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(57) ABSTRACT 

Amethod of manufacturing an optical lens that is con?gured 
to correct high order aberrations. One embodiment is a 
method of customizing optical correction in an optical 
system. The method includes measuring optical aberration 
data of the optical system. The method further includes 
calculating a lens de?nition based on the optical aberration 
data. Calculating the lens de?nition may include calculating 
a correction of at least one high order optical aberration. The 
method further includes fabricating a correcting lens based 
on the lens de?nition. 
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METHOD OF MANUFACTURING AN OPTICAL 
LENS 

RELATED APPLICATIONS 

[0001] This application claims the bene?t of, and incor 
porates by reference, US. Provisional Application No. 
60/520,065 ?led Nov. 14, 2003. This application also claims 
the bene?t of, and incorporates by reference, U.S. Provi 
sional Application No. 60/546,378, ?led on Feb. 20, 2004. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to systems and meth 
ods relating to manufacturing customiZed optical lenses for 
correcting aberrations of optical systems such as the human 
eye. 

[0004] 2. Description of the Related Art 

[0005] The human eye, namely the cornea and lens, can 
exhibit a variety of optical aberrations that diminish the 
optical performance of the eye, resulting in blurred vision. 
The correction of blurred vision by ?tting patients With 
lenses has typically been limited to the correction of loW 
order aberrations only, such as defocus and astigmatism. 
Traditionally, high order aberrations, eg those describable 
With Zernike polynomials of the third order or higher, could 
not be corrected using lenses. In addition, due to lens 
manufacturing limitations and expenses, defocus and astig 
matism are typically only corrected in discrete steps, With 
any correction being made to the nearest one quarter (0.25) 
diopter Unfortunately, the resolution of one quarter 
(0.25) diopter results in incomplete vision correction. 

SUMMARY OF CERTAIN INVENTIVE 
ASPECTS 

[0006] The system, method, and devices of the invention 
each have several aspects, no single one of Which is solely 
responsible for its desirable attributes. Without limiting the 
scope of this invention as expressed by the claims Which 
folloW, its more prominent features Will noW be discussed 
brie?y. After considering this discussion, and particularly 
after reading the section entitled “Detailed Description of 
Certain Embodiments” one Will understand hoW the features 
of this invention provide advantages that include convenient 
and economical methods of manufacturing optical lens and 
lens blanks. 

[0007] One embodiment is a method of customiZing opti 
cal correction in an optical system. The method includes 
measuring optical aberration data of the optical system. The 
method further includes determining, based on the optical 
aberration data, a lens de?nition including a correction of at 
least one high order optical aberration. The method further 
includes fabricating a correcting lens based on the lens 
de?nition. 

[0008] Another embodiment is a method of manufacturing 
a customiZed lens. The method includes measuring optical 
parameters of an optical system. The optical parameters may 
include measured optical aberrations. The method further 
includes forming a lens having at least one optical element. 
Forming the lens may include correcting a portion of the 
measured optical aberrations in the at least one optical 
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element. The portion may include at least one loW order 
aberration. Forming the lens may further include correcting 
at least one remaining optical aberration in the lens. The at 
least one remaining optical aberration may include a high 
order aberration. 

[0009] Another embodiment is a method of making an 
optical lens. The method includes applying a spacer having 
a predetermined thickness to a ?rst lens. The method further 
includes applying a curable material to a ?rst lens. The 
method further includes debubbling the curable material to 
remove trapped gas. The method further includes position 
ing a portion of the curable material onto an off-center 
location of a second optical element and mating the second 
optical element and the ?rst optical element. The mating 
may be performed so that the curable material forms a layer 
having a thickness de?ned by the predetermined thickness of 
the spacer. The curable material may be at least partially 
cured to form a semi-cured material. The curable material 
may be further cured to de?ne a pattern of refractive index 
Wherein the pattern of refractive index corrects at least one 
high order aberration in an optical path through the optical 
lens. 

[0010] Another embodiment is a method of making an 
optical lens. The method includes dispensing a curable 
material to form a substantially planar sheet. The method 
further includes curing the curable material to form a 
semi-cured material Wherein the index of refraction of said 
semi-cured material can be selectively varied. The method 
also includes applying at least a portion of the sheet to a ?rst 
optical element. The method further includes af?xing a 
second optical element to the ?rst optical element and 
sealing the curable material therebetWeen. In one embodi 
ment, the method may further include curing the semi-cured 
material to de?ne a pattern of refractive index Wherein the 
pattern of refractive index corrects at least one high order 
aberration in an optical path through the optical lens. 

[0011] Another embodiment is a method of making a lens 
blank. The method includes mating a ?rst optical element at 
a predetermined distance from a second optical element so 
as to form a cavity therebetWeen. The method further 
includes ?lling the cavity With a curable material and at least 
partially curing the curable material to form a semi-cured 
material. 

[0012] Yet another embodiment is method of making an 
optical lens. The method includes forming a substantially 
planar sheet of gel. The method further includes applying at 
least a portion of the substantially planar sheet of gel to the 
at least one surface of the mold to form a ?rst layer of 
material having a selectively variable index of refraction. 
The method further includes forming a second layer of 
material Within the mold. In one embodiment, the method 
further includes curing the ?rst layer of material to de?ne a 
pattern of refractive index. The pattern of refractive index 
may correct at least one high order aberration in an optical 
path through the optical lens. 

[0013] Another embodiment is a method of making an 
optical lens. The method includes forming a ?rst layer of 
curable material Within a mold. The curable material 
includes a mixture of materials having loW and high refrac 
tive indices. The method further includes exposing the layer 
of curable material to a ?rst pattern of radiation to de?ne a 
?rst pattern of refractive index in the layer Wherein the ?rst 
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pattern of refractive index corrects at least one high order 
optical aberration in an optical path through the optical lens. 
The method also includes exposing the layer of curable 
material to a second pattern of radiation to de?ne a second 
pattern of refractive index in the layer Wherein the second 
pattern of refractive index corrects at least one loW order 
optical aberration in an optical path through the optical lens. 

[0014] Another embodiment is a method of making an 
optical lens. The method includes ?lling a mold With a 
curable material. A pattern of refractive index to correct at 
least one optical aberration is calculated. The curable mate 
rial is irradiated With a tWo dimensional grayscale pattern so 
as to form a ?rst layer having de?ned therein the pattern of 
refractive index. Uncured material is removed from the 
mold. The mold is ?lled With a second layer of curable 
material. The second layer of curable material is cured 
Within the mold. 

[0015] Yet another embodiment is a method of making an 
optical lens. The method includes depositing a ?rst layer of 
material on to at least one surface of a mold so as to de?ne 

a pattern of refractive index. The pattern of refractive index 
corrects at least one high order aberration in an optical path 
through the optical lens. The method further includes form 
ing a second layer of material Within the mold. In one 
embodiment, depositing the layer of material includes 
depositing a varying thickness of the layer of material to 
de?ne a pattern of varying thickness and Wherein the pattern 
of varying thickness comprises the pattern of refractive 
index. In another embodiment, depositing the ?rst layer of 
material comprises depositing a mixture of at least tWo 
materials Wherein the mixture of the at least tWo materials is 
varied to de?ne the pattern of refractive index. 

[0016] Another embodiment is a method of making a 
customiZed lens. The method includes applying a layer of 
curable polymer to an optical element and selectively curing 
the layer to vary the thickness of the layer so as to de?ne a 
pattern of refraction that corrects at least one optical aber 
ration. The method may further includes substantially uni 
formly curing the layer. 
[0017] Another embodiment is a method of making a 
customiZed lens. The method includes applying a layer of 
curable material to an optical element. The method further 
includes vacuum forming the layer of curable material to the 
optical element. The method also includes at least partially 
curing the layer of curable material. The method further 
includes selectively curing the layer of curable material to 
de?ne a pattern of refraction in the layer that corrects at least 
one high order optical aberration in an optical path through 
the lens. 

[0018] Another embodiment is a system for customiZing 
optical correction in an optical system. The system includes 
means for measuring optical aberration data of the optical 
system, means for determining, based on the optical aber 
ration data, a lens de?nition comprising a correction of at 
least one high order optical aberration, and means fabricat 
ing a correcting lens based on the lens de?nition. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] FIG. 1 is a How chart depicting a process for 
producing a spectacle lens. 

[0020] FIG. 2 is a How chart depicting an embodiment of 
a method of manufacturing a lens for correcting optical 
aberrations as part of the process of FIG. 1. 
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[0021] FIG. 3 is a How chart depicting another embodi 
ment of a method of manufacturing a lens blank as a part of 
a method of making a lens, such as depicted in FIG. 1. 

[0022] FIG. 4A illustrates a lens blank at one step of the 
method depicted in FIG. 3. 

[0023] FIG. 4B illustrates the lens blank of FIG. 4A at 
another step of the method of FIG. 3. 

[0024] FIG. 4C illustrates the lens blank of FIG. 4A at the 
completion of the method of FIG. 3. 

[0025] FIG. 4D graphically illustrates another embodi 
ment of a method of manufacturing a lens, similar to the 
method depicted in FIG. 3. 

[0026] FIG. 4E is a diagram illustrating an embodiment of 
a method, similar to the embodiment of FIG. 4D, of creating 
an optical element by dispensing a mixture of loW and high 
refractive indices formulations betWeen these tWo molds. 

[0027] FIG. 5 is a How chart depicting another embodi 
ment of a method of making an optical lens as part of the 
process of FIG. 1. 

[0028] FIG. 6 is a How chart depicting an embodiment of 
a method of making a lens for correcting optical aberration 
similar to the method depicted in FIG. 1, but using a mold. 

[0029] FIGS. 7A-7E graphically illustrate steps of making 
a lens, such as in the method depicted in FIG. 6. 

[0030] FIGS. 7F-7J graphically illustrate steps of a 
method making a lens similar to the method depicted in 
FIGS. 7A to 7E, except that the layer has a generally 
uniform thickness and is composed of varying proportions 
of materials to vary the index of refraction across the surface 
of the lens. 

[0031] FIG. 8 is a How chart depicting an embodiment of 
a method of making a lens blank using a free standing ?lmy 
gel of polymer material similar to the method depicted in 
FIG. 6. 

[0032] FIG. 9 is a How chart depicting an embodiment of 
a method of making a lens blank using a free standing ?lmy 
gel of polymer material into a lens blank for use in, e.g., an 
embodiment of the method of FIG. 1. 

[0033] FIG. 10 is a simpli?ed block diagram depicting 
one embodiment of a system for producing spectacle lens, 
e.g., using one embodiment of the method of FIG. 1. 

[0034] FIG. 11 is one embodiment of a method of pro 
ducing spectacles using an embodiment of a system such as 
depicted in FIG. 10. 

[0035] FIG. 12 is one embodiment of a method of pro 
ducing customiZed framed lenses. 

[0036] FIG. 13 graphically illustrates another embodi 
ment of a method of manufacturing a lens having a layer 
With a varying thickness. 

DETAILED DESCRIPTION OF CERTAIN 
EMBODIMENTS 

[0037] The folloWing detailed description is directed to 
certain speci?c embodiments of the invention. HoWever, the 
invention can be embodied in a multitude of different Ways 
as de?ned and covered by the claims. In this description, 
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reference is made to the drawings Wherein like parts are 
designated With like numerals throughout. 

[0038] Spectacle lens are typically formed by grinding the 
lens blank to correct the measured optical aberrations and 
edging a lens blank to ?t a pair of spectacle frames. This 
correction is typically limited to loW order aberrations. In 
addition, the corrections are typically incomplete in that 
grinding is typically performed to a margin of 0.25 D. 

[0039] By using a device that measures Wavefront aber 
rations in the eye of patient, much more precise measure 
ments of a patient’s eye can be obtained. The resulting 
measurements can be used to calculate an optimiZed lens 
de?nition. In one embodiment, the lens de?nition can de?ne 
a pattern of refractive index that corrects one or more optical 
aberrations in an optical path through the lens that, When 
manifested in an optical lens, such as a spectacle lens, 
corrects the Wavefront aberrations of the patient more pre 
cisely than is typically possible. Patients Will thus be able to 
see at very near the peak of their oWn optical capabilities. 

[0040] It is to be appreciated that, as used herein, “cor 
rection” of optical aberrations does not necessarily mean 
that the optical aberrations are completely eliminated but, 
rather, is to be understood to generally mean reducing, 
minimiZing, or optimiZing the optical aberrations. More 
over, because in some instances increasing certain high 
order aberrations has been found to improve vision, “cor 
rection” of aberrations can also include adding or increasing 
certain optical aberrations. An optical element may include 
a thick or thin lens blank, a plano lens, a corrective lens such 
as a spectacle lens, a contact lens, an optical coating, an 
intraocular lens, or any other light transmissive component 
including combinations of other optical elements. A plano 
optical element, i.e., one that does not possess any refractive 
poWer, may be ?at, or may have a curve for cosmetic 
reasons, eg to have an appearance mimicking a standard 
spectacle lens. 

[0041] FIG. 1 is a top level How chart illustrating a 
method 100 of making customiZed lens. Beginning at a step 
110, a patient’s eye is measured. In one embodiment, the 
patient’s vision parameters, such as loW order and/or high 
order aberrations are measured using an aberrometer (com 
prising a Wavefront sensor, for example). The aberrations 
can be measured using a Wavefront sensor, such as a 
Shack-Hartmann, diffraction grating, grating, Hartmann 
Screen, FiZeau interferometer, ray tracing system, Tschern 
ing aberrometer, skiascopic phase difference system, TWy 
mann-Green interferometer, Talbot interferometer, for 
example. Exemplary aberrometers are described in more 
detail in US. Pat. No. 6,721,043 to Platt. B. et. al. in “Light 
Adjustable Aberration Conjugator”, Which is hereby incor 
porated by reference in its entirety. Other embodiments of an 
aberrometer are disclosed in US. patent application Ser. No. 
10/076,218, entitled “APPARATUS AND METHOD FOR 
DETERMINING OBJECTIVE REFRACTION USING 
WAVEFRONT SENSING,” ?led Feb. 13, 2002; and US. 
patent application Ser. No. 10/014,037, entitled “SYSTEM 
AND METHOD FOR WAVEFRONT MEASUREMENT,” 
?led Dec. 10, 2001, each of Which is hereby incorporated by 
reference in its entirety. In one embodiment, the vision 
parameters may include data obtained by testing the 
patient’s vision through a trial, or test, lens that is con?gured 
to correct one or more high or loW order optical aberrations. 
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[0042] In addition to measuring aberrations, other vision 
parameters can be obtained such as the patient’s vertex 
distance, pupil siZe, pupil distance, frame information, gaZe, 
or x-y tilt. Further details of taking such measurements are 
described in US. Pat. No. 6,682,195, entitled “CUSTOM 
EYEGLASS MANUFACTURING METHOD,” issued on 
Jan. 27, 2004, Which is hereby incorporated by reference in 
its entirety. 

[0043] Moving to step 120, a pattern of refraction in an 
optical lens is calculated to correct the measured aberrations. 
The pattern of refraction can be effected in an optical 
element by, for example, de?ning a tWo dimensional pattern 
of refractive index across the face of the optical element or 
by varying the thickness of a layer of material comprising 
the optical element to vary the refractive index and thereby 
de?ne the pattern of refraction. For example, standard 
spectacle lens typically de?nes a pattern of refraction by 
varying the curvature of the lens material, and thus the 
thickness of the lens material, over the surfaces of the lens. 
The curvature of the lens, along With the refractive index of 
the lens material, de?nes the pattern of refraction of the 
standard spectacle lens. Such standard lenses typically cor 
rect one or more loW order optical aberrations. In one 

embodiment, the pattern of refraction is at least partially 
de?ned in terms of sphere, cylinder, and axis. In such an 
embodiment, a further pattern of refraction for correcting 
high order aberrations and residual aberrations resulting 
from, for example, grinding errors can be further calculated 
for application to the lens. In other embodiments, the pattern 
of refraction can be calculated in terms of loW and high order 
Zernike polynomials for application to a material that can be 
processed or cured to alter its refractive index. 

[0044] In one embodiment, the vision parameters are used 
by a vision metric to optimiZe the lens de?nition. The lens 
de?nition can include the Wavemap, a pattern of refraction, 
a prescription in terms of sphere, cylinder, and axis, or any 
other relation to a pattern of refraction or correction. In 
addition, the lens de?nition may include an optical center, 
multiple optical centers, single correction Zones, multiple 
correction Zones, transition Zone, blend Zone, sWim region, 
channel, add Zones, vertex distance, segmental height, off 
axis gaZe Zone, logos, invisible markings, etc. 

[0045] Next at step 130, a lens is manufactured to correct 
both loW and high order optical aberrations. One embodi 
ment of such a lens is disclosed in more detail in US. patent 
application Ser. No. 10/218,049, entitled “APPARATUS 
AND METHOD OF CORRECTING HIGH ORDER 
ABERRATIONS OF THE HUMAN EYE,” ?led Aug. 12, 
2002, herein incorporated by reference in its entirety. 
Embodiments of methods of manufacturing the lens may 
include number of different methods for forming a lens 
having a calculated pattern of refractive index, such as are 
described in more detail herein, including depositing of a 
layer that is cured to include the calculated pattern of 
refraction, grinding or freeform surfacing of a lens surface, 
cast molding and combinations thereof. 

[0046] FIG. 2 is a How chart depicting one embodiment of 
a method 130 of manufacturing optical lens blank that can 
receive a pattern of refractive index that is calculated based 
on the Wavefront aberrations from, e.g., a human eye. The 
method 130 begins at a step 210, Where a photosensitive gel 
layer is formed betWeen a ?rst and second optical element. 




























