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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 images 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 (i.e., samples) of the wavefront, the

25  aberrations introduced by the eye can be determined and corrected.



25 aberrations introduced by the eye can be determ ned and corrected. WO
02/ 087428 PCT/ US02/ 13420 2 A general illustration of the generation of a
wavefrontwoessmehn in FIG 1. FIG 1 is a schematic vi ewpofl/tsomessed ront 10
generated by reflecting a | aser beam 12 off of the retina 14 of an eye 16.
The | aser beam 12 focuses to a small spot 18 on the retina 14. The retina
14, acting as a diffuse reflector, reflegts the | aser beam 12, resulting in
5 the point source wavefront 10. ldeally, the wavefront 10 woul d be
represented by a planar wavefront 20. However, aberrations introduced by

the eye 16 as the wavefront 10 passes out of the eye 16 result in_an
i mper f ect wavef r Srgenerabillustrationod thedgemgratipe of apavefiemds sheverindhe: boRIG The
wavefront 10 represents aberrations which lead to defocus, astigmatism

spheri cal abeys schemate vieonst,a wavafrohhEr ganerasglbyaveflectrg. a IMeadeam A9 offtofand
correcting these aberrations allow the eye 16 to approach its ful

potential, {he‘%?tinat Neof %iégiretlé. Phe MsGURAm 1050k ek @ slbBspot 18 Dndke retina

illustration of a prior t apparatus for measuring the wavefront 10 as
illustrated |n FIG. 1. By, nmeasuri L aberration rreciiyve nses can
be " pr oducelf M BHnE S EITE do Hrce i PeBR TERRY: Redsetap e " T
FIG 2, a laser 15 22 generates the |aser beam 12 which is routed to the
eye 16 By athsoaintspwice waveipont 16 Keallydbs waweirant 20 meuisberepissentakdvs t he
retina 14 of the eye 16. The retina 14 reflects the |light fromthe spot 18

to create aplapirntavefionc). vidvedveqrbertftionkinthodneedbetheapel 6 at e vevefront passes
t hrough the | ens and ot her conponents and materials within the eye 16. The

wavefront 1 &%@é& ARDFER dyBN6YANI A fh Idferf@DVavdh s IRAGRABYIRNS 13 to
focus the 20 vefront 10°so that the wavefront 10 is CO||IﬁB¥ed. The

vavelont 18 hen PARRERA L ALy ReoP FERpIR bBEufitn) Byl o
processed bgefgcu%,r gs%ﬁgfnsa?igm?th%gca? glggéartriiogse, ctopn%, grPdecEtilgrt iirrgguslar(i)tfies. Measuring
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. The retina 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.



t he wavefront 10. WO 02/087428 PCT/US02/13420 3 FIG 3 illustrates the
focusing of the wavefront 10 to produce a flat wavefront for projection
onto t he wewefsnpt sensor 26. |f the wavefront 10 cont ai n®CaivSe?/tH40@
light, the light rays which nake up the havefront 10 woul d continue to
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wavefront sensors 26 include either an aberroscope 28 (FIG 4) or a
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aberroscope 28 or the Hartman-Shack Sensor

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 li 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.



30. Cenerally, the imaging device 32 is a charge coupl ed devi ce (CCD)
canera. WD 02/087428 PCT/ US02/ 13420 4 The wavefront sensor 26 sanples the
wavef r ontwo®2log74ptassi ng t he wavefront 10 through t he aberPcagiSopes428 or t he
Har t man- Shack sensor 30, resulting in andarray of spots on the inaging

pl ane 34. Each spot on the inagi |.ane 34 repr nts a rtion. of.the
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determined 5 with greater accuracy. By conparing the array of spots
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aberr at i ons spéts badhciathetng pldie 3y Eath sparonbibe moagig Hane Fhrepxaams e poftioa
Har t man- Shack systemis described in U S. Patent Nunber 6,095,651 to
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devi ces, S oW salpicicriay daY coppariis e el Pt oradsied o teamiainkinh
sub-aperture size 38 in an aberroscope sensor (see FIG 4), and by the

| ensl et sub34perthewaveiontl Quithigefesrgr arrayat woisporrespondingfo fie wvediont ensor
(see FIG 5). In addition, large aberrations due to excessive defocus or
asti gmat i smoffray ideakeylef the abdredtbay atrodiodddgnmtbe exckiuran bercoampusddler r oscope
sensor, for exanple, when two or nore spots 42A, 42B, and 42C on the

i magi ng pl ane 34 QVSLEAR of 4 BEHERY. ShEANYRGML® d6LADAEINAN SPPhMREGABacent
sub-aperture spots. Simlarly, foldover™ occurs in Hartnman-Shack sensors

when two or I 0 A44A, 44B, .44 nd, 4 an i i NG Pl 34
overlap. Ty S@gr%sis% &@Hbﬁn}%e& ag’eéélitlglﬁgad‘?%?da é%?%ﬁé?seftogﬁl&%@%gn%sﬁ%%gﬁt of
defocus and astigmatis however, these systens are unable to handle
def ocus 18nd thsResghio fingl depagase fitadongutsh 21 E9§elsdasqrppratedisieimby or | ar ge
def ocus. ‘

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



Fol dover may result froma sub-aperture spacing 36, sub-aperture size 38,
or lenslet size 40 which is too small, a high degree of aberration (e.g.,
| ar ge defwouwg/osmdg or WO 02/ 087428 PCT/ US02/ 13420 5 asti gmatitesny/13400 a
conmbi nati on of these conditions. ance the sub-aperture spacing 36 and
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wi de range of aberrations havi ng of def oCus and/ or astigmati smvvlth a high
degree of asRatiehiegoliben and/eedygwicpnee NdSUMMIREA- OF THE | NVENTI ON The
present invention provides for a nmethod and apparatus of conpensating for
def ocus and ast i Ghatomsmints impeasdEfy tha hbdérorscoeandHatmapihdeilappashest em f or
measuring eye aberrations. By conpensating for at |east a portion of
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W th a high ﬂ% l’fIS Fuct(flcalért S¥ exﬂuggﬁil% ?&U&?gﬁ% of aé(f%&fsrgnd%%té%ﬁ%%ﬂ{' ng eye

aberrations secon ical™~1"enses "separ a physi cal

di stance for_f ocu5| ng a wavefront, t he pr senigr
10  These limitations prevent existing optical Systems from achieving their full potential.

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



invention includes a nethod of adjusting the optical distance between the
two | enses w thout changi ng the physical distance between the two | enses.
The met howowmbk/ostaes WO 02/ 087428 PCT/ US02/ 13420 6 present iPaTarsn?/ods20 ncl udes
passi ng a wavefront through a first optiéal lens in a first optical path,

reflecting the wavefront fromthe first _optical.path to a .second. optical
path, refl B@F?%@WHEOWL@FBH?SS% aawa(vtqfrplgt th{?(“ﬂ@&ﬁ{rbtaﬁﬂ%f’g]éﬁ?f IBé‘g:érFtng t he
wavefront through a second optical lens. In addition, the nmethod ma
i ncl ude r ef bplical pajhiieBectimgdhe waveftant o the first hpBgal pet to @@pwﬂm@ﬁaltp@{hag
reflected to the third optical path and before being passed through the

second opti ggdlecligihe whivefroiftb achirdostioal pathy antipasypid halwadefbmnb@ufies ween t he
first and second optical |enses, and therefore the defocus conpensation, to

be changed ok Mg RIdnS! tShdltih B@&ﬁé‘tﬁfﬁ 1(1:1%& ARG RSB GRe WARHAIRES -

Al so, the reflections allow incfenenta anges in certaln conponents to

result ip larger i.ncre al changes in 10 the i cal di.st.ance between the
enses, T he B RHFORAGAL baingarticiadds i otd poBEY PSR mpLRERT Pone P
perfornmed in a smaller physical area. Another nmethod of the present

i nvention i Hepughdbe peeosd apticel gy eficgntleations el the epjicpllistercs befvweses the senbl v
to renove astigmatismfromthe wavefront. The nethod includes passing the
wavef ront t firaghsedohd optical ldnsesgdandcthbreforatheaietboas sempardatiy, ittblé tieaakedl 5

| ens, orienting the first cylindrical |lens and the second cylindrical |ens

such that anith@ﬁt_tajltgﬂg\é %}E'Bh%’i%‘%ﬂé“t%cie RBtvRLS kitd 10fkeR! AR tfMkhifgiohs aﬁoai ens

assenbly is in-line a” bisector position of the wavefront, an
orienting the fir nd second.cylindrical |ens rel ative .to one.anot her
0o adj ust ¢ bR el it St r RS R SR et Byies e i ees o
conpensate for astigmatismin the wavefront. 20 An _apparatus_ of the present
i nventi b f e aplieal glisignce hetvegsnithelensgs sherabweaiqvans pdergenypnge Medrdacusnt

between a pair of |enses w thout changing the physical distance between
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 cylindrical

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



the lenses includes a first reflector positioned to reflect the wavefront
received froma first lens along a first optical path to a second optical
path, a swoonwdsmes | ector positioned to reflect the wavef Pomtushz/oand he
second optical path to a third optical path, and a third WO 02/ 087428
PCT/ US02/ 134 7 ref.lector posjtioned to.reflect th vefront fromthe
third opti cé‘?zi?eﬁ@(rﬁoflhoﬁe%ft8ﬁ?fﬁ)ﬁ?ﬂh8ﬂ Efvc‘?gf’mpfé?lﬂ t%tﬁgﬂ OBﬁgﬁgﬁ}tﬁﬁ%%}l a second
optical lens. An apparatus of the present invention for conpensating for
asti gmat i smoplieed paievhieh passestthiopeh agesandioptieddenSor introducing a first
cylindrical refraction to a 5 wavefront, a second cylindrical |ens for

i ntroduci ng a secdanppaishisndithe@bsene fnvantidmofor tenpdnsatingafoe hstigmhatisand a
support for rotatably nmounting the first and second cylindrical |enses,

the first aéqgcéé&gﬁqgstqghﬁ&%i feab fdrgRe&fchR B{@Hiﬁhﬁ@il_@eﬁfdﬁ_%hitd’@ to the

wavef r ont relativé to one another, whereby "an astigmatismw thin the

wavefront is ¢ ensate adj.ysting.the orientati of . the first
cylindri %al “faé(ﬁ@glﬁn%ls%cﬂlé gﬁ%@ﬂaéliiansc{?]?}nﬁir&g}lggg af%cr?éd(rgglﬂlgiqc\?gm 3Cttlchneto
wavefront and to one another. BRI EF DESCRI PTION OF THE DRAW NGS . Figure 1
is a schemathewarelwnhand 2 syrneuiderraigtably merating thefirsemdsse gindheal 1 et i na
of an eye; 15 Figure 2 is a schematic of a prior art apparatus for

measuri ng abesestheofinst andriecaduwnybdditigal Emsesyeingfottabde Rlatyedo sieheamefiiont of a
part of a prior art defocus conpensation device; Figure 4 is a schematic

of an aber r g§g aNRivens L& hidTher W BereBy @ RtighatisthtwitP el fefrohPls Measuri ng
aberrations; 20 Figure 5 is a schenmatic of a Hartman-Shack | enslet array

system for use TN.24 il e BPRALALY St £l TR ORI AP1AL GRS Bk!s8u

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 is a schematic of a Hartman-Shack lenslet array system for use in 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;



Figure 6 is a schematic of an apparatus for neasuring aberrations in a
wavefront introduced by an optical systemin accordance with the present
i nvent i orvowR08122987428 PCT/ US02/ 13420 8 Figure 7 is an PCITOs02/sd42we
schematic of a defocus conpensation devi® for renoving a defocus

conponent from a_wavefront. for use in the_a ratus of Fj.gure.6 Ln
acggrdance with £ F’%‘\f?) é%qgﬁtll@tmpg(ﬁ@fwat@ioéafge?%%s:égmgﬁnqah %g?vrl‘éet fo\]ie

depiction of a wavefront free of astigmatism 5 Figure 8B is an )
i |lustrati veenseying & idefeces campoastti fipra eiveavegorifipohte in thepppparadus of Fagure 6 in
illustrative schematic of an astigmati sm conpensati on device for renoving

asti gmat i smaecong@ie Rtithfthopresentawehntiant for use in the apparatus of Figure 6
in accordance with the present invention; Figure 1 OAis a perspective view

of & concave oyl il 8R1s hellfsk AiveBFicb Brh Bve A BeSPRl gt | o) and

Figure 10Bis a pective view o convex cylindrical lens tor use with

h i Nt i .DETAI LE .PTI O THE | NV ILON 15
TI Fusﬂg thi Inmlésntgtdrggpés?@Pé@rv%%h%aeﬁ?ﬁlwgﬁwﬁ $%ont measuri ng

apparatus 100 for neasuring the aberrations of an eye 16 in accordance with
the present i nvé&iguref is amillastgpsive sehemplie of e pstignatisarsorpensatiga devise &f by a
| aser 22 and directed by a beamsplitter 24 into the eye 16. The di aneter
of the beamrdRovisg sstinatisinr@mpbyentifroinnt niangfrérh domist ée theaihpaptus odFigure 6
conponents between the |aser 22 and the eye 16 on the 20 beam 12. A

vavefront 16, s&ofEhteaiRhtseal inkBigaye toward a wavefront sensor 26 for

measur enment of aberrations i1ntroduced to the wavefront 10 by the eye 16. |If

t he wavefront 101:%)11%%& rel a{l vel OI arc%e anount . of , def QcUS Ly 4o

s a .
1S a perspective vie ncave cylindrical fefis fof use W
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 Illustrated 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 a
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



astigmati sm portions of the wavefront 10 may not reach the wavefront
sensor 26 or nmaybe out of range for neasurenent by the wavefront sensor
26. Ther evoroe/o8tbe WO 02/ 087428 PCT/ US02/ 13420 9 wavef r oRCTAG0Y/ s34p@ssed
t hrough a novel defocus conpensation devi9ce 102 and through a novel

astigmati sm conpensat.i on deyice 104 t onpensat e f.or .rel afively | arge

ot ocue. | andveSRTg s Biscs bepeRt el AR PR A gERr M2 e topRet S

def ocus conpensati on device 102 adds a defocus conpensation conponent 5 to
t he wavef r ompvd @stigmatistheomsamisgfinat deiee d Bfrpreeryapansate denviclad valy dargeidefoeus
astigmati sm conpensati on conponent to the wavefront 10. Remai ni ng

aberrati ons ayi bétighdties, redpactiveBvithid thefvhesfrateiocus and astigmatism
conpensation, are then detected by the wavefront sensor 26. The processor

27 then determ n%@@@;ﬁ?@&ﬁg&&g@&m h62 a&@svae%%f,eéﬁs ck&fgﬁ%aggn 6mbbient

i nformati on obt ai ne omt vefront sensor t he ocus

comPenet | o, SRRRRSH ALSGT B el SEu ARERSRIR e R AR

conpensation device 104. By conpensating for defocus and astigmatism prior
t o neasur emspmpgnsatipecompansh wrihe wevefnnt 2¢, Remainjpg dfcrighensseitiynihe6 can be
configured to detect the remaining 15 aberrations nore precisely. In

addi tion, tRkewvegeai0paftertRasus andasigpariah esmpkation,alpd theh detdetbd@by thee Wi der
range of aberrations since defocus and astigmati sm aberrations, which were

previ ously %tveﬂénttsgﬁsgg\%&e&ﬁt?gfzocéﬁglsé’f {hen H8RARneAfIR HOTRRMSAFAL for by the

def ocus conpensati on ice 1 and the astignmati sm conpensati on device 104

det er m nat | QVGRoRD Past SEGF Filpafion 5P Efed T B urRRe! S Phetr csent
i nvention, the generation of the beam 12 and the wavefront 10,
1 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



and the determ nation of aberrations of the wavefront 10 by the processor
27 are known in the art. In addition, nodifications to processor 27 to
fact or i rwOhe/ngEbOCUS conpensation conmponent and the ast iPGRAISOEM420
conpensati on conponent in determ ning WI002/ 087428 PCT/ US02/ 13420 10 the

aberrations _of the wavefront 10 wll.he readily apparent .to th in the
art. The d@?@@ﬁ@atlf’ﬁﬁﬁgﬂ’gé’t’arv(‘?j&méw ‘é{gﬁegﬁ?ﬁ‘?lfys#%&% @ﬁg%ﬁei%ﬁheoq‘rgt ¥ present
invention are now described in nore detail. Defocus Conpensation 5 FIG 7
i |1 ust r at esdefopusafompensitide fod agigomtigaronpensatige of the pIeen| HVeREBAERMEE with
t he present invention. The defocus conpensation device 102 includes a first
and seconddéefbedlid@n@sdethl2 t o conpensate for defocus in a wavefront (a
wavefront containing defocus is represented by curved wavefront 10A) and

generate a ted wavefront (represented by flat wavefront |
oB) for rrea%f&ﬁyﬁo il wavefront sensor 26 (FIG 6). The defocus
conpensati on devi 2 renoves.at .least a ortion, of ocus wWthin the
wavef r 0?1{ such t hg:? %ﬂgsqag‘?‘ﬁsﬁ nefryed SF%&H%CWI%HF%“’H% Vlc\%&@ 2111? giwe maé“’e
measur abl e by the wavefront sensor 26. The wavefront sensor may_then be
confi gured wathdhe prssent inwenidori Hiatlploras sempenspiien davacs Rl ipcludese figbist of
def ocus conpensated for by the defocus conpensation device 102 and the
def ocus det sgcohd&gis 120 myd 12Petowanmknaind fos defbous iAG wanefibhefa wavefonti ned by
the processor 27 to determne the aberrations of the eye 16 (FIG 6) due

to the total,fdsheeURfocs Is rEslsdnfiihyldlval whldofel OUnd GRARaRIAld s devi ce

102 is a spherical” lens for focusi'ng the wavefront 10 (FIG 6). The

f i ' :
The | ons 126 RoteeL "eRE AN AepGored POt il eRR a oSBT 108 1o

a cross-over point : . .
wavefront sensor 26 (FIG. 6). The defocus compensation device 102 removes at least a

O

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 lens 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.



A first reflector 126A reflects the wavefront 10 fromthe first optical
path 124A to a second optical path 124B which is different fromthe first
optical papDh2ag428 In the preferred enbodi nent, the firstPcrafShrci4er 126A
is a surface of a prism126. Qther reflekltors may be used, such as a
mrror. WO 02/087428 PCT/USO 3420 1 A seco reflector 128, reflects the
wavefront 10 to & TRPIGFCOREP. rﬁéf’cﬁs %ﬁ@“&ﬁ’i“gﬂ’ tlosatgﬁf%f’g?céa%?gprlg%bt he
first optical path 124A and the second optical path 124B. The second
reflector 1wichgs gifésrent figmythg firdoptiead prict2dA andihe sscend eptigal pethde4Ban

incom ng beam such as the wavefront on the second optical path 124B wl |

be refl ect eThpascahdl edflcctor 528 tsyetierabist a tetrotdfleciopphsi tegrortifieetor, ianninafming
propagation (e.g., optical path 124C), regardl ess of the orientation of

the wavefropiypl Quéﬂbats hnd §sRaoht éﬂ)fhfef%@ccfnﬂwpﬁﬁﬁfﬂaﬁpiﬂﬂ} will e Fe@lkétod BhhBOLOT

may be a corner cube or other we known retroreflector. An alternative
enbodi nent . i,ncl.ude a .por.ro.reflector .or at | flectjve

cur faces FURIEQUTS I ShpReR BER kLot Roh SRR s R RALo T AICE R B ot e
surface 128A, e.g., a mrror, for reflecting 10 the wavefront 10 on the
second opt i Bwlorisatation of freayaypgorin O witlerasaest g% he gpirarefigetqyatine r%%ﬁ%?’f%r
second reflective surface 128B, e.g., another mrror. The second reflective
surface 128Balyhen coefdr eghesortotier malidfnoontretrecfectad A atgnitive emttodmmedi at e
optical path along the third optical path 124C. In a preferred enbodi nent,

the second gpbiicahddAbdiro AGRPAht 18t & fefle@RbistFhceRakBr dbftfpld g

substantial 'y the sane physical distance. 15 In the illustrated enmbodi nent,

the third ref] ect 126B refl e he. wavefro fro t ki i cal
Dath 1oac § BsEREIPs ARS e AT TRGINEAL O ea IO R blifor AL FencBhl 2
the fourth optical path 124D are preferably substantially colinear as
shown. 1QHer Bie waietiopt ]f(HOIF@PIS%“(S’PGPP@Q@éB%th%grm apsnterediate @ticalgath of t he

prism 126 formng the first reflector 126A. Alternatively, the reflector
126A and r efdvexrd asechddBefiretide suzfacbd@28B, e.g., another mirror. The 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
124A 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. Alternatively, 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.



20 surfaces of the sane device, e.g., prism 126, but naybe separate
reflective surfaces. The second |lens 122 is positioned along the fourth
opti cal paDh2A02A4BR3 t hr ough which passes the wavefront 10. PCi/ushy140€ca
poi nt of the second lens 122 is the sanelas the cross-over point 125, a

def ocus conpensated wavef OB will ed 02/ 0874

PCT/ US02/ 13420 1bis F?ntﬁglpi%{ é?lﬁ‘bfr%bé'at Pf&ipeﬁ‘?gu% H%Stsecﬁ\/\g#@sr 22 t he
second lens 122 naybe positioned along the third optical path 124C. Si nce
t he second Ipesitionebalougithe thied opiss] pétlo he4C.t Since i seeondrensnRPefewddbeal ong t he
third optical path 124C, directly, the third reflector 126B coul d be

el i m nat ed. pbéitiaekd toiredbivd the insivEfidiit AR CNtherdRbeat £ athed 240 ditbetROtheShird
preferred, that the first lens 120 nay be positioned al ong the second

opti cal_pat D@ 6B Re i ihied, 1RRihA% e AlobeRaslEaneol e Al o

the wavefront 10 pass a secon optica

reflecto 126 co IS se n th while the fi nd
Second | Sns Rtz i qufgrsagas B arabeer gt aimpdhe eonf abtiabenth 4048,
focusing a wavefront 10, the optical distance between the two 10 | enses 120
and 122 is @d}oasﬂafeﬁrsweméa@ wnﬁﬂzﬁ egitiohed isratlomciie veivsiramide phsstalangibe he two
| enses 120 and 122. This is done by changi ng the di stance between the

reflector 12&ondngtitd)@att 1RB, ieffireictHecorl26A @t B26Bnikatedi n t he def ocus
conpensation device 102 along the second and third optical paths 124B and

124C By changi ng, el PSEe R4 URE RoblE 180 LALRE 1338 adt 1gther

reflectors 126A and e optic stance 15 a ong a wavefront

nmust travel n the._t | enses 1 122 is.changed, wit t changi ng
The. phye! caPRHICY Sescs drvgerian penoat 16 46 Gy 536 %,e?%twsﬁntpa °fo  the
reflection by reflector 128, a increnental chan%gs in the distance between

the reflPeci@ses andd 22He adjusied withputebanging themRysind dig@Bebesisen € toa
change in the optical distance between the |enses 120 and 122 which is

twi ce the i nsfseyEattald IRardes is Boge by changing the distance between the reflector 128
and the other reflectors 126A and 126B within the defocus compensation device 102
along the second and third optical paths 124B and 124C. By changing the distance
between the reflector 128 and the other reflectors 126A and 126B, the optical distance

15  along which a wavefront must 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 126A and 126B results in a change in the optical
distance between the lenses 120 and 122 which is twice the incremental chénge. Thé

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 126B 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.



20 optical distance changes by twi ce the increnental change since changing
the distance between the reflector 128 and the first and second reflectors
126A and WwPaBosi4kd result in an increnental change in thecyasond4ept i cal
path 124B and an increnental change in the third optical path. This
permts a greater_defocus conpensation range for the | ense 120, 122 in a
Vi ted area. WO Topreierind Jpehpioknshly Suwyerbla withpespeeitp des eheropgogeits
preferably noveable with respect to the other conponents in the defocus
conpensat i onn devdefieud 6@mpénsetion dafi¢eeld2di.c. l@BActorl 26k rajtecin? d BB lems12020,

and lens 122) to change the | engths of sone of the optical paths. In an

al ternative anaThRdbMpRtchahdtans 852N ot ebhe6t ME opchl MBI NSashlgdrhARary while
t he other conponents in 5 the defocus conpensati on device nove to change

t he opti cal th. | engihs. i t i Eggm-f i rat.-es a
wavefront pa é’? Wheglrt’g ?Jgeec n yetdae%%g%i%@%gﬁﬁ%% as |ég§§t°?l§ﬁ105#§§ﬁen?s if
concentric circles indicate that. the eye converges |light equally along 10
every axpPs. gdeguisgompenatign dgdes Geye i/os“r]ﬂaﬂ&estiﬁ opfiga) ngthclﬁ?&g%ti on power
(e.g., defocus) for the entire eye, which can be corrected with 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 cat e t hg{stishtRMECompemd-@da | i ght nore rapidly along one axis, 15
e.g., the Xaxis and Tess rapidly along another axis, e.g., along the Y

e
axis. In an eye wthe Ar ﬁ&&' | L alk t power s,
wth an astigmat :@gﬁq %g\}n\%r #eg%%%%ﬁk?g%ﬁ?ﬁﬁﬁﬁg %?Z%@g&%%é\l}\égnﬁfhe t wo
powers. For descriptiye purposes, the |ine between the twg powers will be
Peferred t o SeapHisTh LirdoBroae pirighingiealc tytdhe PeaonsrecH Bat CRUHIY RIS | os
m dway between the two powers of the eye.

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, e.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 FIG. 8A). The astigmatism compensation device 104



20 FIG 9 depicts a preferred astigmati sm conpensation device 104 for
conpensating for astigmatismin a wavefront 10 (FIG 6). The astigmatism
conpensatwornn2agMege 104 is used to transform an asti gmati @Craset/13and
(represented by the concentric ovals of F4G 8B) into a wavefront having a

uni form power (represente by the concentpic cjrcl of FIG 8A). The

2ot gt | sSSP OrEAUlsp beeTEl BT Bt asisBen oA GG seiond
includes a cylindrical |ens assenbly having a first cylindrical |ens 140A
and a secondyliodddahtins ¢40B ragatebly agmntesk e apippordd hfadelsatively agding endi41 f or
selectively adding and renoving curvature fromthe wavefront. In the

i 11 ustrat ed ra@bi@ERihvanre SBRENS dal &ffont dBVihe ellkB4ted bbgereati sonebnhSedkatiodns
140A, 140B are rotatably nmounted on a support 141 by 5 a first rotation

t 142A : Al , ' f ' [
The first cobysarpEane PubHe an I 140l ol BREPRE ip oo Bhpor Y ' ™0

relative_to he wavefront d to one another. B jentin he cylindrical
| enses 130A2 iirﬁUBtathéln%&t?rv]eA‘ faien ni(ﬁ(’%]rfgﬁt’ BesBﬁ‘a?g’z?iYo?‘?{er, t he
astigmatismw thin the wavefront 10 can be conpensated for by renoving
curvat ur e f ooientiegthedistiealindriral lsos M andthesesoad gybngricallens Mgm releivgitag
| i ght along the axis having too nmuch curvature) and adding curvature to

regi ons havitlRgwhedrdnk biid ® dhgradeiher. By ri¢htinglile GindLegildiGed 140K, 1dbBng t he
axis having too little curvature). The astignmati sm conpensati on device 104

removes at lLeast. @ RO %{I%n?flo afitd &%{oﬁf&,%%gk%ti H&n%gﬁ{l ﬁ%%a\gt%ﬁgﬁt t hat

remai ni ng astigmati sm w n the wavefront neasur e by

front 26. Th front then be configured to detect
the remai ni g G8PF GHEPPORSGPEY S8 GIvoTHE SoRYSRIOTO v ag oghHth s

conpensated for by the astigmati sm conpensati on device 104 and the
ast i gmatlPs mcastatrainedbhiverginaliahs plovs thesanskavimsopayuchisanvabaerawinddag by
the 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 lens (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, €.g., X* (FIG. 10A),



processor 27 to determne the aberrations of the eye 16 (FIG 6) due to the
total 20 astigmatism The first cylindrical |lens 140A, in the illustrated
enbodi nerwp o2®8&A28li verging cylindrical |ens. Preferably, pChasd2/viae@i ng
cylindrical lens is a plano-concave cylinhdrical lens (i.e., flat on one

si de and curyved i rd on the other . see FI 0A) .. A .pl ano-concave,,
cylindrical e %’é’ a&%’@rrﬁ%@ diyeggrRcs 29 §oss I&QIF&S‘&*]]E%?% %1,0%@%.0, K AXBEy & %{10A) ,
WD 02/ 087428 PCT/ US02/ 13420 15 thereb4y addi ng nore divergence, and does
not affect (Flghtl0A).okbe firstcyindsipaldsissl404 ig usedvto rempyeguryatage fropdhs j r st
cylindrical lens 140A is used to renove curvature fromthe regions of the
wavef ront 1@:gddniscdf the wavefront COwhR, aremgre cuabal)g.gf, ibon) tha Ksax{sHFGs. 8B) .
Preferably, the flat surface of the plano-concave cylindrical |ens receives

the vavefront.mbf, aRdd BercdbY &R piaol ARaRAS BREH i FenbRAR Ve e WilefibhE

second cylindrical I ens 140A, in the illustrated enbodi nent, is a plano-

convex cylindrical lens (i.e.. fl on one,.sjhde and curved outward on the
ot her, see ll_-ﬁ@8Wedﬁ‘:ﬁa%§%a§%egﬁéeeya\§3{qnﬁz ical lens converges |ight
along one axis, e.g., X" (FIG ] OB thereb,¥ addi ng nore convergence, and
does not affect [Tihgisecoadsirdndrical lsnh k0 in she illygragedgmbodiment) 2 plagy:. The
pl ano-convex cylindrical |ens causes |ight which passes through it to
conver ge al oogvexhglindiicst ttnakics.flaThe osesidadnd yirvedioutwald dreths ofhtdBee FlGsed
to add curvature to the regions of the wavefront 10 which are |ess curved,

e.g., alongioBheapisd-sonvEt SlindRal 1@@%%@%&%@& ARngvhY 8disSas f Reermed. the

pi ano- concave cyli'ndrica |’ens receives e wavefront 10 and the fl at

I
cper ably asaomdbas TR bre oy dlsmea i R SR B ol M et BT,
for rotating its respective cylindrical |ens 140A, 140B about an optical
axi s 1440 of eghel WEFET IR The P{@PGC’HW’? cxdindrigy lenscopses ilight WB]tcg PaSSPHr use
through it to converge along the curved axis. The second cylindrical lens 140B is used
to add curva@e 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



with the present invention are readily available, with the selection of an
appropriate rotation notor and its connection to a cylindrical |ens 140A
and 140B weimgsapparent to 20 those skilled in the art. BgTShAId4pg t he
cylindrical Ienses 140A, 140B with respeb@ to t he wavefront 10, an

astlgmatlsm (of0) ation.position.of t S onp a n device
104 can be Smip O’Q\P?ﬂtl TS thy Resitogm 8’5?’ zﬂ%e ﬁ]‘?’—tl cg@ %rfsgt he
wavefront. The astigmatism WO 02/087428 PCT/ US02/ 13420 16 conpepsation
posi tion i s cyhiedrisablens.ere-nY dwed thsdlahexin of the seeqnd calindricst lenpee.g-4 ¥t

cylindrical lens, e.g., Y, and the flat axis of the second cylindrical

| ens, e.g., Y". Tﬂeelsﬁghhmrﬁédrﬁpaneﬂimqmmr ismet powststingshs eylindyicaldérmses ng t he
cylindrical |enses 140A, 140B with respect to one another. The astigmatism

conpensat i on4RAWeA0R %ith reped é@ She W¥efert Mhe fakt?érnaﬁféﬁrsco?ﬁpehg%oﬁ)ﬂo%pfs' cal

| enses 140A, 140B are perpendi cul ar to one another and |east when the flat

axes of the ¢ i C nses are her

the cyl i Rdr i€ tespghgn%gék? AHOR a%n ‘fﬁl 34{%?%3&63 ﬁ{cgpag Yn, the
cylindrical |enses 140A, 140B will have no affect on the wavefront 10 when
the flat axesegrothereandypashuher e flagarecsof Hheeevhiadragal dnsesiifOpy 16Qi arq he

astigmati sm conpensati on device 104 of the illustrated enbodi nent receives
t he wavef r ophrallel @l omegnatheo df thealylindicl k44 140A el AdBviefve antchtd ppassed t hr ough
the first cylindrical |ens 140A and the second cylindrical |ens 140B.

Initially, l@)‘ﬁ%g'sl@fmgnt b Jyhlﬁ&n&l(%ﬁsé%flmﬂelm Wil hhvlo 4RREES thk4RAefdA0B are

aligned with the biséctor p05| tion 146 of the wavefront by their
respective t tors 12 The fl at is are 15 aligned with
one anot her @Wa}begqﬁ%ﬁvtta@(eﬁa’ét vl%(%[c gl%%esérrﬁp%%%g ‘nsat i on to the wavefront
10. The notors 142A, 142B then rotate the flat axis of (Iv)l i ndr.i cal

| enses 19404, 140BUsh thepstiematisn sempensaigibdsvice Wi dhs @H@“@tf’ FHRHMSNS ect Or

position 146 to
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 140A, 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.



add astigmati sm conpensation to the wavefront 10. The astigmatism
conpensation position and the astigmati sm conpensation power wll be
fact or ed wotoe/081e8 20 det erm nati on of aberrations of the warafSonm42@0 by
the processor 27 of the wavefront conpetisati on device 100. As an
illustrative exanp]e, .if.the bisector position 146 is.aj. 45 degrees (FlIG
8B), the f|ép§§&f§§idd%e lflﬁ@héfﬁ?tiaﬁgg degpes|ag s%‘én’l% rst EX‘@@“GPI.S lgns o 'Ehe
pl ano-concave |ens 140A depicted in FIG 10A and Y" in the {)I ano- convex
| ens 140B deyiubt kairotatedtoR0 da@reEs 208 the 2ecopdTylisbRyal Bag 0408 waulddw)rotesed d be
initially set at 45 degrees and, then, the first cylindrical |ens 140A
woul d be rot@B@dedreesil adegiigesatRAohipensEonN To el tindhhgatunt figmbdé woul d
be rotated to 30 degrees to add astignati sm conpensation. To add the

23: ndr ?ZE I?%ﬁéﬂ?g%ﬁ%ﬁfg@%% e?%?%{%@%g%f%*?%%‘“*&éﬁ%@%@h%a*"’?ﬁ%ii%?:é%%
' [ B . 0
of the fbrsto SNRedEvamd by tocAed FUERr FAS RO R ool fonAtetes sotha™

perpendi cul ar to one another. For illustrative fur oses, the present
i nventi on hale faianeeishe fibwand pecond adindficaldenses 401‘83%%93 vaulddser r at i ons
i ntroduced by a human eye. However, it wll be 10 readily apparent to those

skilled in pbegpeaditulh@dtorich@oteesent invention can be used to neasure
aberrations created by other optical systenms, e.g. eyegl asses, telescopes,

bi nocul ars, mono }ﬁfu%ﬁatﬁﬁé?%@éseé,?l%%@%%enfﬁﬁéﬁms%&?des@ﬁb%ﬁﬂ"%&ﬂ%tdfo” of

these systens. ving t scr ~Tew particular embodinents of the
oadi |y osc g asSRtOR! fIBatioR peteE by A e e e FeLPhat | ve
enbodi ments: the first cylindrical lens 140A is a
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 to be within the spirit and scope of the



converging lens and the second cylindrical |lens 140B is a diverging |ens;
the flat surfaces of the piano-concave/convex | enses are facing one

anot her; wodewsmeal | ens are used to fine tune the asti geamitsne/13420
conpensation; the lenses are oriented rel&ative to one 20 anot her first and,
t hen, the Ienses are oriented relatjve to.the vefro t 10; and t | enses
are orient ed"Y@HgR cqremtgfv %épwelngmsmuaw gl plys and not
substantially sinmultaneously. Such alterations, m)dl fications and

i mpr ovenent dinaisingr Eheretentiaioe lionitedioplst #si defidedinl the olbovang claimeatdkd to be
part of this description though not expressly stated herein, and are

i ntended t o JpaivdichRitherttde spirit and scope of the WO 02/087428

PCT/ US02/ 13420 18 invention. Accordingly, the foregoing description is by
way of exarrp’wﬁ not limting. The invention is limted only as
defi ned |n hemggk¥gﬁ?ﬁg claims and equivalents thereto. Wat is clained
is: 5 1. opht hal m_c stemfo measuri ng eye aber atloshalngfirst
and secénd optl dal® fhepitha Wa%tmﬁlgf ?8 Frragions AaeBe 151 @G cusi ng a
wavefront, a method of adjustlng the optical distance between the two

| enses wi t hoatonshmptigilignsehecparabafshcaphysicst disteecctfer fasusing hevavebonteases, the
nmet hod conprising the follow ng: (a) passing the wavefront through the

first opticahethédsfdd ?hsﬁng itHesdptiopl distahcetRtwisen tHdtwddlenses fieieiut Clghning the
wavefront fromsaid first optical path to a second optical path different

from sai d_fihicARiaRL pRRIN aebIBcEIh RANREUBHEHEIRL iRk 1 d

optical pat erent romsald irst ‘and secon opt and (d)

passing the mvef(&)%?éss&tg? ’rt.I?euvgave%ront tt?ocu%ﬂ(%heogrst opetlcai I%ns na i]'ll'st optical path;

10 (b) reflecting the wavefront from said first optical path to a second optical path
different from said first optical path;
(c) reflecting the wavefront to a third optical path different from said first and
second optical paths; and

(d) passing the wavefront through the second optical lens.

15
2. The method of claim 1, further comprising:
(e) reflecting the wavefront to a fourth optical path, said step being performed
after step (c) and before step (d).
20 3. The method of claim 2 wherein said first optical path and said fourth optical

path are substantially collinear.

4. The method of claim 3 wherein steps (b) and (e) are performed by a single

reflector device.



2. The nethod of claim11, further conprising: (e) reflecting the wavefront
to a fourth optical path, said step being perfornmed after step (c) and
bef ore stwp o@@374220 3. The net hod of claim 2 wherein sai dPCITAEsD2/03326 cal
path and said fourth optical path are sltbstantially collinear. 4. The

met hod of claim 3 wherein steps (b) and (e) are perfornmed by a single
reflector device. WD 02/ 087428 PCT/ US02/ 13420 19 5. The nethod of claim4
wherein said single reflector device is a prism 6. The nmethod of claimb5
wher ei n sai d secdndhanutitodiof dlapptd whireipastidsinglereflectoudericas dairisy. same

physi cal distance. 5 7. The nethod of claim 1l wherein step (b) and step (c)

are perfornmed by @aThkR@hRd ofefdi@ Gt Whersig\shidecdhd ahf €hifbHasdl Pitheh@iam 1
wherein the physical distances of the second and third 10 optical paths

are adj ust ag{lﬁﬁ%’ﬁ%a%lg%gg@?%%% gifg%a&é@i m 7 wherein the physical distances of

t he second an s are adjustable by noving said single
refl ect 05 device. 15 10. The nethod of claim9 wherein said single
reflector device is a retroreflector. 11. The ophthal m c systemof claim
2, further including a method for correcting astignmatism the astigmatism
correction method. Egﬁmeth@idmé clapg 1(viherpiastaipr(l) atdestepaletremetiomhedbighsiagle
cylindrical lens assenbly having first and second cylindrical |ens;

reflector device.

8. The method of claim 1 wherein the physical distances of the second and third

10  optical paths are adjustable.

9. The method of claim 7 wherein the physical distances of the second and third

optical paths are adjustable by moving said single reflector device.

15 10. The method of claim 9 wherein said single reflector device is a

retroreflector.

11. The ophthalmic system of claim 2, further including a method for correcting
astigmatism, the astigmatism correction method comprising:
20 (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



(2) orienting the cylindrical |ens assenbly such that the astigmatism
conpensation position is in-line with the bisector position of the

wavef r ontwoanaswes 02/ 087428 PCT/ US02/ 13420 20 (3) ori entipag/usem1¥4ee st and
second cylindrical lenses relative to ond another to adjust the
astigmati sm conpepsat | r, of, said cylin cal ssenbl 2. The
astigmati smcorr Zg}?rb%%ﬂ%ﬁﬁgﬁﬁcﬁldﬁ%nﬂmﬁn%c@i Pﬁes§?léﬁ‘§e 3ne§H8%(eE§L are 5
performed separately. 13. A nethod for renpving astigmatismfroma

wavef ront i adaat thpRsticamatise cospsneation ppwiekekird phndyeal pseswembdns, the

met hod conprising the follow ng: (a) passing the wavefront through a
cylindrical lens assenbly including a first 10 cylindrical |ens having a
first axis and a second cylindrical |ens having a second axis; (b)
orienting said f'l"zfs’fh@?‘s‘t %rrﬁﬂsrﬁ%bf}e(ftiohsrﬁetﬁé(d bAELEA whash @8 (B @paend
axis of said second cylindrical |ens such that an astlgnatlsn1conpensat|on
p05|t|on of s lindrical lens assenbly is in-line with a bisector
p05|t|on of P Fﬁ%“ﬂ%ﬁ%?@% i: and (c) orienting said first and second
cylindrical lenses relative to one another to 15 adjust the astigmatism
conpensati on power of said cylindrical |ens assenbly. 14. The met hod of
claim 13 wherein steps (b) and (c) are done substantially simultaneously.
20 15. The net hod3oA méthodifot Berdnengastigatatipm fdm) a anadefra)t inae oplathelmic
separately 16. The method of claim 15 wherein step (b) is done before
step (C). 1¢ysidhgor® E&qﬁngéye%@h%&é WRGH&EhY S&hnfRislip)thé ?olﬂﬂﬁﬂ% before step
(b). WO 02/0%7428 PCT/ US02/713420 21 18. In an ophthal mc system for

measuring eye abe('a ] %sélﬁé‘ %e%a\@leﬁgnt thrro%tgh %rclz(}jfhndncal lens assembly including a first

10 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

15  adjust the astigmatism compensation power of said cylindrical lens assembly.

14. The method of claim 13 wherein steps (b) and (c) are done substantially

simultaneously.
20 15. The method of claim 13 wherein steps (b) and (c) are done separately.
16. The method of claim 15 wherein step (b) is done before step ().

17. The method of claim 15 wherein step (c) is done before step (b).



second optical |enses separated by a physical distance for focusing a
wavefront, an apparatus for adjusting the optical distance between the two
| enses wiwbeansabsangi ng 5 the physical di stance between treTiUSO2/IBEES, t he
apparatus conprising: a first reflector Hositioned to reflect the wavefront
received fromthe first lens along a first optical path to a second
optical path, said second optical path being different fromsaid first
optical path; a second reflector positioned to reflect the wavefront from
sai d second opt i d8§ In anpphthehnic sygem ey Measyring gye Phsrmtionshayingdisenpt i cal
path being different fromsaid first and second optical paths; a third
refl ector pe&iohid@ptchliemseedehmatedbye phyviedlrdistincerfanfosading 4 hWavefr@piancal pat h
to a fourth optical path which passes through the second optical |ens. 15

19. The appghalitas fir 8fudtime H8 ogﬂ@il %lis:ﬂatéébgtv\fe%ﬁ e tRBUERRS Wbl RMafgifgi d

fourth optical path are substantially collinear. 20. The apparatus of

claim 19_wherei,n a si.ngle.reflecto vi ce,conpr.i.ses at ..l east said first
refl ect of aﬁi? @grsl&afﬁ%}%&cerbggyeggﬁ%er %.’Woczi]%nﬁai’. thﬁ'ﬁg&aﬁ%hﬁ%?oe{? RIES claim 20
wherein said single reflector device is a prism 22. The apBar at ys of

cl ai m 18 wher ei n adBpigelecemesitionediorsted v peaongreceized Gpwythe frgensywo

02/ 087428 PCT/ US02/ 13420 22 23. The apparatus of claim 22 wherein said
ret ror ef | ecalongiadirat @uoicalgraticiolesec@dtl opfivel Eapip sridtsasondfopticali pattiBeinger ei n sai d
second and third optical paths are substantially a sane physical distance.
S different from said first optical path;
a second reflector positioned to reflect the wavefront from said second optical
10  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.

15 19. The apparatus of claim 18 wherein said first optical path and said fourth

optical path are substantially collinear.

20. The apparatus of claim 19 wherein a single reflector device comprises at
least said first reflector and said third reflector.
20

21. The apparatus of claim 20 wherein said single reflector device is a prism.

22. The apparatus of claim 18 wherein said second reflector comprises a

retroreflector.



25. The apparatus of claim24 wherein the physical distances of the second
and third optical paths is adjustable. 26. The apparatus of claim?25
wherei n twoe oplogaiegal di stances of the second and 10 thir ecopsSorad42pat hs is
adj ust abl e by noving said retrorefl ector22 27. The ophthal mi ¢ system of

laim 18, furth i acl udi t for. ti ti ti th
asti gt sm cor r &t {BHARBEAI RS RO RSP RGeS EDEe P ARG N ens

positioned within the path of the wavefront for 15 introducing a first
cylindrical refraction to the wavefront; a second cylindrical |ens
positioned within the path of the wavefront for introducing a second
cylindrical refraat Théappardtincofwiaief 19onhereinahid seeorsit andnhird eptivatipatiis bredr i cal
| enses nounted to be rotatable relative to the wavefront and relative to

one anot her 1 achid0vWhehehivdedRshgmat i sm conpensati on of said adjustable
| ens asseanSI;l/ I'S ggt erm hgydsqby the orientation of said first cylindrical

| ens andssai d second cylindrical Ilens relative to the wavefront and to one
anot her.~28. The astigmati sm correction apparatus of claim 27 further
conprising: WO 02/ 087428 PCT/US02/ 13420 23 a first rotation notor operably
coupl ed to said 25 She enparaheirafctaim) Zdrichearein thg ploicahdjstaness @f thersggond and
cylindrical lens relative to the wavefront; and a second rotation notor

oper abl y cotigtdedptical pathdissdustablecyl i ndrical |ens for orienting said second
cylindrical lens relative to the wavefront. 5 29. In an ophthal mc system
for neasuring eye aberration, an apparatus for correcting astigmatismin a
wavefront, said apparatus conprising:

26. The apparatus of claim 25 wherein the physical distances of the second and

10  third optical paths is adjustable by moving said retroreflector.

27. The ophthalmic system of claim 18, further including an apparatus for
correcting astigmatism, the astigmatism correction apparatus comprising:
a first cylindrical lens positioned within the path of the wavefront for
15  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 one another; and
20 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.

28. The astigmatism correction apparatus of claim 27 further comprising:



a first cylindrical lens positioned within the path of the wavefront for
I ntroducing a first cylindrical refraction to the wavefront; 10 a second
cyl i ndri cab okesm2po0si ti oned within the path of the wavefr @o/ifSe?/13420

i ntroduci ng a second cylindrical refractdlon to the wavefront; said first

and second cylindrjcal |lenses nounted to he raq abl elafive to. the
wavefront and relaéJ’cr?t\FQtaPBn GHP&oT AREY Evreoua# t%@hzﬁtrﬁ Gﬁ’ﬁ%‘{r’a‘@ﬁe&f‘r&riowtmg
conpensati on of said adjustable |ens assenbly is 15 determ ned by the
ori ent at i onsafl fisstioylifdnical lepy rdlativeite e Waedroatidndai d second cyl i ndri cal
|l ens relative to the wavefront and to one another. 30. The apparatus of

claim29 further agesaudirsiatieh nmdtdriopstablyddoapiedno sal eéconp eylaiiricatlenploeed to
said first cylindrical lens for orienting 20 said first cylindrical |ens

| ati t he. i : . | ; bl led t
rel ati ve to ohBRiMAKR! L0 o AffiB 300G ORAL VBRI oper ably coupled to

said second c orienting said second cylindrical |ens
relative_.to the wavefront. 31. The apparatus of claim 30 wherein the first
cyIindri%aI | ens and the second cylindrical lens are oriented in unison

w th respect to the wavefront such that the _
29. 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;
10 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 one another; and
wherein the astigmatism compensation of said adjustable lens assembly is
15  determined by the orientation of said first cylindrical lens and said second cylindrical

lens relative to the wavefront and to one another.

30. The apparatus of claim 29 further comprising:
a first rotation motor operably coupled to said first cylindrical lens for oﬂeﬁting
20  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.
31. The apparatus of claim 30 wherein the first cylindrical lens and the second

cylindrical lens are oriented in unison with respect to the wavefront such that the



