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| NVENTI ON 5Correction of certain optical defects can be acconplished by

i mparti ngvoantigshesii cal corrective aspects to one or noPeTAsRIROe®IDT a
contact |lens such as cylindrical, bifocal, or multifocal characteristics.
These | enses nmust generally be maintained at a specific orientation while
on the eye to be effective. Miintenance of the on-eye orientation of a |lens
typically is acconplished by altering the chanjcal characteristics of the
l ens. Prismstabilizati onSFﬁ@IErEIZEB @Q@Q}ﬂﬁiw §10t he |l ens' front
surface relative to the back surface, thickening of the inferior |ens

peri phery, form ng depressions or elevations on the |ens' surface, and
truncating the | ens edge are exanples of stabilization approaches.

Addi ti ! [ i has been used in which the lens is

st abi |§§§#‘%§°ﬁ§@?§@§mﬁﬁﬁ?ﬁ?§2 or areas in which the thickness of the
| ens' periphery is reduced. Typically, the thin zones are |located at two
regions that are symetric about either the 15vertical or horizontal axis
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Bezi er curve describing the upper portion of the angul ar thickness profile
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adpustvagabitityl madt®aaccovhtedeor.ease the ranp angle. In yet another aspect of
the invention | enses made according to the design nethod have i nproved
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rotation and various torques acting at the lens. FIGS. 3A-Bis a Lens

Thi ck ickness Profiles for Exanple 1. FIGS. 4A-B is
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various forces that act on the |lenses. This involves the application of a
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the eye, and ultimtely the stabilized |en is placed on. the eye.
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stabilization zones that are symmetric about both the horizontal and
vertical axes running through the center is a convenient reference from
which to optimze stabilization of the |ens according the inventive
nmet hods. By "stabilization zone" is neant an 5area of the peripheral zone
of the I ens which has thickness values |arger than the renaining areas



of the peripheral zone. The stabilization zones of the invention may in
sone respects have thickness values that are | ess than the average

t hi cknesswof2otins4gser i pheral zone of the | ens but they wPCli/usesensdyed ess in
ot her respects have thickness zones that are larger as well. By "peripheral
zone" is nmeant the area of the lens surface circunferentially surrounding
the optic 10 zone of the |lens, and extending up to but not including the
edge of ,the.lens. .Another stabilizatjon.design that is a useful starting
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as the nomnal design that is then optimzed according to this invention.
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t he igl}i)r ovgqenlﬁ1 with the eye nodel described bel ow, evaluating the

15r esul't §"BFC t#€'%testing, and continuing iteratively with the i nprovenent
process until a de§i rable level of stabilization is achi eveE. Fl %_ 1
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mechany &gl LORREAR QB aRd tHcHeink sighfects on lens stability. Preferably, this
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transl ati on upon blinking after the pre-determ ned nunber of blinks. The
nodel assunes that the eye preferably consists of at | east two spherica
surface parts 30representing the cornea and the sclera and that the origin
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center of the sphere representing the cornea. Mdre conplex surfaces such as
aspherlG. s urd froeorwhjecavisw dbe stebdtked Toadtdses. shape of the | ens consists of
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may be used to control the position and orientation behavior of the lens. A

uni formthin filmof |liquid (tear fil exi sts between the |l ens and the
eye, \EI@%- ‘égtl%/ﬁiac%ﬂnsﬁm@veﬁ% alb?n%&m@ OfiFh}%n%Séé’rO%ﬁr%r@a@@ erred to as
the post-lens tear film At the | ens edge the thickness of the liquid film
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tear film Awuniformthin filmof liquid (also, tear film with a typical
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boundaries of both the |lower and the upper eyelids lie in planes having
uni t METAILEPABSERIATION x-y plane. Hence, the 15 projections of these

boundaries pon th | ane perpendicular to the z-axis.are siraight.|ines.
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uni form pressure on the contact lens. This pressure is exerted on the whol e
area of the contact |ens covered by the | ower eyelid. The pressure exerted
by the eyelids on the contact lens contributes to the torque acting at the
| ens through a non-uniformthickness distribution (thick zone) of the
contact |lens, especially near the edge. The effect of this pressure on the
torques acting at the contact lens is referred to as the 25nel on seed
effect. Viscous friction exists in the post-lens tear filmif the |lens
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15 This equation is solved with a fourth order Runge-Kutta integration
schene. The positions of points on the contact lens follow froma rotation
around t heoneotiaBikem vector 13(t). The rotation nmatrix RPCYr/usc@est@em ng t he
old position of points to the current position follows from Rodrigues '5
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2011/ o84 aTl yS2301h0ie8092®cThe magni t ude of the stabilization zone
described by C(tr, tec) (3) is obtained fromthe product of the radial
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t he product of the two functions to control the magnitude of the

st abi Ifactensiand assonmgtions that simulate the mechanical operation and their effects on lens stability.
Preferably, this model is reduced to software using standard programming and coding techniques
according to well-known programming techniques. In broad overview, the model is used in the
process for designing stabilized lenses by simulating the application of the forces described

25  Dbelow in a prescribed number of blinks of the eye. The degree to which the lens rotates and

decenters is determined accordingly. The design is then altered in a way that is directed to

bringing rotation and/or centration to more desirable levels. It is then subjected to the model

again to determine translation upon blinking after the pre-determined number of blinks.

The model assumes that the eye preferably consists of at least two spherical surface parts

30 representing the cornea and the sclera and that the origin of the x-y-z coordinate axes is in the



otr,o=m4, (0. 100 These equations and can be extended for any nunber of
control points. In that case the equations can be rewitten as: N X ,Y =(1
- t)i t1-wp2emmB4681= (AT -1)! C " - i A different set pofi/dSeoronsens can be
used to describe the right stabilization zone fromthe left giving an
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non-limting exanp es. WO 2011/ 084681PCT/ US2010/ 060999 Exanple 1 A contact
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of 8.50mm Back optical zone dianeter of 11.35nmm 10- Lens base curve:
8. 55nm The stabilization zone is an extra thick zone added to the thickness
profile of that lens. The left and right stabilization zones are
constructed using a set of control points (Table 1) applied to the
previ ously descri bed mat hemati cal functions. The Lens thickness profile is
shown in Fig. 3.
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energy content changes. The lens tends toward a position at which the elastic energy content is

minimal.

The parameters describing the geometry of the eye (cornea and sclera), base shape of the lens
and the motion of the eyelids the eyelids are shown in Fig. 2. The motion of the lens follows
5  from the balance of moment of momentum acting at the lens. Inertial effects are neglected. Then

the sum of all moments acting at the lens is zero. Hence,

O:M cor+]\4l muc+M ZOW+M upp+]\4l Ulow +M 1L,Uup)
+]\4Z Jupp Mnslow msupp—i_M las +j\4grav

10  The first 4 moments are resisting torques and are linearly dependent on the lens motion. The
remaining torques are driving torques. This balance of moment of momentum results in a non-

linear first order differential equation for the position B of the lens

AL ﬂ i3

15
This equation is solved with a fourth order Runge-Kutta integration scheme. The positions of
points on the contact lens follow from a rotation around the rotation vector B(t). The rotation
matrix R(t) transforming the old position of points to the current position follows from
Rodrigues’s formula

20
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where 1=

and ﬁ:‘a :
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In the numerical integration method a time-discretization is used. Then the motion of the

lens can be seen as a number of subsequent rotations, hence at the next time step ¢, ,, the

rotation matrix is

Rn+l :RAtRn

where R,, is the rotation during the time step Af.

The rotation matrix is decomposed into a rotation R, and a decentration R, of the lens

The rotation of the lens is a rotation around the centerline of the lens. The decentration is

a rotation around a line in the (X, y) plane. Hence, the position of the lens is seen as a

rotation & of the lens around its centerline followed by a decentration & .

The designs are made or optimized using the model described above by describing the design
details using one or more mathematical constructs. Preferably, stabilization zones are described

using Bezier curves but other mathematic descriptions can be used to get a full description of the

stabilization zones. When the Bezier curve approach is used, a radial function Ar(tr) describing



290 7.175: 0.000 0.000 0.000 3.641 1E41 Table 1: Control
points applied to exanple 1. 25 Exanple 2 The | ens described in Exanple 1
had t he rwigi2al1/dsessati on of the stabilization zones pushedTaseoloPe@®@IL5mm
such that the optic zone dianeter was extended to 9.00mm for the sel ected
prescription.. WD 2011/ 084681PCT/ US2010/ 060999 The left and ri ght
stabilization zones were constructed using a set of control points shown in

Tabl e applied to the prevjously described mathematical functions., The
upper té%?é}%@l@(fﬂeﬁmogkedbﬁ?ﬁ%&tnr%fﬁragfwl&aﬁg&%gg%a%&ag@}fﬂpﬁ&@%a of
bei ng 4 j t.1d-E : j | to
ahat 1 R s B P b P P R ' g
of t hehceathcaticah dasediption adn lonfoahulated dsdoltovasi ng t he eye nodel descri bed
above showed the performance of the | ens was not significantly affected by
the relocation of the stabilization zones. The Lens thickness profile is
showmn in Fig. 4. Table 2: Control points applied to exanple 2. Exanple 3 20

The |l ens descrj ,,?(ﬁz i Ph@ﬁamgmt% gggr).(lsﬁiz)éiqu]ggz %(z)f)(im?it’QhEZ get hod of the

i nyenti on such” t t'] [eft at'i on zone was

reduced by 40 mcrans.(Jhedeft p gcgf‘ight stabilization zones were
constructed using a §‘é(tx)-Qf t)ztntrdg( dints as shown in Table 3 applied to

the previously described mathematical functions. The introduction of
di ssymmetry in thickness requires a different design for left eye and right

o A4,,(6)=P,(M=1,) + 4P, (M1, ) 1, + 6P, (y)1 =1, ) 1, +
4R, M=t )t + Bl

Where Pii(x) and Pyi(y) are the coordinates of the control points and t, the normalized coordinate

10  along the radial profile. The starting point that describes the radial thickness profile is defined by

P,; and the ending point is defined by P;s.

B, (t,)=P,(x)1-2,) +4P, ()12, ) £, +6.L,(x)1~2,) 2, +

a,x a

41)054 (.X')(l o ta )‘ta3 + ])055 (x)°ta4
Ba,y (ta) - Bxl (y)(l _ta )4 +4‘1312 (y)(l _ta )3 'ta + 6‘1313 (y)(l _ta )2 'taz +
4‘Pa4 (y )(1 _t)ta 'ta3 + ])055 (y )‘ta4

Where P,i(x) and P,;(y) are the coordinates of the control points and t,, the normalized coordinate

15

along the angular profile. The starting point that describes the angular thickness profile is defined

by P, and the ending point is defined by P 5.
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The magnitude of the stabilization zone described by C(t;, t,) (3) is obtained from the product of
the radial function A, by the angular function B, y. A scaling factor M is applied to the product

of the two functions to control the magnitude of the stabilization zone.

Qt.,)=MA,[1)B, [t

5
These equations and can be extended for any number of control points. In that case the equations
can be rewritten as:
N Vo
X y=> Cl.(PXZ.,YZ. (1-1) ’zl‘l)
i=1
C =1
(N —1)
(N - i)
10

A different set of functions can be used to describe the right stabilization zone from the left
giving an asymmetrical stabilization zone design.

In a preferred embodiment of the invention the coefficients of Bezier curve describing the upper
15  portion of the angular thickness profile are set such that the Sag values are negative. In that
particular case when the stabilization zone is added to the lens periphery the thickness of the
upper portion of the lens is reduced instead of being increased. Figure 5 shows the effect of
reducing the thickness in the upper portion of the stabilization zone. It allows reducing the
maximum thickness and still keeping the same thickness differential. Slopes around the location

20  of maximum thickness are not much affected with this profile change.

Preferably, the invention is used to design and then manufacture stabilized toric lenses or toric
multifocal lenses as, for example, disclosed in U.S. Pat. Nos. 5,652,638, 5,805,260 and
6,183,082 which are incorporated herein by reference in their entireties.

25



0. 000 Poi nt Pc't 63X E500 206 5.6,00 -20 0.800
0 480
WO 2011/084681 PCT/US2010/060999

As yet another alternative, the lenses of the invention may incorporate correction for higher order
ocular aberrations, corneal topographic data, or both. Examples of such lenses are found in U.S.

Pat. Nos. 6,305,802 and 6,554,425 incorporated herein by reference in their entireties.

5  The lenses of the invention may be made from any suitable lens forming materials for
manufacturing ophthalmic lenses including, without limitation, spectacle, contact, and
intraocular lenses. Illustrative materials for formation of soft contact lenses include, without
limitation silicone elastomers, silicone-containing macromers including, without limitation, those
disclosed in U.S. Pat. Nos. 5,371,147, 5,314,960, and 5,057,578 incorporated in their entireties

10  herein by reference, hydrogels, silicone-containing hydrogels, and the like and combinations
thereof. More preferably, the surface is a siloxane, or contains a siloxane functionality, including,
without limitation, polydimethyl siloxane macromers, methacryloxypropyl polyalkyl siloxanes,

and mixtures thereof, silicone hydrogel or a hydrogel, such as ctafilcon A.

15  Curing of the lens material may be carried out by any convenient method. For example, the
material may be deposited within a mold and cured by thermal, irradiation, chemical,
electromagnetic radiation curing and the like and combinations thereof. Preferably, for contact
lens embodiments, molding is carried out using ultraviolet light or using the full spectrum of
visible light. More specifically, the precise conditions suitable for curing the lens material will

20  depend on the material selected and the lens to be formed. Suitable processes are disclosed in

U.S. Pat. No. 5,540,410 incorporated herein in its entirety by reference.

The contact lenses of the invention may be produced by any convenient method. One such
method uses an OPTOFORM.TM. lathe with a VARIFORM.TM. attachment to produce mold
25  inserts. The mold inserts in turn are used to form molds. Subsequently, a suitable liquid resin is
placed between the molds followed by compression and curing of the resin to form the lenses of
the invention. One ordinarily skilled in the art will recognize that any number of known methods

may be used to produce the lenses of the invention.

30 The invention will now be further described with respect to the following non-limiting examples.
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Example 1

A contact lens for astigmatic patients having a known design and which was designed using
conventional lens design software with the following input design parameters was obtained:

Sphere power: -3.00D

Cylinder Power: -0.75D

Cylinder Axis: 180 deg

Lens diameter: 14.50mm

Front optical zone diameter of 8.50mm
Back optical zone diameter of 11.35mm

Lens base curve: 8.55mm

The stabilization zone is an extra thick zone added to the thickness profile of that lens. The left

and right stabilization zones are constructed using a set of control points (Table 1) applied to the

previously described mathematical functions. The Lens thickness profile is shown in Fig. 3.

Table 1: Control points applied to example 1.

Example 2

The lens described in Example 1 had the radial location of the stabilization zones pushed out by

0.25mm such that the optic zone diameter was extended to 9.00mm for the selected prescription..

10
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nd right stabilization zones were constructed using a set of control points shown in
Table 2 applied to the previously described mathematical functions. The upper portion of the
stabilization zone thickness was reduced instead of being increased. The toric contact lens has
an optic zone equivalent to what is usually offered with a conventional single vision lens.
5  Modeling of the centration and rotation of the lens using the eye model described above showed

the performance of the lens was not significantly affected by the relocation of the stabilization

zones. The Lens thickness profile is shown in Fig. 4.

Table 2: Control points applied to example 2.

Example 3

20  The lens described in Example 1 was redesigned using the method of the invention such that the
magnitude of the left stabilization zone was reduced by 40 microns. The left and right
stabilization zones were constructed using a set of control points as shown in Table 3 applied to

the previously described mathematical functions.

The introduction of dissymmetry in thickness requires a different design for left eye and right in
25  order to keep same rotation performance on both eyes. The results from the eye model show
better rotation performance of such designs when the thickest stabilization zone has to rotate

from an upper to a lower position. The Lens thickness profile is shown in Fig.5.

11
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Table 3: Control points applied to example 3.

Example 4

The lens design of example 1 was modified so that the magnitude of the left stabilization zone
was reduced by 40 microns. The left and right stabilization zones were constructed using a set of
15  control points shown in Table 4 applied to the previously described mathematical functions. The
upper and lower portion of the stabilization zone thickness was reduced instead of being
increased, reducing the thickness in the upper and lower portions of the stabilization zones and
reducing the maximum thickness while retaining a similar thickness differential. The Lens

thickness profile is shown in Fig.6.

20

25
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Table 4: Control points applied to example 4.
15

Utilizing the eye model described herein, lenses from Examples 1. 2, and 3 show optimum
rotation speed around the 40-50 degrees misalignment range. Designs from these examples are
preferred for lenses with optics that depend on lens orientation such as custom vision correction
20  lenses where the lens orientation is unidirectional due to the asymmetry of the stabilization zones
along the horizontal axis. Those lenses also present higher rotation speed for lens orientations
within 20 degrees from the final position compared to conventional marketed lenses. Further
customization can be obtained from example 3 where the left and right stabilization zones are
asymmetric. These designs and lenses present greater rotation speed for lens orientation within

25 30 degrees from the final position (relative to the existing commercial lenses).

13
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The reduction of thickness in the stabilization zone did not affect lens performance in rotation
when the magnitude of the thickness differential was kept as shown with examples 1 and 2 where
the magnitude of the stabilization has been reduced by 10% from example 1 to example 2. The
lens design of example 2 has a maximum stabilization zone thickness reduced by about 20%

compared to conventional products making the lens more comfortable to the wearer.

Modeling of the lens of Example 4 showed slower rotation speed but less rotation speed
variation across the lens orientation. The design from example 4 is preferred for lenses with
optics that does not depend on lens orientation such as toric lenses where the lens orientation can

be bidirectional due to the symmetry kept in the design of the stabilization zones.

14



Claims:

1. A contact lens stabilized with a design made by providing a lens design with a set of stabilization
zone parameters improved by characterizing the lens design parameters as a mathematical construct,
modeling the design with a model that balances moments of momentum, and selecting a new design
based on the results of the modeling, wherein the stabilization zone is defined by one or more
sections thinner than the thickness of the lens outside of the stabilization zone, and the thickness of

the thinner section of the stabilization zones is between 0.010 mm and 0.060 mm.

2. A contact lens made according the method of claim 1 wherein the construct is a Bezier function.

3. The contact lens of claim 1 wherein the thickest portion of the stabilization zone is located between
15 degrees and 35 degrees below the horizontal diameter of the lens when the lens is stabilized on

the eye of a patient.

4. The contact lens of claim 3 wherein the thickest portion of the stabilization zone is located between

at least 25 degrees below the horizontal diameter of the lens.
5. A contact lens having a stabilization zone wherein the stabilization zone is defined by one or more
sections thinner than the thickness of the lens outside the stabilization zone, wherein the maximum

thickness of the one or more thinner sections is between 0.010 mm and 0.060 mm.

6. The contact lens of claim 5 wherein the thickest portion of the stabilization zone is located between

15 degrees and 35 degrees below the horizontal axis of the lens.

7. The contact lens of claim 5 wherein the thickest portion of the stabilization zone is located between

at least 25 degrees below the horizontal axis of the lens.

15





