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BACKGROUND OF THE INVENTION
The human eye is an optical system employing several lens elements to focus
light rays representing images onto the retina within the eye. The sharpness of the
images produced on the retina is a factor in determining the visual acuity of the eye.
15 Imperfections within the lens and other components and material within the eye,
however, may cause the light rays to deviate from the desired path. These deviations,
referred to as aberrations, result in blurred 1mages and decreased visual acuity. Hence,
methods and apparatuses for measuring aberrations are desirable to aid in the correction
of such problems.
20 One method of detecting aberrations introduced by the eye involves determining
the aberrations of light rays exiting from the eye. A beam of light directed into the eye
as a point on the retina is reflected or scattered back out of the eye as a wavefront, with
the wavefront containing aberrations introduced by the eye. By determining the

propagation direction of discrete portions (1.e., samples) of the wavefront, the

25  aberrations introduced by the eye can be determined and corrected.
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defocus, astigmatism, spherical aberrations, coma, and other irregularities. Measuﬁng
10 and correcting these aberrations allow the eye 16 to approach its full potential, i.e., the
limits of visual resolution.

FIG. 2 is an illustration of a prior art apparatus for measuring the wavefront 10
as illustrated in FIG. 1. By measuring the aberrations, corrective lenses can be
produced and/or corrective procedures performed to improve vision. In FIG. 2, a laser

15 22 generates the laser beam 12 which is routed to the eye 16 by a beam splitter 24. The
laser beam 12 forms a spot 18 on the retina 14 of the eye 16. Theretina 14 reflects the
light from the spot 18 to create a point source wavefront 10 which becomes aberrated as
it passes through the lens and other components and materials within the eye 16. The
wavefront 10 then passes through a first lens 11 and a second lens 13 to focus the

20 wavefront 10 so that the wavefront 10 is collimated. The wavefront 10 then passes
through the beam splitter 24 toward a wavefront sensor 26. Information detected by the
wavefront sensor 26 is then processed by a processor 27 to determine the aberrations of

the wavefront 10.
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array of 10 pohggrg\é% Gl focus, the lenses 11 and 13 can be moved relative to one another in order

for the focal point of lens 13 to match the cross-over point 15. Unfortunately, for an
eye 16 having a great deal of defocus, the lenses 11 and 13 may need to be moved a
relatively large distance from one another, which may be problematic if space is
limited. In addition, the defocus mechanism of FIG. 3 does not correct other eye

15  aberrations such as astigmatism in which light along one axis converges/diverges more
rapidly than light along another axis. Since the lenses 1i and 13 converge or diverge
light along every axis equally, this arrangement does not compensate for astigmatism.

Typical wavefront sensors 26 include either an aberroscope 28 (FIG. 4) or a

Hartman-Shack lenslet array 30 (FIG. 5), with an imaging device 32. The aberroscope

20 28 and the Hartman-Shack lenslet array 30 each produce an array of spots when a
wavefront passes through them. The imaging device 32 contains an imaging plane 34
for capturing the spots generated by the aberroscope 28 or the Hartman-Shack Sensor

30. Generally, the imaging device 32 is a charge coupled device (CCD) camera.



wavefront passes through them The imaging device 32 contains an i magi ng
pl ane 34 for capturing the spots generated by the aberroscopel! 28lotlli he

Hart man- S r 30. Cenerally, the imaging device 32 | har ge
coupl ed dﬁ"?’ﬁ"éﬁ?’é@% canera. 77 CCT 2005 WD 02/ 087428 PCTI ugéiﬁ@%éﬁg% The

wavefront sensor 26 sanples the wavefront 10 by passing the wavefront 10

through the aberr a3eopeeB8npientdicHanipi@thSRhacdiarNo of pabking el dviergni 10 an
array of spots on the inmaging plane 34. Each spot on the imagi ng plane 34

represents aﬂ&%ﬁ%}% b ostcBﬁ]e %gﬁ?gfe%@%rﬁ%&-sﬂécﬁc'&eﬁ%‘?'3b?fes§ﬂégiiﬂQ&m‘? i ng

t he aberrations eter greater accuracy conparing the

array of spots produced on the | ing plane .34 by the vefront 10 with a
ref erence ar FBYISOR t%&wlﬁ%%%gﬁg?aﬁppbo@ ﬁ@ HRaeE Pt 3\%ao‘fep’‘ét‘fﬁ‘31?t§iéaf’rhé’ﬁle,
the aberrations introduced by the eye 16 can be conputed. An exanple of a
Har t man- Shac kf sheswarefiont Hysath dealdr podicds eRatlmgtthd\nirdnetion 61095 (& ininat
Wllianms et al., entitled Method and Apparatus for Inproving Vision and 10

the Resol giti Qpipfredtet ddatach MBYEmphithe qleod@ra}lahfxpo@?r_oh%@&i ont fhel iR YAked
herein by reference. The resolution of the aberrations in such prior art

devi ces, ho [,1S 1im . the sub-aperture spacing 3 nd_th

Sub. aper t ur 6 4 oyaneFerdfom Wl o G sBCEAR G SbYE oBR PR o M ens

| ensl et sub-aperture size 40 and focal length in a Hartman 15 Shack sensor
(see FI G 5) of ppidgabeye bie abpaptipnsapleedused BRhedys Lo sapRe 688PYEeddef ocus or
astigmati smmay result in foldover. Fol dover occurs in an aberroscope

sensor, for exanpeexawipddof M attmantSiack patsn A2 scrilizd, indh8. Bdentduhibe
i mgi ng plane 34 overlap, thereby |eading to confusion between adjacent

ol oL e PPN ! PRI SH Seb AT R SR Sesans
overlap. ; JYPLeak e tion 0t ri Sl et Hled S G5 U BIGYE 1R ofsoridh Bercin by
reference. |
The resolution of the aberrations in such prior art devices, however, is limited
by the sub-aperture spacing 36 and the sub-aperture size 38 in an aberroscope sensor
(see FIG. 4), and by the lenslet sub-aperture size 40 and focal length in a Hartman-

15  Shack sensor (see FIG. 5). In addition, large aberrations due to excessive defocus or
astigmatism may result in foldover. Foldover occurs in an aberroscope sensor, for
example, when two or more spots 42A, 42B, and 42C on the imaging plane 34 overlap,
thereby leading to confusion between adjacent sub-aperture spots. Similarly, foldover
occurs in Hartman-Shack sensors when two or more spots 44A, 44B, 44C, and 44D on

20  the imaging plane 34 overlap. Typical systems are designed to accommodate a certain
amount of defocus and astigmatism, however, these systems are unable to handle
defocus and astigmatism of individuals with large astigmatism and/or large defocus.

Foldover may result from a sub-aperture spacing 36, sub-aperture size 38, or

lenslet size 40 which is too small, a high degree of aberration (e.g., large defocus and/or
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Accordingly, ophthalmic devices and methods which can measure a wide range of
aberrations having of defocus and/or astigmatism with a high degree of accuracy would

be useful.

15 SUMMARY OF THE INVENTION
The present invention provides for a method and apparatus of compensating for
defocus and astigmatism in a wavefront for use in an ophthalmic system for measuring
eye aberrations, By compensating for at least a portion of defocus and astigmatism, the
method and apparatus of the present invention are capable of measuring a wide range of
20  aberrations in a wavefront with a high degree of accuracy.
In an ophthalmic system for measuring eye aberrations having first and second
optical lenses separated by a physical distance for focusing a wavefront, the present
invention includes a method of adjusting the optical distance between the two lenses

without changing the physical distance between the two lenses. The method of the
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area. Another nethod of the present invention includes passing a wavefront
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compensation to be performed in a smaller physical area.

Another method of the present invention includes passing a wavefront through a
cylindrical lens assembly to remove astigmatism from the wavefront. The method
includes passing the wavefront through a first cylindrical lens and a second c¢ylindrical

15  lens, orienting the first cylindrical lens and the second cylindrical lens such that an
astigmatism compensation position of the cylindrical lens assembly is in-line with a
bisector position of the wavefront, and orienting the first and second cylindrical lenses
relative to one another to adjust the astigmatism compensation power of the cylindrical
lenses to compensate for astigmatism in the wavefront.

20 An apparatus of the present invention for changing the optical distance traveled
by a wavefront between a pair of lenses without changing the physical distance between
the lenses includes a first reflector positioned to reflect the wavefront received from a

first lens along a first optical path to a second optical path, a second reflector positioned

to reflect the wavefront from the second optical path to a third optical path, and a third
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Figure 1 is a schematic of a wave produced by a | aser beamreflected by the
retina of an leyses, thefirst gad second eylipdsicpldamtes being refaghleoelative tafwavaretent or
measuring aberrations introduced by an eye; Figure 3 is a schematic of a
part of a priaad reetivaiefone daotionpersdiy mrastgvade) withirgtheevaefidntisschemat i ¢ of
an aberroscope systemfor use in a prior art apparatus for measuring
aberrations; compensated by adjusting the orientation of the first cylindrical lens and the second

10 cylindrical lens relative to the wavefront and to one another.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a schematic of a wave produced by a laser beam reflected by the
retina of an eye;
15 Figure 2 is a schematic of a prior art apparatus for measuring aberrations
introduced by an eye;
Figure 3 is a schematic of a part of a prior art defocus compensation device;
Figure 4 is a schematic of an aberroscope system for use in a prior art apparatus
for measuring aberrations;
20 Figure 5 1s a schematic of a Hartman-Shack lenslet array system forusein a
prior art apparatus for measuring aberrations;
Figure 6 is a schematic of an apparatus for measuring aberrations in a wavefront

introduced by an optical system in accordance with the present invention;
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astigmatic wavefront; Figure 9 is an.illustrative schematic of an

astigmati sm éﬁ?ﬁ?@ﬁ%‘?’%gﬁé’&?sé%t IP¥FiYPenpyi ng asti gmati sm conponent from a
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general overview, a beam 12 is generated by a laser 22 and directed by a
beam spl i t t eremavingastigraeisay eomppnerhioR); aweredionpfortise ibdgrapparaius of Figure 6
thereby mnimzing the effect of optical conponents between the | aser 22 and
the eye 16 onntkwrd@e bethinhd preséntviaweatioont 10 is reflected out of the eye
toward a wavefront sensor 26 for

Figure 10A is a perspective view of a concave cylindrical lens for use with the

10  present invention; and
Figure 10B is a perspective view of a convex cylindrical lens for use with the

present invention.

DETAILED DESCRIPTION OF THE INVENTION
15 IHustrated in FIG. 6 is a preferred embodiment of a Wavefront measuring
apparatus 100 for measuring the aberrations of an eye 16 in accordance with the present
invention. In a general overview, a beam 12 is generated by a laser 22 and directed by 2
beam splitter 24 into the eye 16. The diameter of the beam 12 is small, thereby
minimizing the effect of optical components between the laser 22 and the eye 16 on the
20  beam 12. A wavefront 10 is reflected out of the eye toward a wavefront sensor 26 for
measurement of aberrations introduced to the wavefront 10 by the eye 16.
If the wavefront 10 contains a relatively large amount of defocus or
astigmatism, portions of the wavefront 10 may not reach the wavefront sensor 26 or

may be out of range for measurement by the wavefront sensor 26. Therefore, the
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def | | - esAShESRBL] Loncdgyi ce 104
wih the conena S etDs Rt et oo RE AL A% COPRPIE RS Y

determ nation, of the ) . ,
10 defocus compensation component added by the defocus compensation device 102, and

the astigmatism compensation component added by the astigmatism compensation
device 104.
By compensating for defocus and astigmatism prior to measurement by the
wavefront sensor 26, the wavefront sensor 26 can be configured to detect the remaining
15  aberrations more precisely. In addition, the wavefront measuring apparatus 100 is able
to detect a wider range of aberrations since defocus and astigmatism aberrations, which
were previously out of the wavefront sensor’s range, are compensated for by the
defocus compensation device 102 and the astigmatism compensation device 104 with
the compensation components of these devices factored into the determination of the
20  aberrations of the wavefront 10,
In the present invention, the generation of the beam 12 and the wavefront 10,
and the determination of aberrations of the wavefront 10 by the processor 27 are known
in the art. In addition, modifications to processor 27 to factor in the defocus

compensation component and the astigmatism compensation component in determining



20 aberrations of the wavefront 10. In the present invention, the generation
011: tEe beamf 12 and tBe Wﬁvefront 10, and thE determ na';]i on cﬂﬁ tions

of the wav y the processor 27 are known in the a e%:%1a'tion,
nodi f i cati%rgs&@gm%gocessor 27 to factor inpythe defocus corr%kﬁsagt i %
conponent and the astigmati sm conpensati on conponent in determning 77 CCT
2005 WO 02/ 08ieAd8rr ok dSa d3dttdnt 10 will be redddy eppdremtso dfiosetie thwearef Tient 10
will be readily apparent to those in the art. The defocus conpensation and

astigmatism %%B&“&ﬁﬁeﬂeﬁ&t% aﬁlﬁ%sﬂ?%ﬁ% ﬁri&%&@éﬁ&x”oﬁhg})g%%t iﬂ?éng{fg bedndyp rmore

detail. Defocus Conpensation 5 Fl trates a p erred ocus
conpensati on devjce. 102 i cordance wth the present invention. The

def ocus conpé‘ﬁ%lélk’F‘gWIH%‘i‘?i‘feﬁﬁoz includes a first and second lens 120 and
122 to conpensate for defocus in a wavefront (a wavefront containing

def ocus is r @efauefiombdngation ved wavefront | QA) and generate a defocus
conpensat ed wavefront (represented by flat wavefront 10B) for neasurenent by

a 10 wavesront sepsgr7 2Bsthtbsn plferrchR 6k 06mpet:aliBe Hsdte 002 GLMcERIAAQ?
removes at least a portion of defocus within the wavefront such that the

remai ni ng de it Dl I : . vef ront
sensor 26. T&Ngﬁ\l;lvg?/ ‘Lr’%'rt]g}1 "tsegﬁg%\p@%{rgfﬁ/é@%néo'&ggﬁ %zllé%?lglﬂlr%ggb% gltﬂcgléq%cat%ts thagld
remai ni ng defocus_nore precjsely. The arfmunt of  def ocu conpensat ed for by
t he defocus émé%%latl?%ﬁmgé tocoparensaig farieiogus Hbﬁg’aﬂéé@?trfﬁmeﬁfgmby t he
wavefront sensor 26 may then be conbi ned by the processor 27 to determ ne

t he aberr at consinofg defeue jsrefifséFtdDy Qrveliewatafrdanh é0AOtad gelefrate aslefolus i r st

| ens 120 of the defocus conpensation device 102 is a spherical lens for

];I.(Z)SUS ing t heywaNafhieMwatOrédtl(Fepr&knted BG MUBXEFIERIM 188) RATRESuldAUGNat he | ens

10 wavefront sensor 26 (FIG. 6). The defocus compensation device 102 removes af least a
portion of defocus within the wavefront such that the remaining defocus within the
wavefront is measurable by the wavefront sensor 26. The wavefront sensor may then
be configured to detect the remaining defocus more precisely. The amount of defocus
compensated for by the defocus compensation device 102 and the defocus determined

15 by the wavefront sensor 26 may then be combined by the processor 27 to determine the
aberrations of the eye 16 (FIG. 6) due to the total defocus,.

A first Jens 120 of the defocus compensation device 102 is a spherical lens for
focusing the wavefront 10 (FIG. 6). The wavefront 10 passes through the lens 120
along a first optical path 124A. The lens 120 focuses the diverging light of the curved

20  wavefront 10A to a cross-over point 125.

A first reflector 126A reflects the wavefront 10 from the first optical path 124A
to a second optical path 124B which is different from the first optical path 124A. In the
preferred embodiment, the first reflector 126A is a surface of a prism 126. Other

reflectors may be used, such as a mirror.



along a first optical path 124A. The lens 120 focuses the diverging |ight of
the curved 20 wavefront 10A to a cross-over point 125. A firgstprefjector

126A refl %P%@%zg\ayef ront 10 fromthe first optical path %giﬁ?oﬁfg&? second

optical pat which is different fromltlhe first optical In
the preferred enbodinent, the first refléector 126A is a surface of a prism
126. Qther refl eqf scendisficbier U3 ekllestiahe avarani 1006 a thiM &Hca2p2h 1240

02/ 087428 PCTI US02/ 13420 A second reflector 128 reflects the wavefront 10 to

athird opti ' j ' f | LSt ' pat h
124A and ¢ he  ListRad Sar g B! Sl p G 124 bR Beptd bileapBihiighn!
preferably a_retroreflector. In a_.retroreflector, an incom ng beam such as
t he wavef ronﬂ‘%ﬁeqoﬁgr i d 28pt prefra &@ﬁeti%ﬁﬁ@%?q-|1ﬂﬁé6ﬁr%rﬁﬁgetp§@nﬂg?0ﬂ1pg| to
5 itself but in the opposite direction of propagation (e.g., optical path
124C), regar bd¢ass suadfas thhwapefran oathosecond oplecahpatbiZdBtwillbanicflbcted ppeld¢l te o
the retroreflector. The retroreflector may be a coner cube or other well

known r ety or g§dIEBtah thesppakit@difation f eripagatioae. o, HRYicalHRt 024, RYafddess of
reflector or at |least two reflective surfaces. For exanple, the Treflector

et octing 100 ORERyRR R VB RHE FHbERe S e BT ThB R Riotar

internedi ate optical path toward a second reflective surface 128B, e.g.,
anot her ni r ri&@y brReEosE GHpE petheadr sl knovayretrgredlestog g Anrdisrpabive satbe dinpset
wavefront received along the internediate optical path along the third

opti cal pat hmi2d€tludena porps efflectioedr atribad twe ndflectivesisecen dFapixamale, et h  124B
and the third optical path 124C are substantially the sane physical

di stance. 15:6RcioRg28 klShaadL AR AROburricb 228 Al é.%.zﬁ?&ih%itﬁf refigbhg

reflects the wavefront fromthe third optical path 4C to a fourth opti cal
o2t 1248 THE b ebar Ry b6l RO PR bR e 48 aBRDed? 0,20
's formed asto%vna?é r;%&E:cosnlfjlrrfef?llecc?ivt(aj fsm:[fgc;% 1%r8]|3,st[:n g.l, %agot];lgrr nTmr'g tT%ee second reflective
surface 128B then reflects the wavefront received along the intermediate optical path
along the third optical path 124C. In a preferred embodiment, the second optical path
124B and the third optical path 124C are substantially the same physical distance.
15 In the illustrated embodiment, the third reflector 126B reflects the wavefront
from the third optical path 124C to a fourth optical path 124D. The first optical path
124 A and the fourth optical path 124D are preferably substantially colinear as shown.
Here, the third reflector 126B is formed as another surface of the prism 126 forming the
first reflector 126A. Altematively, the reflector 126A and reflector 126B need not be
20  surfaces of the same device, e.g., prism 126, but may be separate reflective surfaces.
The second lens 122 is positioned along the fourth optical path 124D through

which passes the wavefront 10. If the focal point of the second lens 122 is the same as

the cross-over point 125, a defocus compensated wavefront 10B will be produced.



first reflector 126A. Alternatively, the reflector 126A and reflector 126B
need not be 20 surfaces of the sane device, e.g., prism 126, AutlTnag; be

Fourth opt VAR 1240 T ﬁfaugﬁhemﬁfﬁﬁ”SﬁEQZ the waver ronbCIBRPkARe "

focal point of the second lens 122 is the 'Sane as the cross-over point 125,

a defocus conpensat ag; ﬂ@ﬁ?ﬁlé@&tau%gﬁgﬁ%dtbréien&f %Wgec&n&l&sh?% bhe\O
02/ 087428 PCT/ US02/ 13420 12 It is contenplatéd, although not preferred,

124c. S nae. RS eBRENRTE RE oS SryB Ry R IE, S %ﬁé%%f%% Beife"™ "

wavefiont along the third optical path 12 4C di rectly e third reflector
126B coul d b@ositiorsthittsgeive theataiefipairalong the dhird entrcal P@Bﬂ@é@pﬂﬁ@@d; thgtitbugh

not 5 preferred, that the first lens 120 may be positioned al ong the second
optical pat h rdiftr 126Bneaid beeliminated] &nsddi@dh, was foktize cpoteitplaad dithough daaw
the wavefront to pass along the second optical path 124B, the first

reflectorgl2 t

second Ie%seg"?é fg@éﬁég%ﬁ%ghgﬂ&gelggy ; %ebgifﬁgﬁéh %Bﬁ% Eﬁgkbgﬁ%(gtﬁmw ﬁl& 1%E)Bg'usi ng
a wavef r out ce bet n the two 1 nses 1 d 122

i s adj ust ed \Jﬁiui“‘i‘?cﬁﬂ? ﬁfsﬁil ﬂgBﬁ%ﬁl g?@ﬁ% (E}eeﬁ'é‘f?%%ﬁt? RS g %nses
120 and 122. This is done by chang}ﬁng t he di stance between the reflector 128
and the ot hesegoafllopétdmath P58, dheiimspaBedior hieh conlddefebiousatednpensat i on

device 102 along the second and third optical paths 124B and 124C. By

changi ng the di st angeeerblatBile teeirkiehieedond 14:28s a0l abd e2Dhheepdrafel 80kor s
126A and 126B, the optical distance 15 along which a wavefront nust travel

petheen he RUBARIRRid0: ApdyldRyoRTiele b ok, SRR s s co
128 and the e | READ o e RS GA N ARSI ESaA ¥ saan SRR AR
optical lenses 120 and 122. This is done by changing the distance between the reflector 128
and the other reflectors 126 A and 126B within the defocus compensation device 102
along the second and third optical paths 1248 and 124C. By changing the distance
between the reflector 128 and the other reflectors 126 A and 126B, the optical distance
15 along which a wavefront nrust travel between the two lenses 120 and 122 is changed
without changing the physical distance between the lenses 120 and 122. Further, due to
the reflection by reflector 128, a incremental changes in the distance between the
reflector 128 and the other reflectors 126 A and 126B results in a change in the optical
distance between the Jenses 120 and 122 which is twice the incremental chenge. The
20  optical distance changes by twice the incremental change since changing the distance
between the reflector 128 and the first and second reflectors 126A and 1268 will result
in an incremental change in the second optical path 124B and an incremental change in

the third optical path. This permits a greater defocus compensation range for the lenses

120, 122 in a limited area.



di stance between the | enses 120 and 122 which is twi ce the increnental
change. The 20 optical distance changes by tw ce the increnmentdl(chamoe
since chanrghng,kfigg di stance between the reflector 128 and ' nd
second reflgct ors 126A and 126B will result, in an incr erren?g?/%shg%é@i n the
second optical path 124B and an i ncrenent a]I change in the third optical

path. This p_ermtSl"h%r@ﬂ@cﬁb@m&jﬁf})@ﬁéﬁbmﬂ@w@ﬁtwmwsﬁﬁﬂ%ﬂiHothEtQ:o efas 120,
122 in a limted area. WO 02/087428 13 27 CCT 2005 PCT/ US02/ 13420 The

reflector 128 i r j r t ts
in the def ocﬁlélt%odr%f%gcfrlllgactl e eé:ﬁ?gjﬂﬁgg’o% pieéér:éﬂ}&g#rl ltggtA o%ﬁfg%gq?g}gﬂg}g or 1268,
| ens 120, and_lens 122) .to change the. |engths of . K sone of the optical paths.
hl an al t er n@0fl¢@s Igdhiosheest %ﬁﬂ%%gtése%wer ;&Fee‘é‘ﬂt&a?ﬁ‘ﬁhs-r bap #lieradty®i onary
whil e the other conponents in 5 the defocus conpensation device nove to
change t he opmbodimgntthe sergthsflectst I2fmampmesiBonpey sdtileahe Bth@r c@Aponents in
illustrates a wavefront pattern produced by an eye without an astignmatism
The concent riige gdfb&ls@onipidiARhRlevtaimdaao 8l &ioE T SiaaspAthgiiggual | y al ong
10 every axis. An eye wthout an astigmati smhas a single correction power
(e.g., defocus) for the entire eye, which can be corrected wth a |ens

havi ng a single defocus correction power. FIG 8B illustrates a wavefront
pattern produced by an eye with an astigmatism The concentric ovals
i ndi cate that i ght more rapidly along one axis, 15 e.g.,

the X axis and less rapidly along another axis, e.g., along the Y axis. In
an eye wth an astiGgRatillastatésheweydrdnapatess pradduedd tyy smeygewkos,anwi t h an
astignmati sm power representing the difference between the two powers. For
descriptive pUiRRsaRs) THEcddcBRiric circles indicate that the eye converges light equally along
10 every axis. An eye without an astigmatism has a single correction power (e.g., defocus)
for the entire eye, which can be corrected with a lens having a single defocus correction
power.
FIG. 8B illustrates a wavefront pattern produced by an eye with an astigmatism.
The concentric ovals indicate that the eye converges light more rapidly along one axis,
15 e.g.,the X axis and less rapidly along another axis, €.g., along the Y axis. In an eye
with an astigmatism, the eye has essentially two powers, with an astigmatism power
representing the difference between the two powers. For descriptive purposes, the line
between the two powers will be referred to as the bisector position 146. The bisector
position 146 lies midway between the two powers of the eye.
20 FIG. 9 depicts a preferred astigmatism compensation device 104 for
compensating for astigmatism in a wavefront 10 (FIG. 6). The astigmatism
compensation device 104 is used to transform an astigmatic wavefront (represented by

the concentric ovals of FIG. 8B) into a wavefront having a uniform power (represented

by the concentric circles of F1G. 8A). The astigmatism compensation device 104



between the two powers will be referred to as the bisector position 146. The
bi sector position 146 lies m dway between the two powers ondté? yie- 20
Eef Sﬁg

FIG 9 depjct ef erred astigmati sm conpensati on device
conpensatiﬁgnﬁggmggtignatisn1in a wavefro 10 (FIG 6). Th Kt sm
conpensation device 104 is used to transf ofm an astigmati c wavefront

(represent ed jRymlbes SARRERAINESS @Xéﬁlﬂy%ﬁvﬁ? @ HirS&Ry1iha el Fendavier gita faidg a
uni form power (represented by the concentric circles of FIG 8A). The

14 i notudes. SRyRTaR T Ra P EREBLERoR oA sl L QP BTy e M0

and a second cylindrical |ens 140B rotatably nounted on a support 141 for
sel ectivel y de@oRESvavatyre Fom the vearelraptirla te dvstrded safiemmatisn comppnsaien
illustrated astigmati sm conpensation device 104, the cylindrical |ens 140A,

140B ar e r ot alealuleyl 0Odpthsicglindrivableas pAMA t 140Blarbyotatablyfrhowited oh atsbpgoribtiosy 142A
and a second rotation notor 142B, respectively, for orienting the first

cylindrical |ems: A494:80 of F‘@&%ﬁ@QQec%Yl_liir@ﬂfi&&ﬁ!otc%rﬂ@QB}?égﬁe{t eflkye to the

wavefront and to one anot By orienting the cylindrical lensés 140A, 140B
relative to the vefron 0.and.to a her he. ast i ti wi,thin the
wavet ront 16TEaEp S Seheste 1681908 e Fhyd ervERPERR: SA0B Baibido
having too nuch 10 curvature (e.qg., by diverging |light along the axis having
t 0o much cur Vh¢ weeglremdnd duerrpnothary By wrisnteg thegybmdricahlanaes 14806\ 11408 e

curvature (e.g., by converging light along the axis having too little

curvature). ThRtiastd geBdvsfitgdipadsaiohe insleat] tR atddm it vethithelveasiront
portion of astigmatismw thin the wavefront such that remaining astigmatism

wi thin the m@begaﬁ(r?f)"gtooﬁg%ga%ed%?ﬁyE%&ﬁﬁ??@%@{e\g@%{ﬁﬁﬁeﬁs ﬁﬁﬂﬁ? {oozrgu%h-r he

wavef ront sensor Yy e contigure remnal ng ‘astigmati sm

nore precgisely. The anount, of
P (iO c%rvatm‘e (e.g., !Ejny diverging light along the axis having too much curvature) and adding

curvature to regions having too little curvature (e.g., by converging light along the axis
having too little curvature).
The astigmatism compensation device 104 removes at least a portion of
astigmatism within the wavefront such that remaining astigmatism within the wavefront
15  is measurable by the wavefront sensor 26. The wavefront sensor may then be
configured to detect the remaining astigmatism more precisely. The amount of
astigmatism compensated for by the astigmatism compensation device 104 and the
astigmatism determined by the wavefront sensor 26 may then be combined by the
processor 27 to determine the aberrations of the eye 16 (FIG. 6) due to the total
20  astigmatism.
The first cylindrical lens 140A, in the illustrated embodiment, is a diverging
“cylindrical lens. Preferably, the diverging cylindrical lens is a plano-concave
cylindrical Jens (i.e., flat on one side and curved inward on the other, see FIG. 10A). A

plano-concave cylindrical lens diverges light along a curved axis, e.g., X* (FIG. 104),



astigmati sm conpensated for by the astigmati sm conpensation device 104 and
the astigmatismdetern ned by the wavefront sensor 26 may thef{bejigonbi ned
by the pry 7 to determ ne the aberrations of the ey 6) due
to the tot gﬁ%g@%gi gmatism The first cyljisndrical |ens 1402?1-?}@()5}13320
illustrated enbodinent,. is a diverging cylindrical lens. Preferably, the
di ver gi ng cyllienglryi alding ieose disergenpleamel dues cavaffect Vikhindongtilk otiesrsxisi e.g., Y f | at
on one side and curved inward on the other, see FIG 10A). A piano-concave
cylindrical ges jgihyereficdticOMaflongds 24EA TV RL138 knok @rvatdre A fe | ON)
Sy oat boos R NS THE Bust ottt Bls J4OAIYEGa 3 Y add: ngatar;rgrée mihe | gence,

and does not affect.]light al t.he other axis, e.g., Y FI G . The
first cylindfi&Hs qféh%%ﬂ l}?ggdghé‘gl 6 n?‘?erﬁﬂ}‘é'eéu‘?"%'a?]ﬁpéﬂ?er%rﬁxfst{giGr fons of
the wavefront 10 which are nore curved, e.g., along the X axis (FIG 8B).
Preferably, Prederabin thediat gedacstofitheplghenoncsncaveingegl lensiraceivies thengavefort ves
the wavefront 5 10 and the curved surface passes the wavefront 10. The
second cy}i ndp asékhd @nsedld®Ace passthde intadvebmtated enbodi ment, is a plano-
convex cylindrical lens (i.e., flat on one side and curved outward on the

ot her, see FIG i ana- | 4 | 1. ght al ong
one axis, e.g., Xﬂ?é?(zg%d%u l‘fff&?%\é‘rggﬁgx’a Qﬂ%gﬁ%ﬁéﬁgg‘ﬁ%&g{ﬁ%ﬁ%&%@ does
not affect light alqng the other_axis, 10 e.q., Y' (FIG. 10B). The

bl ano- convex e TRPETal 1RY Celliel dnegHle ARIcuRTeS LHBEY oFifis hien see FIS.
converge along the curved axis. The second cylindrical |lens 140E is used to
add curvat ur @Bp Alpdanceginves cylindricel lsayefnverges ightwlonthorsr axis, ess, XU (HEd,

e.g., along the Y axis (FIG 8B). Preferably, the curved surface of the

pi ano- concaveoR), thételhy £iling IBRScONSERIENES ahd 8oyt hiertlighPaieng M ahéd Als,
surface passes the wavefront 10. 15 The rotation notors 142A 7 142B are

oper abl Y1&sS 9%‘, air"e&*‘I@: M}B)t hﬁlecﬁﬂiﬂorlggdv%@cylindrical lens caunses light which passes

through it to converge along the curved axis. The second cylindrical lens 140B is used
to add curvatu_re to the regions of the wavefront 10 which are less curved, e.g., along
the Y axis (FIG. 8B). Preferably, the curved surface of the plano-concave cylindrical
lens receives the wavefront 10 and the flat surface passes the wavefront 10.

15 The rotation motors 142A, 142B are operably associated with the cylindrical
lens 140A, 140B, respectively, for rotating its respective cylindrical lens 140A, 140B
about an optical axis 144 of the wavefront 10 (FIG. 6). Suitable rotation motors for use
with the present invention are readily available, with the selection of an appropriate
rotation motor and its connection to a cylindrical lens 140A. and 140B being apparent to

20  those skilled in the art.

By rotating the cylindrical lenses 140A, 140B with respect to the wavefront 10,
an astigmatism compensation position of the astigmatism compensation device 104 can

be aligned with the bisector position 146 (FIG. 8B) of the wavefront. The astigmatism



| ens 140A, 140B, respectively, for rotating its respective cylindrical |ens
140A, 140B about an optical axis 144 of the wavefront 10 (R 'GLT6)005 Suitabl e

rotation 8 use Wwth the present invention are reag' i lable,
with the ;@F)eézfols%%of an appropriate rotation notor and it tl@%@ﬁﬁ%@##@n to a

cylindrical |lens 140A and 140B bei ng apparent to 20 those skilled in the

art. By rot atconghehfigios pokitidhiLak poeifise snid@ P beth4BBthd flh akksdeled filsp t he
wavefront 10, an astigmati sm conpensation position of the astigmatism

conpensati on NG Nx7» ' . W [ I itliop: 146 (FI G
58 of t he vavoheia g S8NY R ahe B0 eshe SO Bal VRO S P bR s T

PCT/ uS02/ 13420 16 ,_conpensation position is the position m (E@é th ween t he
flat axis of the fii&ts lg@ﬁwwpmeamsap%ewala??terta&ﬁa%w £alARISES of t he

second cylindrical lens, e.g., Y'. The astigmatism conpensation power is set
by rotating tlH&AgYH#OBvithombpdckiosms andihen, THedBB gmiatibm rcenpendation power @not her .
The astigmati sm conpensation power is 5 greatest when the flat axes of the

cylindrical lens@swidlhe ﬂé’c‘%ﬁg@éﬁh@@*@ﬁ]ﬁ@ﬂ%ﬁs@ﬁ 1404, OB aRQJchRhdRAMr keast
when the flat” axes of the cylindrical |enses 140A, 140B aré ‘'parallel to one

another. If t indrical l.ens,. 140A, 1 have he f __opposite
sign, the cylolgﬁ rlgllgg gqrdelﬁg%glhfﬂg%ﬁ%fﬁﬁg QA&OIF? Cﬁg%/dg%ﬁ%l%gﬁege@@wg%@}%gemvefront
10 when the flat axes of the cylindrical |lenses are parallel. 10 In use, the
asti gmat i sm Perdehioenothsyi Hdhagdingrical fensi 1404s A8 davemstshipdapversodcei ves
the wavefront 10 along an optical axis 144. The wavefront 10 passes through
the first cyloppdsiiecsagn, tlensylihdfidaldarged hed 5 dd0Bdvithilavadoiatiatt dreths widOBont
Initially, both of the flat axes of the cylindrical |enses 140A, 140B are

al i gned w th1bhenddl (58 8hOLxeR 88 el QndddhP 1Rbest REpYAYEL ront by their respective
rotation notors 142A, 142B. The flat axis are “15 aligned wi th one anot her

S0 as. nojyto add %Xﬁsgﬁﬁé aclsqgig%riaﬁggn%% p%gssa%E)1i1 ik lbﬁ' 5f the illustrated embodirment
receives the wavefront 10 along an optical axis 144. The wavefront 10 passes through
the first cylindrical lens 140A and the second cylindrical lens 140B. Initially, both of
the flat axes of the cylindrical lenses 140A, 140B are aligned with the bisector position
146 of the wavefront by their respective rotation motors 142A, 142B. The flat axis are

15  aligned with one another so as not to add any astigmatism compensation to the
wavefront 10. The motors 142A, 142B then rotate the flat axis of the cylindrical lenses
140A, 140B an equal amount in opposite directions from the bisector position 146 to
add astigmatism compensation to the wavefront 10. The astigmatism compensation
position and the astigmatism compensation power will be factored into the

20  determination of aberrations of the wavefront 10 by the processor 27 of the wavefront
compensation device 100.

As an illustrative example, if the bisector position 146 is at 45 degrees (FIG.
8B), the flat axes of the cylindrical lenses 1404, 140B (i.e, Y~ in the plano-concave

lens 140A depicted in FIG. 10A and Y” in the plano-convex lens 140B depicted in FIG.



wavefront 10. The notors 142A, 142B then rotate the flat axis of the
cylindrical lenses 140A, 140B an equal anount in opposite di7r7q§ti s from
the bisector position 146 to add astigmati smconpensation to 't g vef r ont
10. The as‘gpdﬁfﬂﬂ“é% conpensation position_and the astignat F§MHE8HH¥ASat i on
power wll be factored into the 20 deter nildati on of aberrations of the

wavef ront 10 6i) LBRINSAGASARSscld £ adollts WY Ph0 B FIGPLHIRRGRLT 1A, IR e 100,

As an illustrative exanp the bi"sector position 14 at 45 degrees

(FIG 8B), the,flat ax t he cyl.indrical l.enses 140 40B (j.e, . Y: in
t he pl ano- coﬁvcf’éf%)%be Toéﬂggiﬁggkd%ﬁ?sc%‘gd&? ??C%‘F‘ifyl}n%%&a]a]ﬁﬂs @101%1 P?’Qﬂll'p(ebe rotated

pi ano-convex | ens 140B depicted in FIG N CT 2005 WO 02/087428

PCT/ US02/ 1342930 dgreesiv)addmgligingiésm pormpensitions efo add %6 rgegmaasagdigthatisthen, t he
first cylindrical Iens 140A would be rotated to 60 degrees and the second

cylindrical kemnpgedsafiBn wothlebraent ©ladipis] thet frsBOy1ddeiceiciens D@ oasd banvadtéds m
conpensation. To add the nmaxi mum astigmati sm conpensation in the present

nsati on. - he m |
and The stooktbgreeah b Edion FRadN-AP ok AR AP TReT i e SR,
the fl at the first d d [ ical | 140A and 140B | d
be. per pendl SR e Sh1be ARBEASCcoRO Y RIHISL BtV OLALE Yon8 ot osont

invention has been described in terms of measuring wavefrom aberrations
i ntroduced bycpendicwlar @yene ddothever, it will be 10 readily apparent to those
skilled in the art that the present invention can be used to neasure

aberrations creat gdr QusBhhied p@pbicsathe pHSER Myerfiofl haS¥ 84 &E6HBed hebaRGIPES,
bi nocul ars, nonocul ars, contact |enses, non-human eyes, or conbi nation of

these syste %ﬁasﬂgivgi xggvetﬁtwl? algjeq'Pa(firohp El%'oauée%\%}paaﬂ&rhgly \L,)?er ﬁg@é)%r,”i? G}iﬁ bé f the

i nvention, variou

10 readily apparent to those skilled in the art that the present invention can be used to
measure aberrations created by other optical systems, e.g. eyeglasses, telescopes,
binoculars, monoculars, contact lenses, non-human eyes, or combination of these
systems.

Having thus described a few particular embodiments of the invention, various

15  alterations, modifications, and improvements will readily occur to those skilled in the
art. For example, in alternative embodiments: the first cylindrical lens 140A is a
converging lens and the second cylindrical lens 140B is a diverging lens; the flat
surfaces of the plano-concave/convex lenses are facing one another; additional lens are
used to fine tune the astigmatism compensation; the lenses are oriented relative to one

20  another first and, then, the lenses are oriented relative to the wavefront 10; and the
lenses are oriented relative to themselves and relative to one another substantially
simultaneously. Such alterations, modifications and improvements as are made
obvious by this disclosure are intended to be part of this description though not

expressly stated herein, and are intended o be within the spirit and scope of the



15 alterations, nodifications, and inprovenents will readily occur to those
skilled in the art. For exanple, in alternative enbodinents: the first
cylindrical lens 140A is a converging lens and the second cyl ZAdiiigads | ens
140B is a Q%ygggbggilens; the flat surfaces of the plano-congayve ggﬂMﬁE
| enses are facing one another; additional H%ns are wused to fine tune the -
-astigmati sm conpensation; the lenses are oriented relative to one 20 anot her
first and, thgRentifie henses- enofdrentieddsebatibye 4 ourtq?@f %I)T@%ﬂ}g%@& nand
the lenses are oriented relative to theéensel ves anJ rel ati ve to one anot her
I cations_and

substantial l'y.. simultaneously.. Such alterations,. npdifice <

i mproovenent s A ERE t@%gne%%%?gjénﬁv??Wng8F@%ﬂ%@gﬁ%ﬂgkgdPﬁf%ﬁHE&mgo be part
of this description though not expressly stated herein, and are intended to
be within theegpialentsdidetscope of the \% O 02/ 087428 ib 27 CCT 2005

PCT/ US02/ 13420 invention. Accordingly, the foregoing description is by way
of exanple only, and not I|imting. The invention is |[imted only as defined
inthe following clainms and equivalents thereto. 19 27 HT 2005 Wat is
claimed is: 1. In an ophthal mc system for neasuring eye aberrati ons having
first and second optical |enses separated by a physical distance for
focusing a wavefront, a nethod of adjusting the optical distance between
the two | enses wi thout changing the physical distance between the two

| enses, the nethod conprising the follow ng: (a) passing the wavefront
through the first optical lens in a first optical path; (b) reflecting the
wavefront fromsaid first optical path to a second optical path different
fromsaid first optical path;



(c) reflecting the wavefront to a third optical path different fromsaid
first and second optical paths; and (d) passing the wavefront thro ?rﬂpt?ﬁ]
second optical lens, and (e) reflectingthe wavefront to a fourth OE 5
path, said step being performed after step (c) and before step (d), wherein
said first optical path and said fourth optical path are substantially

col | i near Whekistkpsed) and (e) are performed by a single reflector device.
2. The nethod of claiml| wherein said single reflector device is a prism 3.
The nethod of claim2 wherein said second and third optical paths are a

substantial |y sar ohtfehicdyabATsmeAui AR, ORRIARLA Ko YSHAMNA! clai m 1,

further including a nethod fof correcting "astigmatism the astigmatism
corr ect i orseamtdmpticgldamaes semagated iy a phisssiahdistahee fmxf@xfusmlgta winediogh aa

i nd I first d | indrical .| ;
of i enti ng THSEH! FHUTTEM Palfel SabiDveths Fralrere HETT Shehs e
conpensat ';91'931951&115&&@ Hefvdelthd % Whid, thbecPioiR® Ewgf H%Sthé 'fdl[bvﬂfl%t he
wavefront; and (3) orienting the first and second cylindrical Tenses

relative to one(a)amsmhglthqwaveémnuwoughéhaﬁmt gpiagal tams compiesi opticd pahower  of

said cylindric ns.as t ti,sm,correction t hod of

o ai m 4 wher of qoMeRRIE EE FY e b i i AP B G S R 505 6.
I n an ophtdigkiehClr&y ShiaMrQptide! .ing eye aberratons having first and
second optical |enses segarate by a physical distance for focusing a

wavefront, a rfé) Ie8gctats thelrageliony te néhl ntical paifh ditferes fiom s Hirgt i
| enses wi t t physi cal di stance between the two | enses, the
nmet hod conp S I%Qﬁjeﬂgowow ng:

(d) passing the wavefront through the second optical lens, and

(e) reflecting the wavefront to a fourth optical path, said step being performed
after step (c) and before step (d),

wherein said first optical path and said fourth optical path are substantially

collinear and steps (b) and (¢) are performed by a single reflector device.
2. The method of claim 1 wherein said single reflector device is a prism.

3. The method of claim 2 wherein said second and third optical paths are a

substantially same physical distance.

4. The ophthalmic system of claim 1, further including a method for correcting
astigmatism, the astigmatism correction method comprising:

(1) passing the wavefront through a cylindrical lens assembly having first and
second cylindrical lens;

(2) orienting the cylindrical lens assembly such that the astigmatism
compensation position is in-line with the bisector position of the wavefront; and

(3) orienting the first and second cylindrical lenses relative to one another to

adjust the astigmatism compensation power of said cylindrical lens assembly.

5. The astigmatism correction method of claim 4 wherein steps 2 and 3 are

performed separately.



(a) passing the wavefront through the first optical lens in a first optical
path; (b) reflecting the wavefront fromsaid first optical path tozpﬁﬁ]e%?d
eptical path different fromsaid firsggoptical path; (c) reflecting the
wavefront to a third optical path different fromsaid first and second
optical paths; and (d) passing the wavefront through the second optical |ens
wher ei n step () aadoglitbgmic jysame fqyendasuneeyenbarratbnghaingefitseendr devi ce and
wherein the

ysi.cal distances, of the.second apd _third optical paths are
ad] ust abl ST ORHRENEISS psheraird & L BISRLISRBES O OTRBEAEBIEHORNA ¢ hi r d
optical pahbfio@bLadelitingiRDbRIAYdistARYE BiGwed tle Bl & WnBes’ WithAf CRAngiRVhee. 7. The
nmet hod of claim6 wherein said single reflector device is a retroreflector.

8. A met hathysiozl dissanseibetyvesnttheyivet lessess tho methodeopafprising the fellovapgt hal i ¢

system for measuying eye aberratjons he et hod, conpri.sing,.t he foll ow ng:
(a) passing thz(alr,&%?gfiﬁﬁl?ﬁ“’?‘ﬁﬁc?&} h‘l u%’)}f‘? ﬁfﬁt PBtéﬁa?ieé'ﬁg}P 3§§Séﬁgp‘§/aqipﬁ udi ng a
first cyli ndrid(ﬁ)iireﬂle@tﬂﬁg tAaWakefréntfftdns baidXirst opiichl pagae Andesind dpiidhl gadtl | ens

havi ng a second axis;_ é(b) orienting said first axis of said first
cyl i ndri califf¢renisfrem gaiddiret apdiealmptlixi s of sai d second cylindrical |ens such

that an astig | ' bt ] e [ LGal assenbl y
isin-line w fﬁ%j{ﬁ@%@ﬁ@ﬁ?%@%@%@ﬁigﬁlifﬂaéﬁa}a@ag# ?gﬁe? ‘fyl{tang{ %@?ﬁéér‘?‘ﬁ‘?ﬁi ng said
first and sses@ruptieyl gartdt gl | enses rel ative to one another to adjust the
astigmati sm conpensati on power of said cylindrical |ens assenbly. 9. The

met hod of cl ai iBPAREEsheWaToRt tsgughihe peopnd PBlGRhHESsubst ant i al | y
si mul t aneousl y. : | rewn st c) are done
separately. 11.anhqeem-r%§ ﬁ@ﬁﬂ(}?ﬂﬁ@ %e?gm\gﬁjel%ﬁﬁg@ §% r%ﬂ?délls)ae g(%ceimgef ore step
(c). 21  wherein the physical distances of the second and third optical paths are adjustable and

wherein the physical distances of the second and third optical paths are adjustable by

moving said single reflector device.

7. The method of claim 6 wherein said single reflector device is a

retroreflector.

8. A method for removing astigmatism from a wavefront in an ophthalmic
system for measuring eye aberrations, the method comprising the following:

(a) passing the wavefront through a cylindrical lens assembly including a first
cylindrical lens having a first axis and a second cylindrical lens having a second axis;

(b) orienting said first axis of said first cylindrical lens and said second axis of
said second cylindrical lens such that an astigmatism compensation position of said
cylindrical lens assembly is in-line with a bisector position of the wavefront; and

(c) orienting said first and second cylindrical lenses relative to one another to

adjust the astigmatism compensation power of said cylindrical lens assembly.

9. The method of claim 8 wherein steps (b) and (c¢) are done substantially

simultaneously.
10. The method of claim 8 wherein steps (b) and (c) are done separately.

11. The method of claim 10 wherein step (b) is done before step (c).



12. The nmethod of claim 10 wherein step (c) is done before step (b). 27 OCT
2005 13. In an ophthal mc systemfor neasuring eye aberrations having first
and second optical |enses separated by a physical distance for focﬁ%ﬂth@S
wavefront, an apparatus for adjusting the optical distance between the two
| enses wi thout changing the physical distance between the two | enses, the

apparatus conprising: a first reflector positioned to reflect the wavefront
received fromthe first lens. alaong a first optlcalwgath to._a second optical

path, said secorfd TBpiictiad Yalamyd werreigistpdeieiidons BrPeeater r st opti cal

path; a second reflector positioned to reflect the wavefront fromsaid
second optical path to a third optical path, said third optical path being
di fferent from Salmarf optshalmitdsyssat fontheaptringsye pbérhaionahaving dirstahd ect or

positioned to ref.le t the vvangront fro Saldfg i.rd optical 1:[f)ath to a
fourth optSeAd plicH Wﬁeéﬁepﬁgg @?H‘Pﬁl‘f@ dislRacsog RSB ¥aYeoBh &M and wher ei n

said firSt,aRbicdbr ag?ﬁs@mg%’e Sl (ix@t'alﬁée*'be@\%énctﬁé t@@ﬁeﬂs&rvﬁlﬂ%ﬁ@éﬁé}&iﬂga' ly

col |l i near and a singlte reflector device conprises at |least saidTTirst
refl ect or thophwaiatidistaheg bktweéd thettwp lenkds, thﬁwpalpparcampslsmg cl ai m 13 wherein

id singl t d f 13
\?\ﬂ Ier eiS In nga?d r g&tgrﬁbr%bgqtsglggsgqér%gﬁ%quLegt?ha Wa?’%fir‘?rﬁ r %‘T%P (rqta%qm ﬂ%6f rcll'%lg mappar at us
of ¢l al m L5 Hhenai G fuih & § Scahl 8GN pieh, AiCATBRA GRA pifbelipe appar at us

of claim 13, wherein said second and third optical pat hs are substantially
a sane phyhff@t’aht fiors tsaiddwst ap@icallragh;net hod of cl aim 17 wherein the physi cal

IR N I R T X 1 SR L
path to a third optical path, said third optical path being different from said first and
second optical paths;
a third reflector positioned to reflect the wavefront from said third optical path
to a fourth optical path which passes through the second optical lens
and wherein said first optical path and said fourth optical path are substantially
collinear and a single reflector device comprises at least said first reflector and said

third refloctor.
14. The apparatus of claim 13 wherein said single reflector device is a prism.

15. The apparatus of claim 13 wherein said second reflector comprises a

retroreflector.
16. The apparatus of claim 15 wherein said retroreflector is a comer cube.

17. The apparatus of claim 13, wherein said second and third optical paths are

substantially a same physical distance.

18. The method of claim 17 wherein the physical distances of the second and

third optical paths are adjustable.

19. The apparatus of claim 18 wherein the physical distances of the second

and third optical paths is adjustable by moving said reflector.



and third optical paths is adjustable by noving said reflector. 22 20. The
ophthal m c system of claim 13, further including an apparatus for

correcting astigmatism the astigmatisyp correction apparatus conprigi ﬂﬁ 20t
first cylindrical lens positioned within the path of the wavefront for
introducing a first cylindrical refraction to the wavefront; a second
cylindrical lens positioned within the path of the Wavefront for

i ntroducing a frac e .wavefront; said first and

cond cyl|i.ndrical
second cylindri a?ﬂ? %‘éh%‘%ﬁﬁﬂ%o 613"6% #f‘é‘%‘%ﬂﬂ’ udigg 3p;PRATeYS {e  wavef r ont
and rel at ic\sefe@tﬁlg]oagﬁgﬁaﬁgmhe aﬁfg%dt\ﬂaﬁr&hecﬁ&ﬁapgﬁfak&%}ﬂ fgenpensation of

sai d adj ustabl e ns assembly is determ ned the ori ent ation of said
first cylindri ceirst ahiodaea 1@&|F@$k§l@0@hﬁlthlyllthﬁﬂrﬂh@élﬂhe wavefronefaat i ve to the

wavefront . nd to 0 sm correction apparatus of
claim20 ?cﬁl«?fngca %E?ygﬁnﬁacal rgf%?ﬁnf)gtoﬁ}? %ﬁ% Yot or operably coupled to
said first cylin@eémidylinghal @i positieAéd Wihnahélpdth b theGyAveh@hi fl | ens
relative to the wavefront; and a second rotation notor operably coupled to

sai d secondireducingay segend ¢)éW§1’1¢Qirfefr@|thémthﬁgv%’afraﬂtsecond cylindrical lens
relative to the wayef n%'l:te ond cylmcrl]n(gﬁ]tle?lgp %n%ci:tost}' ?aitabIQFelﬁ%a%'%l'hng eye

aberration, an appar at us correctl ng as mat 1 S a wavefr sai d

appar at us m@ﬁbmsdnﬂgdaavé U@{e aglhendnical |ens positioned within the path of
the wavefront for introducing a first cylindrical refraction to the

wavef ront; a sedisiindy sshHamptem cpmnenspbien of witberliugtetne iensinesepiihisof t he
wavef ront dePe 1ﬂeﬁtbgqgé18ﬁ&%}gatg)r Isog‘é‘sﬁﬁ%&yd 1H$ﬁéa‘f§éna ﬁ& E%ﬁtsé&'ﬁdt guﬁ&hecaiﬂ’a"ef ront,

said first sec Iens S nbun ot a relatlveto
t he \Naveflélfsrrélaaﬂdtd’tﬁé atawyieoﬂtmnameomtohwr., and

21. The astigmatism correction apparatus of claim 20 further comprising:

a first rotation motor operably coupled to said first cylindrical lens for
orienting said first cylindrical lens relative to the wavefront; and

a second rotation motor operably coupled to said second cylindrical lens for

orienting said second cylindrical lens relative to the wavefront.

22. In an ophthalmic system for measuring eye aberration, an apparatus for
correcting astigmatism in a wavefront, said apparatus comprising:

a first cylindrical lens positioned within the path of the wavefront for
introducing a first cylindrical refraction to the wavefront;

a second cylindrical lens positioned within the path of the wavefront for
introducing a second cylindrical refraction to the wavefront;

said first and second cylindrical lenses mounted to be rotatable relative to the
wavefront and relative to onec another; and

wherein the astigmatism compensation of said adjustable lens assembly is
determined by the orientation of said first cylindrical lens and said second cylindrical

lens relative to the wavefront and to one another.

23. The apparatus of claim 22 further comprising:
a first rotation motor operably coupled to said first cylindrical lens for

orienting said first cylindrical lens relative to the wavefront, and



wherein the astigmati sm conpensation of said adjustable I ens assenbly is
determ ned by the orientation of said first cylindrical |ens and said second
cylindrical lens relative to the wavefyont and to one anot her. Zg 'Egg
apparatus of claim22 further conprising: a first rotation notor Lé W§
coupled to said first cylindrical lens for orienting said first cylindrical
l ens relative to the wavefront; and 27 CCT 2005 23 27 CCT 2005 a second
rotation notor operably coupled to said second cylindrical |ens for
orienting said aseaWdotyion mpiprencratinsoupdaddpisgid seerndirylindsient lamstfor 24, The
appar at us gf, Eﬁéaﬂa Ze%o}@@‘éﬂ@ld?m&ﬂ@n! ﬂefa%&e?&’{ he Wi L& | €ns and the second
cyllndr|c§1 & are orie Phounison.w th respect to the wavefront such
that the astigmatism conpensation p03|t|on of the apparatus can be brought
in-line with the _bisector position in the wavefront. The appar.at us of

cl ai m 23 wher eidt Theamnarays ehqlaigysd whereindhg ﬁafﬁaylﬂrﬁiéwgb@eﬁepd e iseepadi cal | ens
are of | entegflndiilaflchy Gre RieRRY iANARBE Wik YEDeLBnd By RALIAIRuGhe aStT gMatism

correction cancer out astigmatismin ﬁ% vvave
astigmatism compensation position of the apparatus can be brought in-line with the

bisector position in the wavefront.

25. The apparatus of claim 23 wherein the first cylindrical lens and the second
cylindrical lens are oriented relative to one another such that the magnitude of

astigmatism correction cancels out astigmatism in the wavefront.



