodiment illustrated in Figs. 14 to 17 has been placed, at a spatial frequency of 50
line pairs per millimeter. In Fig. 19, the through-focus modulation transfer function is
shown for an aperture of 3.0 mm and for an aperture of 4.5 mm. The horizontal axis
indicates a focal shift, i.e. a focal distance measured relative to the focal distance corre-
sponding to the reference optical power of the lens 1, wherein negative focal shifts cor-
respond to higher optical powers with respect to the reference optical power. For both
aperture sizes shown in Fig. 19, the width of the main, far-focus peak is widened with
respect to a corresponding standard aspheric lens, particularly in the negative focal shift
direction. Thus, Fig. 19 illustrates that the visual acuity of the human eye can be improved
at intermediate vision distances.

Fig. 20 shows schematically and exemplarily an optical power profile corresponding to a
lens profile that is representable by a combination of the standard aspheric profile and
an even-order aspheric profile. The shown power profile, which refers to an optical power
measured relative to a reference optical power at the lens center, comprises local ex-
trema corresponding to extremal points of the second-order derivative of a function rep-
resenting the corresponding lens profile, i.e., for instance, the corresponding sag function
of the lens. Towards an outer boundary of the. lens surface, the optical power tends to a
constant value. The optical power profile shown in Fig. 20 illustrates the relative spherical
power and corresponds to the lens profile illustrated by Figs. 14 to 17.

In the following, an embodiment of a manufacturing method for manufacturing an oph-
thalmic lens will exemplarily be described with reference to a flowchart shown in Fig. 21.

In step 101 a mathematical combination of a standard aspheric profile and an even-order
aspheric profile is provided, wherein the aspheric profiles are combined such that, in a
region immediately surrounding the vertex of a lens surface, the lens profile converges
to a sum of the standard aspheric profile and the even-order aspheric profile with de-
creasing radial distance to the vertex and, in an outer region surrounding the vertex, the
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lens profile converges to the standard aspheric profile with increasing radial distance to
the vertex.

In step 102 the ophthalmic lens is formed such that a surface of the lens is in accordance
with the provided combination of the standard aspheric profile and the even-order as-
pheric profile. The lens might be formed, for instance, by using a known molding proce-
dure and a known lathe cutting procedure, or by another technique generally used for

manufacturing lenses.

Although in above described embodiments, the lenses are rotationally symmetric, the
lenses could also have lens surfaces with a toric shape. In that case, a first lens profile
could be provided in a first radial direction of the lens surface and a second lens profile
could be provided for a second radial direction of the lens surface, wherein the first and
the second radial direction may be perpendicular to each other.

Other variations to the disclosed embodiments can be understood and effected by those
skilled in the art in practicing the claimed invention, from a study of the drawings, the
disclosure, and the appended claims.

In the claims, the word “comprising” does not exclude other elements or steps, and the

&0

indefinite article “a” or “an” does not exclude a plurality.

Any reference signs in the claims should not.be construed as limiting the scope.
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CLAIMS

[Claim 1]

An ophthalmic lens (1) comprising a lens surface (2) with a lens profile being rep-
resentable by a combination of a standard aspheric profile and an even-order aspheric
profile, wherein the aspheric profiles are combined such that, in a region immediately
surrounding the vertex (3) of the lens surface, the lens profile converges to a sum of the
standard aspheric profile and the even-order aspheric profile with decreasing radial dis-
tance to the vertex (3) and, in an outer region surrounding the vertex (3), the lens profile
converges to the standard aspheric profile with increasing radial distance to the vertex

A).
[Claim 2]

The ophthalmic lens (1) as defined by claim 1, wherein the combination of the
standard aspheric profile and the even-order aspheric profile is representable by a
smooth function of the radial position.

[Claim 3]

The ophthalmic lens (1) as defined by any of claims 1 and 2, wherein the combi-
nation of the standard aspheric profile and the even-order aspheric profile is represent-
able by a function of the radial position, which has a first-order derivative of zero at the
vertex (3) of the lens surface.

[Claim 4]

The ophthalmic lens (1) as defined by any of the preceding claims, wherein the
combination of the standard aspheric profile and the even-order aspheric profile is rep-
resentable by a function of the radial position, which changes the sign of the second-
order derivative with increasing radial position.

[Claim 5]

The ophthalmic lens (1) as defined by any of the preceding claims, wherein the
sag function of the standard aspheric profile is defined by

cr?

1+/1- A +k)czr?’

wherein r denotes the radial distance to the vertex (3) of the lens surface (2), ¢ denotes
the curvature at the vertex (3) of the lens surface (2) and k denotes the conic constant.

5:(r) =
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[Claim 6]

The aphthalmic lens (1) as defined by claim 5, wherein the curvature ¢ at the vertex
of the lens surface (2) is a) larger than or equal to 0.005 mm™ and b) smaller than or
equal to 0.25 mm™.

[Claim 7]

The ophthalmic lens (1) as defined by any of claims 5 and 6, wherein the conic
constant k is a) larger than or equal to -800 and b) smaller than or equal to 5.

[Claim 8]

The ophthalmic lens (1) as defined by any of the preceding claims, wherein the
sag function of the even-order aspheric profile is defined by

8
S0 = ) A,
n=1

wherein r denotes the radial distance to the vertex (3) of the ophthalmic lens surface (2)
and the A,,, are constants.

[Claim 9]

The ophthalmic lens (1) as defined by any of the preceding claims, wherein the
combination of the standard aspheric profile and the even-order aspheric profile is defin-
able by a combination function which depends on the radial distance to the vertex (3)
such that the contribution of the standard aspheric profile and the contribution of the
even-order aspheric profile to the lens profile at a certain radial distance to the vertex
depends on the radial distance.

[Claim 10]

The ophthalmic lens (1) as defined by claim 9, wherein a sag function of the lens
profile is defined by

S(r) = M(P)Sy (1) + (1= MM)(S1(r) + 5, (1),

wherein r denotes the radial distance to the vertex (3) of the lens surface (2), S, (r) de-
notes a sag function of the standard aspheric profile, S,(r) denotes a sag function of the
even-order aspheric profile and M (r) denotes the combination function.

[Claim 11]

The ophthalmic lens (1) as defined by any of claims 9 and 10, wherein the combi-

nation function is a smooth function.
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[Claim 12]

The ophthalmic lens (1) as defined by claim 11, wherein the combination function

is defined by
M(r) = %(1 + tanh(A(r - p))) ,

wherein A and p are constants.
[Claim 13]

The ophthalmic lens (1) as defined by claim 12, wherein the constant A is larger
than 2.0 mm~* and smaller than 10.0 mm™?, and the constant p is larger than 0.3 mm

and smaller than 2.5 mm.
[Claim 14]

The ophthalmic lens (1) as defined by any of the preceding claims, wherein the
ophthalmic lens (1) is an intraocular lens.

[Claim 15]

A manufacturing method for manufacturing an ophthalmic lens (1) as defined by
any of claims 1 to 14, wherein the manufacturing method comprises forming (102) a lens
profile of a lens surface (2) of the ophthalmic lens (1) such that it is representable by a
combination of a standard aspheric profile and an even-order aspheric profile, wherein
the aspheric profiles are combined such that, in a region immediately surrounding the
vertex (3) of the lens surface (2), the lens profile converges to a sum of the standard
aspheric profile and the even-order aspheric profile with decreasing radial distance to
the vertex (3) and, in an outer region surrounding the vertex (3), the lens profile con-
verges to the standard aspheric profile with increasing radial distance to the vertex (3).



