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(57) Abstract: The invention relates to a multifocal ophthalmic lens comprising at least one azimuthal progressive optical surface,
& wherein the optical power of the lens varies in the radial direction and that said surface is smooth both in the azimuthal direction and
& in the radial direction. Consequently the ophthalmic lens has a progressive optical surface which extends along the azimuth of the
ophthalmic lens, with or without additional distinct optical focal planes, and which, secondly, as a consequence of such azimuthal
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with a basic refractive surface to correct for the fixed optical dioptric power.
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Azimuthal and radial progressive ophthalmic optics

This invention concerns novel optics for a progressive ophthalmic lens.

Such lenses can be included in (1) - spectacles (henceforth: “spectacles”), in which the
lens is in front of the eye, in (2) - contact lenses, (henceforth: “CLs”), in which the lens
is positioned on the outside of the cornea of the human eye and in (3) - intraocular
lenses (henceforth: “IOLs”), which lenses are implanted inside the eye by an eye
surgeon. Intraocular lenses can be either implanted to replace the natural lens after
removal of the natural lens, e.g. during cataract surgery (defined as aphakic intraocular
lenses, henceforth: “APIOLs”) or implanted to function in combination with the natural
lens of the eye or in combination with an APIOL, (defined as phakic intraocular lenses,
henceforth: “PIOLs”). The azimuthal progressive surfaces and additional optical
surfaces described in this document can be applied to all the ophthalmic lenses and
henceforth the term “ophthalmic lens” will be used as a general definition which covers
all ophthalmic lenses mentioned above and, as an example of such lens, the application
of the novel optical surfaces will be described in detail below for an APIOL. However,
a men skilled in the art will conclude that the optical principles and surfaces can be

applied to all ophthalmic lenses, to PIOLs, APIOLs and CLs in particular.

Applications in spectacles and contact lenses of the present inventions are included in
this document in addition to applications in phakic and aphakic IOLs. However, the
details of the inventions as well as explanations thereof will be described and illustrated
with APIOLs as main examples. A men skilled in the art will conclude that the
principles can also be applied to other ophthalmic lenses, certainly to CLs with minor
modifications of such optics as described in this document and to spectacles for which
the optics will need to be adapted mainly because of shifts of field of view of the eye
over the surface of the lens which shift is largely absent in IOLs and which shift plays
only a minor role in CLs. The present invention can be applied to the optical surfaces of

all ophthalmic lenses, but major applications are foreseen for IOLs and Cls.

Two main types of IOLs are being implanted in the human eye:
Firstly, APIOLs are implanted in the eye after removal of the natural lens mostly due to
a cataract which clouds vision of the eye. Recently IOLs are also implanted in a so-

called Clear Lens Extraction (“CLE”) procedure, in which a non-cataracterous and
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mostly presbyopic (“reading far-sighted”) clear lens of the eye is replaced with an IOL
for spectacle-independency of presbyopic people. Cataract APIOLs are by the most
important IOL type at present.

Secondly, PIOLs are implanted in the eye in addition to a clear natural lens, or, rarely,
in combination with an APIOL which has replaced the natural lens of the eye. Such
PIOL is generally positioned in the anterior chamber of the eye, i.e. between the cornea
and iris, or in other parts of the eye. PIOLs generally used to correct significant

refractive errors of the eye, mainly significant myopia.

In addition to the novel azimuthal surfaces corrections for various aberrations of the eye
can be added. Most common is the addition of an additional toric surface to correct
astigmatism of the eye or a spherical correction surface to correct for spherical

aberrations.

Details of the inventions as well as explanations thereof will henceforth be described
and illustrated with aphakic IOLs (“APIOL”) as main example.

Standard APIOLs are historically of a single focus type. An APIOL with one focal spot
is implanted with the dioptric value of the APIOL chosen such that the eye has a fixed
focus at a large distance or infinity, with the goal of the eye surgeon being creation of
an emmetropic eye. After surgery the patient wears spectacles, generally progressive
spectacles, to allow the patient to focus the eye at close distances, including reading

distance.

Efforts have been made over approximately the last ten years to design APIOLs which
allow the patient a spectacle-free life, i.e. provide a reasonably sharp vision over a wide
range of distances. Multi-focal APIOLs (henceforth: “MFIOLs”) are the first generation
of IOLs designed for this purpose, but also truly accommodating IOLs are being tested

and in development.

MFIOLSs offer to the retina of the human eye an image of the object composed of sharp
images at several focal planes (e.g. W0O2006060480, an example of a diffractive
apodozing MFIOL), or, alternatively, a gradual mix of infinite focal planes over a
certain focal range (e.g. W0O2007047427, an example of a smooth aspheric IOL). The

human brain apparently selects the sharpest image from this mix of images from
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different foci or, alternatively, composes a sharp image out of the gradual mix of
infinite focal planes over the certain focal range. With MFIOLs a single optic, without
moving parts can offer a, reasonably, sharp vision for several distances or over a range
of distance. Note that none of the MFIOLs offers truly sharp imaging which results
from a single focus IOL or truly accommodating IOLs — with MFIOLSs a certain blur,
scatter and other optical defects come with the package of the combination of a single,
basically static and fixed, optics with multiple foci. The challenge of optical design of
MFIOLs is to maximize optical dioptric range while minimizing the effects of
undesirable aberrations. Multifocal CLs are less common, although bifocal CLs have
been developed (e.g. PCT/NL9600428). The azimuthal optical surfaces and additional

surfaces described herein are suitable to be applied for a multifocal CL.

Three types of MFIOLs can be defined: multizone diffractive (with or without
additional apodizing functions, e.g. W02006060480), multizone refractive (e.g.
US2002135733, with annular rings of different dioptric optical power) and aspheric
lenses (e.g. WO2007047427, with a gradual change of dioptric power).

Firstly, diffractive MFIOLs apply a diffractive surface on top of a refractive base.
Generally these lenses divide the light between two distinct images through the use of
diffractive orders with equal amonts of light directed to a near and a distant focus. Such
design was introduced by the 3M company in 1988. The ReSTOR® MFOL currently
produced by Alcon Surgical adds an apodizing function to such lens for further

sharpening of the required image.

Secondly, multizone MFIOLs have multiple optical zones which are present across the
pupil simultaneously with each of these zones having a different effective aperture (e.g.
the Array Zoom lens from American Medical Optics, US202135733, US20022149743,
US2003063254 and US2004156014). So, a pseudo-accommodation results because the
pupil changes in diameter according to the ambient light levels and central areas of the
IOL receive a relative emphasis at small pupil diameters, which generally occur at e.g.
reading activities. Clearly, the degree of accommodation is not the effect of object
distance but, in the case of these multifocal MFIOLs, a function of level of light.
Thirdly, aspheric optics provide an increase in depth of field of an IOL. The aphericity
does not provide several distinct focal planes but extends the range focus. Such

extension of focus inevitably results in a loss of contrast. Combinations of such aspheric



10

15

20

25

30

WO 2009/017403 4 PCT/NL2008/050508

IOLs with added distinct regions of focus have been proposed as well. Refer, for
detailed reviews of MFIOLs designs, for example to: Davison, J.A. and Simpson, M.J.,
2006, J.Cataract Refract. Surg. 32, 849-858; Avitable, T, and Marano, F., 2001, Curr.
Opin.Ophthalmol. 12, 12-16.

The prior art regarding MFIOLs covers, firstly, radial symmetrical annular optical
constructions, i.e. the change of focus, being gradual or distinct progress from the
optical centre outwards. Secondly, designs lack, in their basic designs, optical polarity,
i.e. the focal power is distributed equally over one given azimuth, i.e. the same optical

power applies at each point of a chosen concentric ring.

In this document a novel optical design for any ophthalmic lens is proposed which:
firstly, has a progressive optical surface which extends along the azimuth of the
ophthalmic lens, with or without additional distinct optical focal planes, and which,
secondly, as a consequence of such azimuthal design, can offer single or multiple
polarity, i.e. a sector of high optical power is positioned opposite a sector of low optical
power. Such optical polarity offers advantages for use of such optics in the human eye,

which advantages will be further explained below.

Hence the invention provides a multifocal ophthalmic lens comprising at least one
azimuthal progressive optical surface, characterized in that the optical power of the lens
varies in the radial and azimuthal directions and that said surface is smooth in both the
azimuthal and radial direction. Note that it is advantageous but not required that such
surface generally is combined with a basic refractive surface to correct for the fixed

optical dioptric power to reach the goal of an emmetropic eye.

In a first embodiment the optical power of the optical surface varies according to a
periodic function in the azimuthal direction. This puts the maximum optical value
opposite the minimum optical value, defined in this document as “optical polarity”.
The azimuthal surface can follow a linear function, i.e. the optical power changes
linearly with the azimuthal direction. However, such surface can change optical power
according to any sequence, e.g. linear, quadratic, logarithmic, exponential or according

to any other smooth mathematical function, or staggered.
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Even more preferably the periodic function has a single period .In this case there is
question of optical polarity, i.e. the two sectors of highest and lowest optical power are

opposite to each other, which is advantageous in ophthalmic applications.

Yet another embodiment provides the feature that the periodic function has an integer
plurality of periods. Extension of the number of periods to the azimuthal direction
creates multiple polarities, in a symmetrical position with even numbers of periods,
asymmetrically with uneven numbers of periods. However, with ever larger integer
number of periods polarity can be increasingly lost and the lens becomes, for all
practical considerations, a rotational symmetrical design, or polarity can be included by
increasing the diopter value of certain sectors, selected flat areas, which can be in
groups or dispersed. For example, four optical zones resulting from two periods of
which the zones can be positioned to cover the top and bottom viewing field as well as
the nasal and temporal viewing fields. Again, preferably, the point of the lowest optical
dioptric value of the first period should connect to point of the lowest optical dioptric
value of the last period to maximize smoothness of the optical surface. Note that in this
embodiment the central point in the optical axis is the point of origin, i.e. a central
single point at which the refraction is undefined and such point is preferably smoothed
out by a smoothing mask or smoothing function. The said single polarity can be used to
advantage in the human eye because the human eye because objects at which humans
look are generally slanted upward, i.e. with the closest object to be in focus at the
bottom of the viewing field and the farthest object at the top of the image. For example:
reading a book — the book is seldom held upside down, driving a car, with the
dashboard at the underside and the horizon higher, upward slanted computer-screens,
etc. So, in the case of IOLs, such a polar ophthalmic lens should be implanted in the
human eye with the sector of maximum optical power at the bottom of the eye and the
sector with the minimum optical power at the top. Equally, such lens can be applied as
CL, of which some types can be weighted so that the CL stays in a rotational fixed
position on the eye. Using the polarity of such lens also allows for an overall less steep
progressive azimuthal surface, in turn, enhances overall sharpness, lens quality and

contrast.

According to a preferred embodiment, the optical power of the lens progresses towards

the centre of the lens. This feature connects to the application as a ophthalmic lens
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according to the general definition of the invention, wherein the centre of the lens,
which is used in situations where the light levels are high and consequently the pupil is

small, requires the highest optical power (myopic) for activities like reading.

According to yet another embodiment, the optical power of the lens varies according to

a periodic function, leading to optimal freedom of design.

Calculation and production of the lens is simplified to a large extend when the

optical surface is symmetrical.

Also, to any of these azimuthal paths at least one sector of constant dioptric power can
be added to the surface. This will have the effect that a certain focal optical plane, or in
the case of several such sectors, certain focal planes, are emphasized at the image plane.
The rate of increase (the “step” to reach such plateau of constant dioptric power) can be
according to any function. The number of such sectors of distinct focal planes and the
extension thereof is dependent on the overall ophthalmic lens design, issues of light
scattering, patient preferences and lens manufacturing constraints and lens material

constraints.

In alternative embodiments, a radially extending progressive surface can be added to a
design and preferably blended to the surface as set forth above with a smoothed mask.
Such a progressive surface is, preferably, non-linear, and with, preferably, its sectors of
highest optical power near the optical axis, the center of origin, of the lens with the
optical power decreasing according to a non-linear function towards the rim of the lens.
A man skilled in the arts will conclude that such an added surface will emphasize, on
average, higher dioptric values of the total lens at small diameters of the pupil and
lower average dioptric values at large pupil diameters. Such effects will aid functioning
of the lens in the human eye (in the case of IOLs) and on the eye (in the case of CLs)
because the eye has, on average, smaller pupils at close vision, e.g. reading and lager

pupils at far vision.

Clearly, the progressive surfaces increase the total focal range, but also decrease

contrast and sharpness of the image. Increasing progressive steepness increases focal
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range but decreases sharpness and contrast. Therefore, the steepness of such progressive
surfaces should be minimized. Important human tasks such as e.g. reading occur at
approximately 30cm distance from the eye and the iris diameter is minimized at this

distance.

Therefore, addition of a small fixed power lens at the center of the lens is desirable.
Firstly, the steepness of progressive surfaces can be minimized because such lens would
cover the requirements for accommodation of the eye at close distances. Secondly, such
lens can be positioned such that it covers the central point of the azimuthal progressive
surface in which it can be blended with a smoothed mask. Note that such lens can be
relatively small, e.g. only 1-1.5mm diameter on a total IOL lens diameter of, say,
6.5mm. The contribution of such lens to images at a large distance and large pupil
diameters is likely negligible because an only ~1/15-1/30 of the total surface in the
example above. Such a small lens is no necessity for the azimuthal ophthalmic lens to
function, but can be additional to all embodiments described so far. Such small

additional lens can also be applied to CLs.

Ophthalmic lenses as described in this document can be applied as ophthalmic lenses.
i.e. as APIOLs to correct the optics of the eye after the natural lens is removed, e.g. for
the treatment of cataracts or presbyopia, or as PIOLs to correct the optics of the eye in
combination with the natural lens, or CLs, also generally in combination with the

natural lens.

Such lenses also correct for the basic fixed refraction of the eye, i.e. must have a basic
dioptric fixed value which functions as a natural lens at rest, with the eye in an
emmetropic state. Such refractive surface can be added to all alternatives described
above. Preferebly, the progressive surfaces and the small focusing lens should be
included on the surface of the refractive lens. However, surfaces can also be applied to

the front and back-side of an optical element, in any combinations.

Note that defocus is addressed as main optical aberration so far which, which defocus
can be corrected for by the basic azimuthal surfaces or such azimuthal surfaces in

combination with additional optical surfaces. Additional optical surfaces to correct for
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other aberrations such a spherical aberration and astigmatism can be added to the

surfaces all optical lenses described above.

Lenses as described above can be produced from standard IOL materials and standard
IOL manufacturing procedures. We refer here to surfaces of such lenses which are
comparable in manufacturing complexity, e.g. PCT/NL9600428, US2006/0215109 and
all of which lenses are being manufactured routinely from materials suitable for
implantation in the human eye, e.g. hydrophilic acrylics. Also, smooth undulating
surfaces for a novel accommodating IOL have been successfully manufactured by high
precision lathing (EP1720489 and W02006118452), surfaces which are of an equal
complexity in comparison with the undulating azimuthal progressive surfaces described

in this document.

Firstly, application of ophthalmic lenses as described above can be as intraocular lenses,
IOLs including APIOLs and PIOLs. For APIOLs standard haptic designs can be added
to the optics and the lens implanted in the capsular bag of the eye, however other
positions for implant are an option with likely adaptations to the haptics. For PIOLs
various haptic types are known to anchor such lens in the eye, generally in the anterior
chamber, between cornea and iris, and designs which grab the iris tissue with small

claws to position the lens in the anterior chamber.

Ophthalmic lenses as described in this document can also be applied as ophthalmic CL.
The optical polarity, i.e. a sector of high dioptric value opposing a sector of low dioptric
value of such lenses is also an advantage for contact lenses because contact lenses can
be designed with an anchor to remain on the eye in a rotational fixed position. Relative
small upward and downward shifts of the CL on the eye will further aid the multifocal

process if the lens rotational position remains intact.

Ophthalmic lenses as described in this document can also be applied as spectacle lenses.
Spectacle lenses differ from IOLs and CLs in that the eye can select a defined region

from the lens. The design of the azimuthal surface has to adapted accordingly.

Any lens according to the descriptions above can be adapted so that any aberration can

be corrected for, preferably within a sector of half a period. Also, a lens with, for
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example, two periods and thus with four optical zones, can be designed such that it will
correct for defocus for the top and the bottom viewing fields in combination with
defocus according to certain functions for the nasal and temporal viewing fields of
which all four functions can be designed independently and which functions depend on
the requirements of the individual eye for which the lens is designed. Such variation is
caused by mainly. For details on viewing fields and illustrations of variability between
several human eyes with regard to retinal eccentricity refer to: Navarro, R., Artal, P. and
Williams, D.R., J. Opt. Soc Am.A/Vol.10(2), 1993, 201-212. Lenses with more than

two periods can also be designed as such.

Apodizing functions have been included in ophthalmic lenses by diffractive designs, i.e.
MFIOLs for optimization of contrast and sharpness of the image (e.g. the ReSTOR®
MFIOL of the company Alcon Surgical; W0O2006060480, EP0888564). Ophthalmic
lens described in this document can have the option of being fitted with at least one
apodizing structure or set of structures. Such structure can be fitted on any place of the
optical surface, including but not restricted to following at least one azimuthal path. So,

transmittance of the lens can be an additional function of the azimuthal angle.

Clearly, the ophthalmic lens must be implanted in the eye (IOLs) or remain on the eye
(CLs) in a defined position to maximize the effects of said lenses with opposing sectors
of highst and lowest dioptric values or said lenses with e.g. four zones. Such lens can be
positioned with the highest dioptric value is positioned at the top or at the bottom of the
human eye. Positioning at the bottom of the highest dioptric value seems to be most

beneficial, but changing the polarity of the lens is an alternative.

Also, the azimuthal lens can be fitted in an intraocular lens construction which makes it
an option for the lens to shift perpendicular, transverse, to the optical axis of eye, e.g.
driven by the ciliary muscle of the eye so a multifocal design can have an additional
accommodating\function. Contraction of the ciliary muscle moves an area of relaive

high dioptre power towards the optical axis.

For a contact lens the lens can be fitted with a construction allowing a fixed vertical

position of the lens on the cornea of the eye, generally an anchor or weight at the
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bottom of the lens. The lens is designed such that an upward shift of the lens on the

cornea due to eye movement at close vision results in an increase in dioptre power.

Subsequently the present invention will be elucidated with the help of the
accompanying drawings. Note that in all figures the steepness of change and amplitude
of the progressive surface is exaggerated for illustration purposes - realistic optical
surfaces of this type for ophthalmic applications have a considerably smaller amplitude
and will lead to unclear illustrations.

In the drawings, the figures show:

Figure 1: a smooth azimuthal linearly progressive optical surface with one period;
Figure 2: a graph showing the curvature versus azimuthal angle of a smooth

azimuthal linearly progressive optical surface with one period as shown in Figure 1;

Figure 3: a smooth azimuthal non-linear progressive optical surface with one
period;
Figure 4: a graph, showing the curvature versus azimuthal angle of a smooth

azimuthal linearly progressive optical surface with one period as shown in Figure 3;
Figure 5: a smooth azimuthal non-linear progressive optical surface with one
period and two extended optical areas of distinct dioptric value;

Figure 6: a graph showing the curvature versus azimuthal angle of a smooth
azimuthal non-linearly progressive optical surface with one period and two extended
optical areas of distinct dioptric value as shown in Figure 5;

Figure 7: a smooth azimuthal non-linear progressive optical surface with one
period and four extended optical areas of distinct dioptric value;

Figure 8: a graph showing the curvature versus azimuthal angle of a smooth
azimuthal non-linearly progressive optical surface with one period and four extended

optical areas of distinct dioptric value as shown in Figure 7;

Figure 9: a smooth azimuthal non-linear progressive optical surface with two
periods;
Figure 10: a graph showing the curvature versus azimuthal angle of a smooth

azimuthal non-linearly progressive optical surface with two periods as shown in Figure
9.
Figure 11: a smooth azimuthal non-linear progressive optical surface with eight

periods;
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Figure 12: a graph showing the curvature versus azimuthal angle of a smooth
azimuthal non-linearly progressive optical surface with eight periods as shown in Figure
11;

Figure 13: a smooth azimuthal linear progressive optical surface with one period
with the addition of a central small lens of a fixed optical dioptric power.

Figure 14: a graph showing the curvature versus azimuthal angle of a smooth
azimuthal linearly progressive optical surface with one period as shown in Figure 13;
Figure 15: the axonometric projections of an embodiment of an azimuthally-
progressive lens including an azimuthal surface with a small lens of a fixed dioptric
power on one side of the optical element and a spherical lens of a fixed optical power on
the other side of the optical element; and

Figure 16: the axonometric projections of an embodiment of an azimuthally
progressive lens including an azimuthally progressive surface on top of a lens of a fixed
optical dioptric power. The opposing side of the embodiment is concave and made to fit

the human cornea as a CL.

Figure 1 shows a smooth azimuthal progressive optical surface covering the optical area
in one period with the central point of origin, 1, and the sector of highest optical power,
2, and the sector of lowest optical power, 3. A reference system, 4, for clarification of
azimuthal angles and direction as well as the X, Y, Z-coordinate system is
superimposed on this figure which reference system originates from the point of origin,
1, and with which each point on the optical surface can be defined by the azimuthal
angle, 5, and the transverse radius, 6. A particular point on the surface, 7, is the example
in this figure. Note that in this figure and other figures the height of the progressive
surface is exaggerated to show the surface structure. The refractive surface with the
curvature (i. e. reciprocal radius ), and hence the optical power, is linearly distributed
along the azimuthal direction ( ). The azimuthal angle changes from 0 to 2 rad. The
curvature as a function of , i. e. increases linearly when the azimuthal angle changes
from /2 rad to 3 /2 rad and decreases linearly when the azimuthal angle changes from 3
/2 rad to 0 rad. The curvature distribution is assumed to be a periodic function with a
period of 2 rad, so that , where is an integer number, and N=1 in this example.

Figure 2 illustrates a lens curvature, 8, as a function of the azimuthal angle, which

surface is illustrated in Figure 1. In this example the lens curvature follows a linear
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function and covers one period. Various progressions, including a linear progression can

be applied to such surface.

Figure 3 shows a smooth azimuthal progressive optical surface covering the optical area
in one period with the central point of origin, 1, and the sector of highest optical power,
2, and the sector of lowest optical power, 3. The refractive surface with the curvature,
and hence the optical power, is non-linearly distributed along the azimuthal direction.
The curvature increases smoothly according to a non-linear function when the
azimuthal angle changes from /2 rad to 3 /2 rad and decreases smoothly according to
the same non-linear function when the azimuthal angle changes from 3 /2 rad to 0 rad.
The curvature distribution is assumed to be a periodic function with a period of 2 rad,
so that , where 1is an integer number, with N=1 in this example.

Figure 4 illustrates a lens curvature, 8, as a function of the azimuthal angle, which
surface is illustrated in Figure 3. In this example the lens curvature follows a sinusoidal

function and covers one period.

Figure 5 shows a smooth azimuthal progressive optical surface covering the optical area
in one period with the central point of origin, 1, and the sector of highest optical power,
9, and the sector of lowest optical power, 10, with both sectors having added a larger
optical area of a distinct dioptric value. The curvature, and hence the optical power, of
the refractive surface is non-linearly distributed along the azimuthal direction with two
distinct values of the optical power. The curvature changes stepwise when the
azimuthal angle changes from 0 rad to 2 rad. The curvature distribution is assumed to
be a periodic function with a period of 2 rad, so that , where is an integer number,
with N=I in this example.

Figure 6 illustrates a lens curvature, 8, as a function of the azimuthal angle, which
surface is illustrated in Figure 5. In this example the lens curvature includes two areas
with a distinct focusing power, 9, 10, which are represented as the flat areas in the

otherwise non-linear progression.

Figure 7 shows an azimuthal progressive optical surface with the central point of origin,
1, a sector with a distinct high dioptric power, 11, a sector with a distinct low dioptric
power, 12, and two sectors of distinct intermediate dioptric power, 13, with the

respective sectors connected by a smooth surface extending linearly in an azimuthal
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direction. Note that the two sectors of distinct intermediate dioptric power do not have
to be exactly of a similar surface. The curvature , and hence the optical power, is
distributed stepwise along the azimuthal direction and decreases stepwise to generate a
discrete set of optical powers when the azimuthal angle changes from /2 rad to 3 /2 rad
and increase stepwise when the azimuthal angle changes from 3 /2 rad to /2 rad. The
curvature distribution is a periodic function with a period of 2 rad, so that , where is
an integer number, with N=1 in this example.

Figure 8 illustrates a lens curvature, 8, as a function of the azimuthal angle, and the

surfaces as illustrated in Figure 7.

Figure 9 shows a smooth azimuthal progressive optical surface covering the optical area
in two periods with the central point of origin, 1, and two sectors of highest optical
power, 2, and two sectors of lowest optical power, 3. Note that each of these four
sectors can have shapes independently from each other and can have additional optical
surfaces to, independently from the other sectors, correct for specific aberrations, in this
example, defined quadrants (e.g. top, bottom, nasal and temporal, or any other system of
quadrants) of the human retina. Clearly, a defined positioning of the lens in front of, on
the cornea, or inside the human eye, is a prerequisite for such additional optical
corrections. The curvature, and hence the optical power, is non-linearly distributed
along the azimuthal direction. The curvature 1is a periodical function with a period of
rad, so that , where is an integer number, with N=2 in this example.

Figure 10 illustrates a lens curvature, 8, as a function of the azimuthal angle, which
surface is illustrated in Figure 9. In this example the lens curvature covers two periods

in a sinusoidal progression.

Figure 11 shows a smooth azimuthal progressive optical surface covering the optical
area in eight number of periods with the central point of origin, 1, and sectors of
highest optical power, 2, and sectors of lowest optical power, 3. Such ophthalmic lenses
with large number of periods become, in effect, radial symmetrical and, thus, loose
larger defined sectors of higher and lower dioptric values which values are distributed
over the optical lens surface more evenly. Such lenses might be of importance for
applications, e.g. as types of contact lenses which will not remain in a fixed position on
the cornea, i.e. contact lenses that rotate. The curvature, and hence the optical power, is

non-linearly distributed along the azimuthal direction. The curvature distribution isa
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periodic function with a period of /4 rad, so that , where is an integer number, with
N=8 in this example.
Figure 12 illustrates a lens curvature, 8, as a function of the azimuthal angle, which

surface is illustrated in Figure 11.

Figure 13 shows a smooth azimuthal progressive optical surface covering the optical
area in one period with the central point of origin, 1, and the sector of highest optical
power, 2, and the sector of lowest optical power, 3, to which a small lens of fixed
optical dioptric power, 14, is added centrally. The refractive surface has a constant-
optical-power central part and the peripheral part with the curvature being linearly
distributed along the azimuthal direction. The central lens has a smaller aperture and
extends smoothly to the azimuthally progressive periphery. The curvature of the
peripheral part as a function of , i. e. increases linearly when the azimuthal angle
changes from /2 rad to 3 /2 rad and decreases linearly when the azimuthal angle
changes from 3 /2 rad to 0 rad. The curvature distribution is a periodic function with a
period of 2 rad, so , where is an integer number, with N=1 in this example.

Figure 14 illustrates the progressive azimuthal curvature, 8, as a function of the

azimuthal angle, which surface is illustrated in Figure 13.

Figure 15 shows the axonometric views of an embodiment of an azimuthally-
progressive lens that includes an anterior spherical surface, 16, providing a basic optical
power and a posterior refractive surface, 17, that incorporates a constant-optical-power
central small lens, 14, and the peripheral part with the azimuthal progressive curvature,
17, and hence the optical power, being, in this example, linearly distributed along the
azimuthal direction. Note that the optical surfaces are distributed over two sides of the
optical element, 15, in this example, and that other distributions and number of optical

surfaces are feasible.

Figure 16 shows the axonometric views of an embodiment of an azimuthally
progressive lens, 18, including, an azimuthal surface on top of a lens of fixed optical
dioptre power, both on one side of the optical element, 17. The opposing side of the

embodiment, 19, is concave and made to fit the human cornea as a CL.
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Claims

1. Multifocal ophthalmic lens comprising at least one azimuthal progressive
optical surface, characterized in that the optical power of the lens varies in the radial
direction and that said surface is smooth both in the azimuthal direction and in the radial

direction.

2. Lens according to claim 1, characterized in that the optical power of the

optical surface varies according to a periodic function in the azimuthal direction.

3. Lens according to claim 2, characterized in that the periodic function has a

single period.

4. Lens according to claim 2, characterized in that the periodic function has an

integer plurality of periods.

5. Lens according to any of the preceding claims, characterized in that the optical

power of the lens in the radial direction progresses towards the centre of the lens.

6. Lens according to any of the claims 1-4, characterized in that the optical

power of the lens in the radial direction varies according to a periodic function.

7. Lens according to any of the foregoing claims characterized in that the optical

surface is symmetrical.

8. Ophthalmic lens according to foregoing claims characterized in that at least

one sector of constant dioptric power is included along the azimuthal direction.

9. Ophthalmic lens according to foregoing claims characterized in that it has an

additional radially extending progressive surface.

10. Ophthalmic lens according to claim 9 characterized in that the optical power

of the radially extending progressive surface is non-linear in the radial direction.
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11. Ophthalmic lens according to claim 10 characterized in that the highest optical
power of the radially extending progressive surface is at the optical axis of the lens

which optical power decreases towards the lens periphery.

12. Ophthalmic lens according to foregoing claims characterized in that it has a

fixed power lens at the centre of origin of the azimuthal optical surface.

13. Ophthalmic lens according to foregoing claims characterized in that a

refractive lens of a fixed optical power is added over total surface of area.

14. Ophthalmic lens according to foregoing claims characterized in that
progressive optical surfaces and focusing lens form part of the surface of the refractive

lens.

15. Ophthalmic lens according to foregoing claims characterized in that the optical

surfaces are distributed in any combination on both sides of an optical element.

16. Ophthalmic lens according to foregoing claims characterized in that additional

optical functions are added to any of the surfaces for correction of certain aberrations.

17. Ophthalmic lens according to claim 16 characterized in that additional optical

functions are added to any of the surfaces for correction of spherical aberrations.

18. Ophthalmic lens according to claim 16 characterized in that additional optical

functions are added to any of the surfaces for correction of astigmatic aberrations.

19. Ophthalmic lens according to foregoing claims characterized in that the lens is

produced from materials suitable for implantation in the human eye.

20. Ophthalmic lens according to foregoing claims characterized in that the lens is

produced by manufacturing methods suitable for producing human ophthalmic lenses.
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21.  Application of ophthalmic lenses according to foregoing claims characterized

in that the lens is an intraocular lens.

22.  Application of ophthalmic lenses according to foregoing claims characterized

in that the lens replaces the natural lens of the eye.

23.  Application of ophthalmic lenses according to foregoing claims characterized

in that the lens is implanted in the eye in addition to the natural lens.

24.  Application of ophthalmic lenses according to foregoing claims characterized

in that the lens is a contact lens.

25.  Application of ophthalmic lenses according to foregoing claims characterized

in that the lens is a spectacle lens.

26. Ophthalmic lens according to foregoing claims with at least one periods
characterized in that the lens corrects for any aberration for the opposing sectors of

high and low dioptric power independently.

27. Ophthalmic lens according to foregoing claims with at least two periods

characterized in that the lens corrects for any aberration for the quadrants.

28. Ophthalmic lens according to foregoing claims characterized in that it also

includes at least one apodizing function.

29. Ophthalmic lens according to foregoing claims characterized in that at least

one apodizing function follows at least one azimuthal path.

30.  Method of implanting a lens in the human according to foregoing claims
characterized in that the sector of the progressive surface with a defined dioptric value

is positioned at a defined sector of the human eye.



10

15

20

WO 2009/017403 18 PCT/NL2008/050508

31.  Method of implanting a lens in the human according to claim 27 characterized
in that the sector of the progressive surface with the highest dioptric value is positioned

at the top of the human eye.

32. Method of implanting a lens in the human according to claim 27
characterized in that the sector of the progressive surface with the highest dioptric value

is positioned at the bottom of the human eye.

33. Ophthalmic lens according to any of the foregoing claims characterized in
that the lens is an intraocular lens fitted in a construction allowing a shift of the lens

transverse to the optical axis.

34. Ophthalmic lens according to claim 33 characterized in that the lens is a
contact lens which is fitted with a construction allowing a fixed vertical position of the

lens on the cornea of the eye.

35. Ophthalmic lens according to claim 34 characterized in that an upward shift

of the lens on the cornea results in an increase in dioptre power.
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