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PROGRESSIVE ADDITION LENSES WITH
REDUCED UNWANTED ASTIGMATISM

Field of the Invention
The present invention relates to multifocal ophthalmic lenses. In particular,
the invention provides progressive addition lens designs, and lenses in which
unwanted astigmatism is reduced, which lenses are substantially free of localized
unwanted astigmatism maxima. This application is a continuation-in-part of co-
pending Application No. 10/726,735 which is a divisional of Application No.
09/832,236 issued as U.S. Patent No. 6,709,105.

Background of the Invention
The use of ophthalmic lenses for the correction of ametropia is well known.
For example, multifocal lenses, such as progressive addition lenses (“PALs”) are
used for the treatment of presbyopia. The progressive surface of a PAL provides far,
intermediate, and near vision in a gradual, continuous progression of veftically

increasing dioptric power from far to near focus, or top to bottom, of the lens.

PALs are appealing to the wearer because PALs are free of the visible ledges
between the zones of differing dioptric power that are found in other multifocal
lenses, such as bifocals and trifocals. However, an inherent disadvantage of PALs is
the presence of unwanted astigmatism, or astigmatism that is undesirable and is
introduced or caused by one or more of the lens’ surfaces. Unwanted astigmatism
can produce swim, image magnification, and motion effects for the lens wearer that
disrupts the wearer’s vision. In hard PAL lens designs, the unwanted astigmatism
borders the lens channel and near vision zone. In soft designs, the unwanted
astigmatism may extend into the distance zone. Generally, in both designs, the
unwanted astigmatism at or near its approximate center reaches a maximum that

corresponds approximately to the near vision dioptric power of the lens. A need
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exists for lens designs in which these localized maxima are reduced or substantially

eliminated.

' Brief Description of the Drawings

Figure 1a is a contour map of the unwanted astigmatism of a first prior art
progressive lens.

Figure 1b is a power and cylinder contour i)roﬁle of the lens of Figure la.

Figure 2a is a contour map of the unwanted astigmatism of a second prior art
progressive lens. |

Figure 2b is a power and cylinder contour profile of the lens of Figure 2a.

Figure 3a is a contour map of the; unwanted astigmatism of a third prior art
progressive lens.

Figure 3b is a power and cylinder contour profile of the lens of Figure 3a.

- Figure 4a is a contour map of the unwanted astigmatism of a surface of a lens

of the invention.
Figure 4b is a power and cylinder contour profile of the lens of Figure 4a.

Figure 5a is a contour map of the unwanted astigmatism of a second surface

of a lens of the invention.
Figure 5b is a power and cylinder contour profile of the lens of Figure 5a.

Description of the Invention and its Preferred Embodiments
The present invention provides lenses, and methods for their design and
manufacture, in which the maximum unwanted astigmatism is reduced and

distributed over a wide area. The lenses of the invention are provided by locally

manipulating sag values of a progressive surface.

In one embodiment, the invention provides a method for designing a
progressive addition lens, comprising, consisting essentially of, and consisting of: a.)

designing a first progressive addition surface having a channel and one or more
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areas of unwanted astigmatism on either side of the channel, each area of unwanted
astigmatism comprising a maximum unwanted astigmatism; b.) expressing the first
surface as a plurality of sag values; and c.) modifying each of the one or more areas
5 of unwanted astigmatism to provide a second progressive addition surface in which
the maximum unwanted astigmatism of each of the areas is reduced and the
unwanted astigmatism is substantially constant within each of the areas. In another

embodiment, the invention provides lenses made according to this method.

10 By “lens” is meant any ophthalmic lens including, without limitation,
spectacle, contact, intraocular lenses and the like. Preferably, the lens of the
invention is a spectacle lens. By “sag value” is meant the absolute value of the z
axis distance between a point on a progressive surface located at coordinates (x, Y)

and a corresponding point on a reference plane. For purposes of the invention, the z

15 axis is the axis orthogonal to the x-y plane.

By “progressive addition surface” or “progressive surface” is meant a
continuous, aspheric surface having distance and near viewing zones, and a zone of
increasing dioptric power connecting the distance and near zones. One ordinarily

20 skilled in the art will recognize that, if the progressive surface is the convex surface
of the lens, the distance vision zone curvature will be less than that of the near zone

curvature and if the progressive surface is the lens’ concave surface, the distance

curvature will be greater than that of the near zone.

25 By “channel” is meant the corridor of vision that is free of unwanted
astigmatism of about 0.75, preferably about 1.00, diopters or greater when the

wearer’s eye is scanning through the intermediate vision zone to the near vision zone

and back.

30 By “unwanted astigmatism” is meant astigmatism that is undesirable and is

introduced or caused by the lens surface. For purposes of the invention, the areas of
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unwanted astigmatism considered are those located on either side of the channel and

preferably below the fitting'point. By “fitting point” is meant is the point on a lens -

aligned with the wearer’s pupil in its distance viewing position when the wearer is

looking str?,ight ahead.

In the first step of the method of the invention, a first progressive surfacde is
provided by any convenient optical design method. This surface, u(x, y), may be a
single progressive surface or a surface that is the résult of combining one or more
progressive and regressive surfaces. By “regressive surface” is meant a continuous,
aspheric surface having zones of distance and near vision and a zone of decreasing
dioptric power connecting the distance arlld near zones. If the regreésive surface is
the convex surface of the lens, the distance zone curvature will be greater than that
of the near zone and if the regressive surface is the lens’ concave surface. The

distance curvature will be less than that of the near zone.

Designing of the first progressive surface u(x, y) preferably is carried out
using a method that divides the surface into a number of sections and provides a
curved surface equation for each area as disclosed, for example, in United States
Patent No. 5,886,766 incorporated herein in its entirety by reference. Optimization
of the surface may be carried out by any convenient method. Additional properties
of a specific lens wearer may be introduced into the design optimization process
including, without limitation, variations in the pupil diameter of about 1.5 to about 7
mm, image convergence at a point about 25 to about 28 mm behind the front vertex

of the surface, pantoscopic tilt of about 7 to about 20 degrees and the like, and

combinations thereof.

The distance and near vision powers for the progressive addition surface
design u(x, y) are selected so that powers of the lens are those needed to correct the

lens wearer’s visual acuity. The dioptric add power will typically be about +0.10 to
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about +6.00 diopters. Generally, the distance curvature of the progressive surface

will be within about 0.25 to about 8.50 diopters. The near vision curvature will be

about 1.00 to about 12.00 diopters.

In the second step of the method of the invention, the surface u(x,y) is
expressed as a plurality of sag values. This steﬁ may be carried out by subtracting
u(x,y) from the base spherical surface u,(x, y), with a curvature equal to the distance
curvature or base curvature, to yield the surface’s sag values v(x,y). The coordinates

of the point of maximum unwanted astigmatism Xm,ym on one side of the channel are

located.

One ordinarily skilled in the art will recognize that, for the progressive

surface u(x,y), the principal curvatures c; and c; at any point X,y may be given by:

o, =H+[g? -k}
ey

¢y =H-[g? -k}
ay)

where:

_ (1+u,f )uw —2uu g, +(1+u;')uxx
2(1+uf +uj)%

(I

and
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5 wherein H is the Gaussian curvature; and

K is the mean curvature.

For the curvature, c, in a particular direction y, the above equations reduce to:

)

10
ou
?
C= N2
5
14| —
[; ») ) )
20
For optical lenses, the dioptric power, P(x,y), and unwanted astigmatism, A(x,y), at
a point on the lens at X,y are given by:
25 P=(-1)*[c; +c2]/2 VD)
A = Abs[ ¢; - c3] (V1D
wherein n is the refractive index; and
Abs stands for “absolute value.”
30

The coordinates of the maximum unwanted astigmatism may be defined as
Xm»Ym and are typically located on either side of the channel. The equations may be
used to reduce the magnitude ‘of the unwanted astigmatism on a progressive surface
while maintaining the required power in the area. However, a result of this

35 reduction will be that the astigmatism will increase at another location on the surface
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due to a change in curvature at that location. Optimization techniques have been
developed which include merit functions to specify where the astigmatism may be
allowed to increase. One such technique is disclosed in U.S. Patent No. 6,302,540.
Such techniques generally are complicated, time consuming, and tend to impact the
progressive surface on a global rather than local scale compromising distance,
reading, and channel zone widths, channel length and the like. Thus, such

methods are unsuited for producing a progressive surface having areas of unwanted

astigmatism in which the magnitude of astigmatism is low.

It is a discovery of the invention that the magnitude of unwanted astigmatism
may be reduced in a local area, without increasing unwanted astigmatism at another
location on the lens surface, by the following method. In this method, the
progressive surface u(x,y) is specified as z sag values at points s on an x-y grid. The
grid spacing may be any convenient spacing, but preferably is between about 0.01
and 4 mm, more preferably between about 0.1 and about 2 mm, and most preferably
about 0.5 to about 1 mm. The sag values v(x,y) in a local area that includes a point
(Xm,Ym) Oof maximum unwanted astigmatism are selected for the optimization
method. This vicinity conveniently may be defined as any geometric shape, but
preferably is defined a s a circle or more preferably as a square centered at (Xm,Ym).
In cases in which a square is used, a square centered around (Xm,ym) may be formed
from a grid with a minimum number of 5 points to.a maximum number of 81 points.
Preferably, 9 points arranged as a grid of 3 x 3 points is used. In cases in which a
circle is used, preferably the circle’s diameter is between about 1 and 10 mm, more
preferably between about 3 and 6 mm, most preferably about 4 mm. The 4 mm
circle is most preferred because the average pupil diameter projected on the lens
surface is approximately 4 mm at normal illumination conditions. If too large an

area is used, undesirable changes will result in other areas of the lens.



PCT/US2005/020755

WO 2006/009657

10

15

20

25

30

The sag values v(x, y) are appreximated by a toric surface in the local area
centered around the unwanted astigmatism maximum. Using this local
approximation, the principal curvatures at Xm, ym are recalculated using Equations I
and II." Adjpstments aLre made in the sag values in the surface v(x,y) in increments of
between about 0.00001 mm and about 0.01 mm, preferably about 0.0001 mm
dependmg on the grid spacing selected at grid points which lay closest to the '
penphery of the area until the maximum unwanted astigmatism shifts to another
surface location that is within the area. More specifically, the sag value of each of
the points surrounding (Xm,ym) may be sequentially increased by about 0.0001 mm
to determine if the astigmatism at (}'cm,ym) decreases. If the astigmatism does not
decrease, then the sag value of each of the points may be sequentially decreased to
determine if the astigmatism at (Xm,ym) decreases. Once the unwanted asti gmatism
at (Xm,Ym) decreaees sufficiently to mdve the maximum to another point location

(X’msY’m), the process at (Xm,¥m) stops and is resumed at points surrounding (x’p,

Y m).

The process is then repeated until the unwanted astigmatism within the area
is substantially free of points at which the magnitude of the maximum astigmatism
is at its original level. An area results in which the magnitude of the maximum
astigmatism is substantially constant, meaning that the unwanted astigmatism has a
peak height less than about 0.1 diopters in a 5 mm diameter area. Additionally, the
magnitude of the maximum astigmatism is reduced as compared to the maximum
astigmatism originally found in the area. The process is then repeated for the areas

of maximum, localized unwanted asti gmatism on the opposite side of the channel.

In an optional, and preferred, final step of the method of the invention, the
resulting surface is smoothed by any suitable fitting technique to eliminate any
significant curvature discontinuities, or discontinuities that result in localized power
changes of greater than about 0.05 diopters. Any known technique may be used

including, without limitation, fitting using polynomial, splines and the like.
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The resulting optimized and smoothed surface will not change substantially
from the first surface because the optimization is performed locally in the areas of
unwanted astigmatism. However, if significant changes do occur, appropriate
compensations in power may be incorporated into a complementary surface of the
lens to offset the changes. Accordingly, other surfaces designed to adapt the lens to
the ophthalmic prescription of the lens wearer may be used in combination with, or
addition to, the optimized progressive addition surface. Additionally, the individual
surfaces of the lens may have a spherical or aspherical distance vision zone. The
channel or corridor of vision free of unwanted astigmatism, may be closer to the

distance or near viewing zone. Further, combinations of any of the above variations

may be used.

In a preferred embodiment, the lens of the invention has as its convex surface
the surface of the invention and a complementary coﬁcave surface which
concave surface corrects the wearer’s astigmatism and prism. The convex surface
preferably is of a symmetric, soft design produced by combining two convex
progressive surfaces. Both of the progressive surfaces have a channel length of
about 10 to about 22 mm. One surface has an aspherical distance viewing zone and
the maximum, localized unwanted astigmatism is located closer to the distance than
the near viewing zone preferably on either side of the upper two thirds of the
channel. The distance zone is aspherized to provide additional plus power to the
surface of up to about 2.00 diopters, preferably up to about 1.00 diopters, more
preferably up to about 0.50 diopters. Aspherization may be outside of a circle
centered at the fitting point having a radius of about 10 mm, preferably about 15
mm, more preferably about 20 mm. The other surface has no aspherical distance
viewing zone and the maximum, localized unwanted astigmatism is located closer to

the near viewing zone than the distance viewing zone, preferably on either side of

the lower two thirds of the channel.
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The lenses of the invention méy be constructed of any known material
suitable for production of ophthalmic Jenses. Such materials may be constructed of
any known material suitable for production of ophthalmic lenses. Such materials are
either commercially évailable or methods for their production are known. Further,
the lenses may be produced by any conventional lens fabrication technique
including, without limitation, grinding, whole lens casting, molding, thennofoﬁning,

laminating, surface casting, or combinations thereof.

Theinvention will be clarified further by a consideration of the following,

non-limiting examples.

Examples

Exémple'l

A contour map for a commercially available lens, Varilux COMFORT™,

progressive addition lens was created using a coordinate measuring machine and
using the sag values obtained in a ray trace program to obtain power and cylinder
profiles. The map is shown as Figure la. Figure 1b shows the cylinder profile (A)
and power profile (B) of a cross-sectional portion of the lens at the narrowest portion
of the channel. The lens, Lens 1, had a refractive index of 1.498, base curve of 95.1
mm and add power of 2.04 diopters. Figures 1a and 1b show that tflere isa
noticeable maximum unwanted astigmatism on either side of the channel. The
unwanted astigmatism increases by 0.25 diopters over a 10 mm diameter circle and
the maximum unwanted astigmatism within this area is 2.64 diopters and located at
x =82 mm and y=-10.7 mm. Figure 2a is a contour map created for Lens 2, a
second commercially available lens, Sola PERCEPTA™, having a refractive index
of 1.498, a base curve of 99.9 mm and 2.10 diopter add power. Figures 2a and 2b
show that there is a noticeable maximum unwanted astigmatism on either side of the
channel. The unwanted astigmatism increases by 0.40 diopters over a 10 mm
diameter circle, the maximum unwanted astigmatism in this area for the second lens

is 2.53 diopters at x = 15.3 and y =-12.2 mm. Figure 3a is a contour map created
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for a Lens 3, third commercial lens, DEFINITY™, having a refractive index of 1.51,
a base curve of 106.2 mm and 2.04 diopter add power. Figures 3a and 3b show that
there is a noticeable maximum unwanted astigmatism on either side of the channel.

The unwanted astigmatism increases by 0.25 diopters over a 10 mm diameter circle

and the maximum unwanted astigmatism within this area is 1.64 diopters at x = 12.5

mm and y=-12.3 mm.

Example 2
A convex progressive surface (A) was designed using a material refractive
index of 1.586, base curve of 104.4 mm, and add power of 2.02 diopters. This
surface, Surface 1, had a noticeable maximum unwanted astigmatism on either side
of the channel. The unwanted astigmatism increases by 0.20 4diopteré over a 10 mm
diameter circle, and the maximum unwanted astigmatism within this area is 1.36
diopters at x = 8.8 mm and y = - 7.4 mm. The prism reference point used was x =0

and y = 0. Figure 4b is the power and astigmatism profile of the surface across the

_ narrowest cross-section of the channel. The profile shows a maximum in the

unwanted astigmatism.

The surface produced by the above design methodology is a convex
progressive addition surface B made from a material refractive index of 1.586, base
curve of 103.7 mm and add power of 1.94 diopters. A grid spacing of 2 mm, a local
area for the toric approximation of 9 points arranged as a 3 x 3 grid and increments
of 0.0001 mm for sag changes were used. Figure 5a depicts the unwanted
astigmatism contours of Surface B. As listed on Table 1, the maximum, localized
astigmatism was 1.17 diopters at x = 12.6 mm and y = - 11.1. mm. The prism
reference point was x = 0 and y = 0. Figure 5b shows the power and astigmatism
profiles across various cross-sections of the channel (denoted by their y
coordinates). The profile shows that the unwanted astigmatism maxima are

significantly reduced in magnitude and are 0.10 diopters in a 10 mm diameter circle.
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5 Table 1
Optical .| Lensl Lens2 | Lens3 Surface A | Surface B
Parameter ,
Distance 0.01 -0.01 0.08 0.03 0.09
Power (D)
Add Power (D) 2.04 2.10 2.04 2.02 1.94
Distance 7.9 14.2 13.5 12.4 9.7
Width (mm).
Reading Width 18.3 15.5 16.2 154 27.5
(mm) :
Reading Power 13.8 12.4 8.0 6.3 4.0
Width (mm) : \ :
Channel 11.6 12.5 12.8 12.2 12.2
Length (mm) . o
Channel Width 6.6 © 6.7 - 8.8 8.0 8.3
(mm)
© Max. Astig. 18.2,-10.7 | 15.3,-122 | 12.5,-12.3 8.8,-7.4 12.6, -11.1
Location (X,y .
in deg.)
Max. Astig. 2.64 2.53 1.64 1.36 1.17
D) - :
Max Astig. 0.25 0.40 0.25 0.20 0.10
Amp. Per 10
mm Diameter
D)
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What is claimed is:

1. A method for designing a progressive addition lens, comprising the
steps of: a.) designing a first progressive addition surface having a channel and one
or more areas of unwanted astigmatism on either side of the channel, each area of
unwanted astigmatism comprising a maximum unwanted astigmatism; b.)
expressing the first surface as a plurality of sag values; and c.) modifying each of the
one or more areas of unwanted astigmatism to provide a second progressive addition

surface in which the maximum unwanted astigmatism of each of the areas is reduced

and substantially constant throughout the area.

2. The method of claim 1, further comprising d.) smoothing the second

surface to eliminate discontinuities.

3. The method of claim 1, wherein step b.) further comprises expressing

a surface u(x,y) as a plurality of sag values by subtracting u(x,y) from a base

spherical surface uy(x, y) to yield the sag values.

4. The method of claim 1, wherein step c.) further comprises:

(i) specifying u(x,y) as a plurality of sag values at points on an x-y grid;

(i) defining an area which area comprises a point (Xm,Ym) of maximum
unwanted astigmatism;

(iii) approximating the sag values for the area using a toric surface;

(iv) calculating principal curvatures at the point of maximum unwanted
astigmatism; and

(v) adjusting the sag values until the maximum unwanted astigmatism shifts

to another surface location that is within the area; and
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(vi) repeating steps (iii) through (v) until the maximum unwanted

astigmatism within the area is reduced and is substantialiy constant throughout the

area.

5. . The method of claim 4, wherein the area comprises a square centered
at (xm,ym).

6. The method of claim 4, wherein the area comprises a circle centered
at (Xm,Ym)- '

7. The method of claim 4, wherein the circle is of a diameter of about 1

to about 10 mm.

8. The method of claim 4, wherein the diameter of the circle is about 4

9. The method of claim 1, wherein the lens is a spectacle lens.

10. A progressive addition lens, comprising at least one progressive

surface, the surface comprising a channel and one or more areas of unwanted

astigmatism on either side of the channel, wherein the unwanted astigmatism of each

of the areas is substantially constant throughout each of the areas.

11.  The lens of claim 10, wherein the lens is a spectacle lens.
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FIG. 1a
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FIG. 2a
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FIG. 3a
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FIG. 4a
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