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SURFACE DESIGN METHOD 

[0001] This application claims the bene?t of the US. 
Provisional Patent Application Ser. No. 60/195,959, ?led 
Apr. 11, 2000. 

BACKGROUND OF THE INVENTION 

[0002] This invention relates generally to a method or 
technique of designing, de?ning and generating a surface to 
correspond to a primary surface or to provide an optical 
device producing desired refraction effects, Where the output 
surface de?nition is based on analysis of an input surface 
de?nition, as Well as to such surfaces or optical devices so 
produced. The method may be utiliZed to provide control 
data to various surface generation instruments, such as CNC 
lathe equipment, laser surfacing equipment and mold gen 
erating instruments, for eXample. It is particularly suitable 
for producing customiZed contact lenses of speci?c surface 
topographies in response to measurements of the corneal 
surface. 

[0003] Optical systems used for ophthalmic purposes, 
such as for eXample contact lenses or intraocular lens 
implants, are designed to provide clear vision When vieWing 
various targets located at different locations in space. In the 
past, lenses have been designed to optimiZe a speci?c range 
of distances presented from a speci?c range of angles of 
vieW. The task of designing optical surfaces for ophthalmic 
lenses has been primarily approached by using surface 
formulas based upon polynomial mathematics Which 
describe curves as a single equation containing numerous 
variables that can be modi?ed in an attempt to control 
aberrations at different points across the surface. The results 
typically included compromises at some point, distance or 
angle Within the overall system to account for the lack of 
de?ned precision at particular ?nite points, meaning that 
accuracy at any particular point is often sacri?ced due to the 
inability to more precisely de?ne in a mathematical sense 
the necessary parameters at a given point. Likewise, the 
knoWn production methodologies typically fail to account 
for variations in individual corneal surfaces betWeen patients 
having identical or equivalent vision problems, such that the 
actual optical corrections provided by lenses designed With 
the same corrective characteristics Will vary relative to each 
individual patient. 

[0004] The present method is a method of optical surface 
design Which does not depend on polynomial mathematics 
for aberration control. In this method, each section of the 
lens can be designed independently from other areas of the 
lens. Spherical aberration is an optical defect Which 
describes the fact that light rays entering a refractive surface 
for focusing, such as the cornea of a human eye, are less 
strongly focused at the center of the curved refractive 
surface and are progressively focused more strongly as the 
distance from the center of the cornea increases. The image 
is therefore not focused onto a single point on the retina, but 
is instead focused at multiple focal points short of the 
intended focal point, Which results in blurred vision. The 
mathematical basis for this method is founded on digital 
signal processing concepts including the principles of Wave 
let transform analysis. 

[0005] It is therefore an object of this invention to provide 
a method for producing from resulting digital data an output 
surface, or the de?nition of an output surface, With desired 
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characteristics based on input data from an input surface or 
mathematical description, Where the method provides a 
more accurate output surface relative to each point on its 
surface. It is a further object to provide such a method Which 
is particularly suited to producing accurate optical output 
surfaces, such as on a contact lens or intraocular lens, based 
on input derived from the corneal surface of the eye of a 
patient. 

SUMMARY OF THE INVENTION 

[0006] The process involves the steps of ?rst de?ning a 
baseline surface from input data derived from or de?ned as 
an input surface de?nition, Where the input data may be a 
result of data generated by testing instrumentation, such as 
for eXample topography measurement instruments or Wave 
front measurement instruments, or a result of mathematical 
modeling of a surface, such as for eXample a sphere on an 
ellipsoid. The input data is formatted by de?ning an apeX as 
a point on the input surface located on a line Which serves 
as a reference aXis that is perpendicular to a plane Which 
tangential to the curvature of the surface at the apeX. The 
input data is then analyZed and formatted into discrete, 
evenly spaced points across an adequate number of semi 
meridians converging at the apeX for accuracy, With points 
on each semi-meridian peripheral to the apeX de?ned in 
terms of X and Z coordinates, With X designating the distance 
from the reference aXis and Z designating the distance from 
a line in the plane perpendicular to the aXis that passes 
through the apeX, and a convolution function is performed to 
create a surface that is smoothed to Within a speci?c thresh 
old of curvatures at any point on the surface. The desired 
surface characteristics at a particular point on the output 
surface or the desired optical effect at a particular point on 
the lens in terms of curvature is then de?ned. An arbitrary 
amplitude is assigned to a one quarter Wavelength phase 
range of a sinusoidal function, beginning at either one 
quarter or three quarter Wavelength, and this is added to the 
source data. The curvature after the initial phase range is 
added to the source data is then calculated, and a bracketing 
algorithm is employed to adjust the amplitude of the one 
quarter Wavelength function until the target curvature is 
obtained. The amount of induced distortion from the result 
ant data is measured, and an arbitrary value is assigned to a 
one quarter Wavelength of tWice the original Wavelength and 
180 degrees change in phase angle, and the results are added 
to the ?rst summation. A bracketing algorithm is then 
utiliZed to adjust the surface until a minimal amount of 
distortion is measured in resultant data. The resultant data in 
digital format thus represents the targeted optical effect, and 
can be used as input for various surface generation instru 
ments. Thus, for eXample, topographical data derived from 
the surface of a patient’s cornea can be manipulated as above 
to produce a customiZed contact lens or an intraocular lens 
for the patient With surface topography matched to the 
cornea such that optimal optical effects are produced by the 
lens. The topographical data of the corneal surface can also 
be utiliZed, for eXample, to produce a control mask for laser 
sculpting of the corneal surface. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0007] The method Will de de?ned as folloWs With par 
ticular reference to its use a methodology for the production 
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of optical lens surfaces, such as those found on the surface 
of a contact lens or intraocular lens implant, but it is to be 
understood that the method can be utilized for the produc 
tion of other surfaces as Well, Where input data is derived 
from a ?rst surface or a mathematical description, manipu 
lated and analyZed With regard to desired characteristics or 
properties for the output surface, and the resulting data used 
to produce the output surface. 

[0008] A baseline surface is ?rst de?ned from input data. 
The baseline surface description can come from input data 
from instrumentation testing, such as for eXample, but not 
exclusively, surface topography measurement instruments 
such as topography or Wavefront measurement instruments, 
Where for eXample the surface of a patient’s cornea is 
measured, or the baseline surface can simply be the math 
ematical description of a surface, such as a sphere or an 
ellipsoid, Which may be the situation encountered in the 
production of a laser sculpting mask, for eXample. Initially 
the topographical input data provided by the instrumentation 
is not in a digital format. For eXample, topographical input 
data for a corneal surface may be obtained by imaging 
concentric rings onto the cornea and then taking a tWo 
dimensional representation of the re?ection. The baseline 
input data is formatted as, preferably, 256 or more equally 
spaced meridians converging at the apeX of the baseline 
surface, although the number of meridians is not critical. The 
apeX is a point on the surface that is located on a line, Which 
serves as a reference aXis that is perpendicular to a plane, 
Which is tangential to the curvature of the surface at the 
apeX. Along each meridian, each point peripheral to the apeX 
is de?ned in X and Z coordinates, With X designating the 
distance from the reference aXis and Z designating the 
distance from a line in the plane perpendicular to the aXis 
that passes through the apeX. In this Way, elevation data in 
each meridian can be represented in a tWo dimensional 
Cartesian coordinate system With each meridian’s data mea 
sured relative to the same aXis. If the input data is presented 
in grid form, it is translated into meridian form. 

[0009] Each meridian of the baseline surface is analyZed 
and formatted into discrete, evenly spaced points that are 
separated from each other by a constant amount Which 
represents the sampling rate needed for the particular appli 
cation. Any Z coordinate points not represented in the raW 
source data are interpolated by calculating the instantaneous 
curvature and offset of the center of curvature as the surface 
gradually transitions from one data point to another. This 
operation digitiZes the baseline data so that the baseline is 
represented at a constant sampling rate across the entire 
surface. By formatting the baseline data in this fashion, the 
baseline surface description can be treated as a digital signal 
from this point on. 

[0010] A mathematical kernel function is performed in a 
radial fashion across each meridian, i.e., including opposing 
semi-meridians passing through the apeX, and in a circum 
ferential fashion at each annular ring created by the sam 
pling rate chosen in the step above to operate as a band pass 
?lter to eliminate high frequency components of the baseline 
data. For eXample, each point’s Z coordinate is changed to 
the average of the neXt ten peripheral points added to the 
previous ten points. This running average is referred to as a 
convolution and serves as a noise ?lter to eliminate high 
frequency component Wavelengths in the baseline data, the 
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convolution acting to smooth or normaliZe the digitiZed data 
points Within a speci?c threshold of curvatures at any point. 

[0011] The user de?nes the optical effect, or particular 
output surface property, desired Within a particular region, 
de?ned as the target Zone, on the lens in terms of radius of 
curvature and Width, such as for eXample a particular dioptic 
poWer. The target Zone is de?ned by a minimum and 
maXimum set of X coordinates and a given meridian. For 
eXample, the user may set as a target that the surface have 
an average curvature of 7.5 mm in the region eXtending from 
1.0 mm (the start point) from the apeX to 2.0 mm from the 
apeX (the endpoint). 
[0012] A ?rst sinusoidal Wave function is used to modify 
the Z coordinate of each point Within the target Zone Width. 
The basic Wave formula Z=a sin(2pi(X/Wavelength)), Where 
a is the unknoWn amplitude, Which may be Zero, is modi?ed 
With a DC offset equal to the amplitude of the Wave. For 
eXample, the equation Z a sin(2pi((X-starting point+(Wave 
length/4))/Wavelength)+1) is used so that When Wavelength= 
(endpoint-starting point) and X=starting point, the result is 
alWays Zero, and When X=endpoint, the result is Zero. The 
result of this equation can also be projected onto an aXis 
perpendicular to the tangent of the baseline data at each 
point across the surface. 

[0013] A ?rst bracketing algorithm is employed Which 
adjusts the amplitude of the Wave function. From the 
eXample above, the instantaneous curvature in the center of 
the target Zone is measured by applying basic trigonometric 
equations to the coordinates of three points centered on 1.5 
mm (any three points de?ne a circle). An arbitrary amplitude 
for the Wave equation above is used (for eXample, 10 
microns) and the Z value of each point Within the target Zone 
of the baseline data set is algebraically added to the result 
obtained from the Wave equation above across the Zone. The 
resultant modi?ed data subset representing the target Zone is 
then measured to determine the radius of curvature at the 1.5 
mm point. If the curvature is less than the target curvature, 
the amplitude is reduced and the operation is repeated. Upon 
each iteration, the amplitude is adjusted in the appropriate 
direction until a ?nal arbitrary amplitude value producing 
the desired target curvature is obtained. In this fashion the 
curvature Within the target Zone can be modi?ed Without 
affecting the data outside the target range because the result 
of the Wave equation is Zero at the beginning and end of the 
Zone due to the DC offset, Wavelength, and phase range 
chosen. 

[0014] The amount of spherical optical aberrations 
induced by the operations above can then be measured in 
terms of astigmatism and coma (or tilt) using interpolated 
data at a sampling rate not less than the baseline data 
sampling rate. 
[0015] A subsequent sinusoidal Wave function using a 
Wavelength of tWice the ?nal arbitrary amplitude value used 
above and With a 180 degree change in phase angle is then 
applied to the target Zone data that has been modi?ed by the 
above step. In this case hoWever, at the starting point the 
Wave equation Will evaluate to Zero but at the outer limit of 
the target Zone the Wave equation Will evaluate to tWice the 
amplitude value used in the equation. This operation func 
tions to alter the tilt of the surface data Without altering the 
curvature at the center of the target Zone. 

[0016] A bracketing algorithm technique similar to the 
bracketing algorithm technique used above is then employed 
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by applying a subsequent bracketing algorithm to adjust the 
surface tilt Within the target Zone until a minimal amount of 
aberration is measured in the resultant data subset repre 
senting the target Zone. To maintain surface regularity, 
subsequent to this operation all baseline data peripheral to 
the target Zone is altered by a DC offset equal to tWice the 
amplitude of the Wave equation. This Will not change any 
curvature or tilt information contained in the data peripheral 
to the target Zone. 

[0017] The above steps are reiterated until the entire 
output surface has been properly de?ned. 

[0018] Using this technique of data processing, the base 
line surface is modi?ed from the apeX toWard the periphery 
With the results of the previous calculations serving as the 
baseline data for each subsequent (more peripheral) Zone 
modi?cation operation. It is important to note that this 
technique of surface design is based upon de?ning and 
treating each Zone independently from the rest of the sur 
face. Each Zone is hoWever treated in the same mathematical 
fashion using established information processing tech 
niques. Curvature and aberration is not then merely pre 
dicted at each point across the surface by this technique, but 
rather is measured after each operation to insure that the 
desired target optical effect is obtained. 

[0019] The resultant output surface description can be 
used as the input for various surface generation instrumen 
tations, including CNC lathe equipment, laser surfacing 
equipment and mold generating instrumentation, in order to 
create a desired product. For eXample, contact lens, intraocu 
lar lens disposed Within the eye, or control masks for laser 
sculpting—a planar plastic device having areas of different 
thickness Which controls the duration of a laser striking a 
given portion of the cornea—of very high accuracy can be 
produced using this technique. 

[0020] It is understood and contemplated that certain 
equivalents and substitutions for individual elements set 
forth above may be obvious to those skilled in the art, and 
thus the true scope and de?nition of the invention is to be as 
set forth in the folloWing claims. 

I claim: 
1. A method of de?ning an output surface having desired 

characteristics based on input data derived from an input 
surface, comprising the steps of: 

(A) de?ning a baseline surface from input data derived 
from an input surface; 

(B) formatting said input data by de?ning an apeX of the 
baseline surface, said apeX being a point on said 
baseline surface located on an aXis de?ned by a line 
perpendicular to a plane tangential to the curvature of 
the surface at said apeX, and further de?ning a plurality 
of equally spaced meridians passing through said apeX, 
such that each point on any said meridian is de?ned in 
X and Z coordinates, Where X designates the distance of 
said point from the said aXis and Z designates the 
distance of said point from a line in said plane perpen 
dicular to said aXis and passing through said apex; 

(C) formatting said input data into discrete, evenly spaced 
points having a constant separation distance, and inter 
polating any Z coordinates not represented in the input 
data in order to digitiZe said input data points; 
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(D) performing a convolution function in a radial fashion 
across each meridian and in a circumferential fashion at 
each annular ring de?ned by said constant separation 
distance to create a running average Within a speci?c 
threshold of curvatures to normaliZe said input data at 
each said digitiZed point; 

(E) de?ning a target Zone in terms of curvature and Width 
With a desired output surface property for sets of X 
coordinates and a given meridian; 

(F) modifying the Z coordinate for each digitiZed point 
Within each said target Zone using a ?rst sinusoidal 
Wave function Z=a sin(2pi(X/Wavelength)), Where a is 
an unknoWn amplitude, Which may be Zero, modi?ed 
With a DC offset equal to the amplitude of the Wave; 

(G) adjusting the amplitude of said Wave function using a 
?rst bracketing algorithm using an arbitrary amplitude 
value, calculating the resulting curvature, and repeating 
said amplitude adjusting step With different arbitrary 
amplitude values to obtain a ?nal arbitrary amplitude 
value producing target Zone data With said de?ned 
curvature Within said target Zone is obtained; 

(H) measuring the amount of said output surface property 
thereby induced; 

(I) applying to said target Zone data a subsequent sinu 
soidal Wave function having tWice the arbitrary ampli 
tude value and a 180 degree change in phase angle of 
said ?rst sinusoidal Wave function; 

(J) adjusting the amplitude of said subsequent Wave 
function using a subsequent bracketing algorithm using 
an arbitrary amplitude value, calculating the resulting 
curvature, and repeating said amplitude adjusting step 
With different arbitrary amplitude values to obtain a 
?nal arbitrary amplitude value producing target Zone 
data With said de?ned curvature Within said target Zone 
is obtained; and 

(K) reiterating steps through (J) to de?ne an output 
surface. 

2. The method of claim 1, further comprising the steps of 

(L) inputting said target Zone data into a surface genera 
tion instrument; and 

(M) creating an output surface. 
3. The method of claim 1, Wherein said step of deriving 

input data is performed using surface topography measure 
ment instruments. 

4. The method of claim 1, Wherein said step of deriving 
input data is performed by calculating mathematical de?ni 
tions of a surface. 

5. The method of claim 2, Wherein said surface generation 
instruments consist of instruments chosen from the group 
consisting of CNC lathe equipment, laser surfacing equip 
ment and mold generating instrumentation. 

6. A method of de?ning an optical output surface having 
desired optical refractive characteristics based on input data 
derived from an input surface, comprising the steps of: 

(A) de?ning a baseline surface from input data derived 
from an input surface; 

(B) formatting said input data by de?ning an apeX of the 
baseline surface, said apeX being a point on said 
baseline surface located on an aXis de?ned by a line 
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perpendicular to a plane tangential to the curvature of 
the surface at said apeX, and further de?ning a plurality 
of equally spaced meridians passing through said apex, 
such that each point on any said meridian is de?ned in 
X and Z coordinates, Where X designates the distance of 
said point from the said aXis and Z designates the 
distance of said point from a line in said plane perpen 
dicular to said aXis and passing through said apex; 

(C) formatting said input data into discrete, evenly spaced 
points having a constant separation distance, and inter 
polating any Z coordinates not represented in the input 
data in order to digitiZe said input data points; 

(D) performing a convolution function in a radial fashion 
across each meridian and in a circumferential fashion at 
each annular ring de?ned by said constant separation 
distance to create a running average Within a speci?c 
threshold of curvatures to normaliZe said input data at 
each said digitiZed point; 

(E) de?ning a target Zone in terms of curvature and Width 
With a desired optical output surface property for sets of 
X coordinates and a given meridian; 

(F) modifying the Z coordinate for each digitiZed point 
Within each said target Zone using a ?rst sinusoidal 
Wave function Z=a sin(2pi(X/Wavelength)), Where a is 
an unknoWn amplitude, Which may be Zero, modi?ed 
With a DC offset equal to the amplitude of the Wave; 

(G) adjusting the amplitude of said Wave function using a 
?rst bracketing algorithm using an arbitrary amplitude 
value, calculating the resulting curvature, and repeating 
said amplitude adjusting step With different arbitrary 
amplitude values to obtain a ?nal arbitrary amplitude 
value producing target Zone data With said optical 
output surface property Within said target Zone is 
obtained; 

(H) measuring the amount of spherical optical aberrations 
thereby induced; 

(I) applying to said target Zone data a subsequent sinu 
soidal Wave function having tWice the arbitrary ampli 
tude value and a 180 degree change in phase angle of 
said ?rst sinusoidal Wave function; 

(J) adjusting the amplitude of said subsequent Wave 
function using a subsequent bracketing algorithm using 
an arbitrary amplitude value, calculating the resulting 
curvature, and repeating said amplitude adjusting step 
With different arbitrary amplitude values to obtain a 
?nal arbitrary amplitude value producing target Zone 
data With said de?ned curvature Within said target Zone 
is obtained; and 

(K) reiterating steps through (J) to de?ne an output 
surface. 

7. The method of claim 6, further comprising the steps of 

(L) inputting said target Zone data into a surface genera 
tion instrument; and 

(M) creating an output surface. 
8. The method of claim 6, Wherein said step of deriving 

input data is performed using surface topography measure 
ment instruments of a cornea. 
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9. The method of claim 6, Wherein said step of deriving 
input data is performed by calculating mathematical de?ni 
tions of a surface. 

10. The method of claim 7, Wherein said surface genera 
tion instruments consist of instruments chosen from the 
group consisting of CNC lathe equipment, laser surfacing 
equipment and mold generating instrumentation. 

11. The method of claim 7, Wherein said step of creating 
an output surface is performed on a contact lens. 

12. The method of claim 7, Wherein said step of creating 
an output surface is performed on an intraocular lens. 

13. The method of claim 7, Wherein said step of creating 
an output surface is performed on a control mask for laser 
sculpting. 

14. An optical output surface device having desired opti 
cal refractive characteristics based on input data derived 
from an input surface, produced by a method comprising the 
steps of: 

(A) de?ning a baseline surface from input data derived 
from an input surface; 

(B) formatting said input data by de?ning an apeX of the 
baseline surface, said apeX being a point on said 
baseline surface located on an aXis de?ned by a line 
perpendicular to a plane tangential to the curvature of 
the surface at said apeX, and further de?ning a plurality 
of equally spaced meridians passing through said apeX, 
such that each point on any said meridian is de?ned in 
X and Z coordinates, Where X designates the distance of 
said point from the said aXis and Z designates the 
distance of said point from a line in said plane perpen 
dicular to said aXis and passing through said apeX; 

(C) formatting said input data into discrete, evenly spaced 
points having a constant separation distance, and inter 
polating any Z coordinates not represented in the input 
data in order to digitiZe said input data points; 

(D) performing a convolution function in a radial fashion 
across each meridian and in a circumferential fashion at 
each annular ring de?ned by said constant separation 
distance to create a running average Within a speci?c 
threshold of curvatures to normaliZe said input data at 
each said digitiZed point; 

(E) de?ning a target Zone in terms of curvature and Width 
With a desired optical output surface property for sets of 
X coordinates and a given meridian; 

(F) modifying the Z coordinate for each digitiZed point 
Within each said target Zone using a ?rst sinusoidal 
Wave function Z=a sin(2pi(X/Wavelength)), Where a is 
an unknoWn amplitude, Which may be Zero, modi?ed 
With a DC offset equal to the amplitude of the Wave; 

(G) adjusting the amplitude of said Wave function using a 
?rst bracketing algorithm using an arbitrary amplitude 
value, calculating the resulting curvature, and repeating 
said amplitude adjusting step With different arbitrary 
amplitude values to obtain a ?nal arbitrary amplitude 
value producing target Zone data With said optical 
output surface property Within said target Zone is 
obtained; 

(H) measuring the amount of spherical optical aberrations 
thereby induced; 
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(I) applying to said target Zone data a subsequent sinu 
soidal Wave function having twice the arbitrary ampli 
tude value and a 180 degree change in phase angle of 
said ?rst sinusoidal Wave function; 

(J) adjusting the amplitude of said subsequent Wave 
function using a subsequent bracketing algorithm using 
an arbitrary arnplitude value, calculating the resulting 
curvature, and repeating said arnplitude adjusting step 
With different arbitrary arnplitude values to obtain a 
?nal arbitrary arnplitude value producing target Zone 
data With said de?ned curvature Within said target Zone 
is obtained; 

(K) reiterating steps through (J) to de?ne an output 
surface; 

(L) inputting said target Zone data into a surface genera 
tion instrument; and 

(M) creating an output surface. 

Oct. 25, 2001 

15. The device of claim 14, Wherein said step of deriving 
input data is performed using surface topography rneasure 
rnent instruments of a cornea. 

16. The device of claim 14, Wherein said step of deriving 
input data is performed by calculating rnathernatical de?ni 
tions of a surface. 

17. The device of claim 14, Wherein said surface genera 
tion instrurnents consist of instruments chosen from the 
group consisting of CNC lathe equiprnent, laser surfacing 
equipment and mold generating instrurnentation. 

18. The device of claim 14, Wherein said device is a 
contact lens. 

19. The device of claim 14, Wherein said device is an 
intraocular lens. 

20. The device of claim 14, Wherein said device is a 
control mask for laser sculpting. 


