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MEASURI NG WAVEFRONT ~ ABERRATI ONS FI ELD OF THE | NVENTI ON The present 7 5 app 7005
invention relates generally to optical instrunments and, nore particularly,
to a methggd, @nd,Apparatus for neasuring wavefront aberrati ghsyyudfiRoRfsesent
invention is particularly useful, but not exclusively so, for neasuring the
optical wavefront in ophthalmc applications, e.g., neasurenent of
aberrations ofrIrhe: RIETHOD ANDr PP ARA TIEY FORSMBAIURENG SM33EFKONT. |

contact, spectacle, and intraocul agREREATTONS eval uating the ocul ar
aberrations before, during and after refractive surgery to inprove vision.
BACKGROUND OF THE | NVENTI ON The human eye is an optical system which enpl oys
a lens to focus light rays representing inmages onto the retina within the
eye. Therghay preESE ONVENTIOMges produced on the retina is a factor in
determ ning the visual acuity of the eye. Inperfections within the lens and
ot her conponemhépssht iiegtiorbtelates pirerdllycto @pticallinstemednts amly noars pertichiarly] ght
rays to deviate froma desired path. These deviations, referred to as

aber r at i RNsmethed ahd apparthsifor eckasivimgesvefnoht dbaramaed The prskbntiouédtion ilence, a
met hod and apparatus for neasuring aberrations is desirable to aid in the
cor r ect i partioflady akefyls bitl retrex cl@rieelyso hiod mehswhigdbe bpiicad bave fbhtnophiitatmituced
by an eye involves determning the aberrations of light rays exiting from
wi t hi n t fgplieyonsfe. Be arersfrementinf aberratpans@fithe eyer ecomeeting devicgroiugh as tensére
retina is reflected or scattered back out of the eye as a wavefront. The
wavef r onte.g.epméastrspectadie aaf intsadeglarbnd fojievaluaeg diviocpley abersrfians defore,. By
determ ning the ropagation diregtion of  individual portions of the

wavef r onfunngn FATACHYR SWRSTYJQ WRBEPVEYIS19The | i ght rays passi ng t hrough
parts of the eye such as the cornea can be determ ned and corrected. In
this type of system increased accuracy in determning the aberrations can

be achiegve I i e S the regions of the wavefront used to
derive ﬁ@%%@éﬁff?ﬁf‘? ?autf%ﬁ@% 2 5 APR 2005

The human eye is an optical system which employs a lens to focus light rays

L

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. Imperfections within the lens
and other components and material within the eye, however, may cause the light rays to
deviate from a desired path. These deviations, referred to as aberrations, result in blurred
images and decreased visual acuity. Hence, a method and apparatus for measuring
aberrations is desirable to aid in the correction of such problems.

One method of detecting aberrations introduced by an eye involves determining the
aberrations of light rays exiting from within 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. The
wavefront represents the direction of light rays exiting from the eye. By determining the
propagation direction of individual portions of the wavefront, the aberrations introduced to

. the light rays passing through parts of the eye such as the cornea can be determined and
corrected. In this type of system, increased accuracy in determining the aberrations can be
achieved by reducing the size of the regions of the wavefront used to derive the propagation

direction.



WO 02/ 28272 PCT/ USO01/ 29551 A genera] illustration of the generation of a
‘wavefront is shown in FIG 1. FIG 1 is a schematic view of a wawefiRolith 10
generated by reflecting a | aser beam 12 off of the retina 20 of an eye 16.
The | aserydhenpsgr32 focuses to a small spot 14 on the retinapegushiyosaeti na
.20, acting as a diffuse reflector, reflects the |laser beam 12, resulting in
a point source wavefront 10. ldeally, the wavefront 10 from a point source
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passes through the beam splitter 25 toward a wavefront sensor
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wavef ront measurenent system Typical prior art wavefront sensSors 26 include
ei ther aBeabgdnsesioaNe 30e a0do approhdtpils Nl poténRl,3%., thsliinlits eStisabladsdliidd. G 3,
or a Hartmann- Shack sensor 40 and an inmaging plane 28, as illustrated in
FIG 4. The WGLrisah ilhsnation 26a pranphe spparetupdaraheasnting thebyavaimasitgs t he
wavefront 10 through the aberroscope 30 or the Hartmann- Shack sensor 40,
resul ti nfustratednia Ky &f Bormed@ripg dloki eharrptians, aorragti wsflespemsbegproduceid madiong

pl ane 28. Generally, the imagi ng plane 28 is a charge coupl ed device (CCD)
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point source wavefront 10 which becomes aberrated as it passes through the lens and other

components and material within the eye 16. The wavefront 10 passes through the beam
splitter 25 toward a wavefront sensor 26. The apparatus described in Figure 2 is commonly
described as single-pass wavefront measurement system.

Typical prior art wavefront sensors 26 include either an aberroscope 30 and an
imaging plane 28, as illustrated in FIG. 3, or a Hartmann-Shack sensor 40 and an imaging
plane 28, as illustrated in FIG. 4. The wavefront sensor 26 samples the wavefront 10 by
passing the wavefront 10 through the aberroscope 30 or the Hartmann-Shack sensor 40,
resulting in the wavefront 10 producing an array of spots on an imaging plane 28. Generally,
the imaging plane 28 is a charge coupled device (CCD) camera. By comparing an array of
spots produced by a reference wavefront to the array of spots produced by the wavefront 10,
the aberrations introduced by the eye 16 can be computed. |

Each spot on the imaging plane 28 represents a portion of the wavefront 10, with

smaller portions enabling the aberrations to be determined with greater precision. Thus, the
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2 2 APR 2005 WD 02/28272 PCT/ US01/ 29541 snal |l er the sub-aperture spaci ng 32
and the size of the sub-aperture 33 in the aberroscope 30 of FIG

the smaller the | enslet sub-aperture spacing 42 in the Hartmnn- Shack @Bﬁg
40 of FI Gwdoz/bdie; nore accurately the aberrations can be depefrispe 3416‘”
exanpl e of a Hartmann- Shack systemis described in U S. Patent Nu

6,095,651 to Wllians et al., entitled Method and Apparatus for Irrprovi ng
Vision and the Resolution of Retinal |Images, filed on July, 2, 1999,

i ncor por eater e sibransyturesipeciag 88 anditiee sizsof the Seinapdriure 33 aibtrer abeiTopepeB0s uc h
prior art devices, however, is limted by the grid size 32 and aperture

si ze 33 OFFI&h 3amt thesowper the lqnsiee syh-apergire spasingd? inithe Hertsianp-Shask senser t ur e
spacing 42 in a Hartmann- Shack sensor 40 (see FIG 4). Due to fol dover,
reduct i of&of Fi&. cjsFhf@P@eacg@a@hdthﬁéhgﬂf@w@&lénéﬁéﬁﬂeﬂn@eépam ng 42 are limted.
Fol dover occurs in an aberroscoge sensor 30, for r’g:l e, when two or nore

AT A A S 2yt dp e oo 1o
in Hart R SR Sl crringh Mtk cgfmdﬁgpgarg oY ImPAow’agémeoafed théhd 41D
o Tebulrehatiity i E‘Eﬂ*ﬁff???’ﬁw‘g@ﬁ% s
;)(ra Sl)|elr,}tS: gtn az?hﬁbeéf’f zé)tbeﬁﬁbﬁﬂath%s lﬁﬁgf a&ﬂi%“éegel?owif'@ﬁl léxlzlg“begc}’é' tE‘E’)at i al
Accor di ng'lj?/ ¢ hg aS@%? ’%mgtc']t(% ﬁ%a';%%?gb gp%céfheogdoegsrgéegﬁéfﬁ ‘?%hegﬁns&%tﬁﬁg' at the
EXpPENSE %IgrﬁaP@E aggl rz?fslﬂl ‘%ﬁﬂﬂ 16hAHGE é(:ﬁ"rzl@ Fsee 16, anﬁﬁ ?}lﬁoéeqpr%ﬁx?%l the

aberroscope an mann appr oac I mt I'veness 0 ese

systens {pp;masys hﬁ‘&le‘n@léﬂ&ba@%ﬁ&%téﬁ%ﬁn WQtali‘e ﬁnmb@hxrgﬁ%aeo&&s ARGt ! al

resolution? These |imtations prevent optical systens with | arge aberrations

from behkgrodbaseuersbr 30NRE @RYmPIeEWRE tigot HOFE dpofB 1% 18 hhd 30 Q&I infaglds
potential. Accordingly, ophthalmc devices and net hods whi ch can msasure a

wi de rangrnebs abedapatherebs lesding ta chnfiliondegr e aifacepasubadpertasipstd. on woul d be
useful . SUMMARY OF THE | NVENTI ON The present invention discloses an
appar at uSimitalyyéslockr foocurs &t Barimanm@hadlesensors 40 when two or more spots 41A, 41B,
41C, and 41D on imaging plane 28 overlap. Foldover may result from a grid size 32 or
lenslet sub-aperture spacing 42 which is too small, a high degree of aberration, or a
combination of these conditions. Hence, the grid size 32 or lenslet sub-aperture spacing 42
must be balanced to achieve good spatial resolution while enabling the measurement of large
aberrations. Accordingly, the ability to measure a high degree of aberration comes at the
expense of spatial resolution and vice versa.

The constraints imposed by the aberroscope and Hartmann-Shack approaches limit
the effectiveness of these systems for measuring large aberrations with a high degree of
spatial resolution. These limitations prevent optical systems with large aberrations from
being measured, thereby preventing them from achieving their full potential. Accordingly,

ophthalmic devices and methods which can measure a wide range of aberrations with a high

degree of spatial resolution would be useful.

SUMMARY OF THE INVENTION
The present invention discloses an apparatus and method for determining the

aberrations of a wavefront with a high degree of accuracy. The apparatus includes a plurality
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aberrations of a wavefront with a high degree of accuracy. The appar at us
includes a plurality 3 25 APR 2005 WD 02/28272 PCT/ US01/ 29541 of m il
for reflecting selected portions of the wavefront, an imagi ng device PQ{
capt uri ngwoiazi28eteati on related to the sel ected portions, aneiCRURMsasor for
controlling the plurality of mrrors and interpreting t he capt ured
information to conpute the aberrations. The met hod includes reflecting
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f ocusi ng opt| ca em and’ scattering or e beam
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t hrough t ocusing optica em The ocusing o system as an
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scattering the beam The wavefront resulting fromthe point source passes

through 5twdexfaﬁgyﬁfa&rﬁﬂbhw]thsawﬁgsabg@éofé}ﬁnbﬁ%@&lﬁﬁéﬁter to the wavefront
sensor of the present invention. The wavefront sensor neasures distortions

of the wavefr ga¢ waseRont@sigin@tLasd poighRufiiigns al fobuspeiiesitabyystde ( £aHs1 ng
optical system Aberrations are then conputed by a processor coupl ed to the
wav ef r ongyej.eThe poinBEbirte REHGRtdPdd WINdITEctihigh HoRAW e afron (4. €., 4 1dsér) ahnsagietmt | C
of a wave produced by a |laser beamreflected by the retina of an eye; Figure
2 i's a sfivesiagiopticd] systpmiamd seatieragparrafleting dire beaas uAibegnadpbittendispossd in the
introduced by an eye; Figure 3 is a schematic of an aberroscope for use in
a prior path oifsalese dvgamcddrcctseths@ﬁspm@eaab@m@bltbmﬁocus:mg@p@cml siyster. sldleermat i ¢ of

a Hartmann- Shack | enslet array for use in a prior art _ apparatus for
measur i nfpcusiag oatifa) system has an'interior portion functioning as a diffuse reflector for reflecting

or scattering the beam. The wavefront resulting from the point source passes through the
focusing optical system and the beam splitier to the wavefront sensor of the present
invention. The wavefront sensor measures distortions of the wavefront as an estimate of
aberrations introduced by the focusing optical system. Aberrations are then computed by a

processor coupled to the wavefront sensor.

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;

Figure 2 is a schematic of a prior art apparatus for measuring aberrations introduced
by an eye;

Figure 3 is a schematic of an aberroscope for use in a prior art apparatus for
measuring aberrations;

Figure 4 is a schematic of a Hartmann-Shack lenslet array for use in a prior art
apparatus for measuring aberrations;

Figure 5 is a schematic of an apparatus for measuring aberrations introduced by an

optical system in accordance with the present invention;
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Figure 5 is a schematic of an apparatus for neasuring aberrations introduced
by an optical systemin accordance with the present invention; 4 2 AH‘PA%RZR)&O
WO 02/ 28272 PCT/ US01/ 29541 Figure 5A is an illustrative schematic 012 a v
reflecti ONOde¥282% i n accordance with the present inventi oRCTRiISQUeE45B is a
cross sectional view of the reflection device of Figure 5A including a
wavefront and an inmagi ng device in accordance with the present invention;
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perspectirvenvi %wtof_a portion of a Digital Mcromrror DeviceTM (DVDTM;
Fi gure LEES tallnsf?lhécmatic illustrating the reflection of a portion of a
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t he present inventl on, S a schena

reflecti i i i f- d :Qpt 0 an i magi n
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measuring deviCe 100 in accordance wth the present 1nvention. In a general

over vi eWcofrdah& WRN iiteSrlflt invbmsdd:ated in FIG 5, a radiation source 110
generates a beam 112. The beam 112 passes through an optional beamsplitter

114 unaltered. Another beamsplitter 116 then redirects the beam 112 toward
an optical system 115, e.g., an eye 118. The beam 112 enters the eye 118

through the FigureriskaQerbedtive iew f apbltasicfd DiyitilMick@hirfer D@Acé™ produce a
poi nt source imge wavefront 126 that travels back out of the eye 118. The
wavef rofDMReM);s af fected by defects within the eye 118 which cause the
aberrations. The affected wavefront 126 passes through the beam splitter:
116 toward a Fighteekisiancheteaticidlug?@ing thdraflediver ofrd partion pEgimansfraBibyw t hi n t he
reflection device 128 selectiyely reflect portions of the wavefront 126

t owar d aingleagimeywitgmtbe EM@?’?{ 0@%&@&3 ¥ &%l pecardapesgwih thedqiresead invigatiem; apdpt ur es
information related. to the wavefront 126, A processor. 136 is used to
control the rERENECR ISrschenRtieilnamatiedhe seliseienand refiection af agprtion of a

wavefront onto an imaging device in accordance with the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Illustrated in FIG. 5 is a preferred embodiment of a wavefront measuring device 100
in accordance with the present invention. In a general overview of the device 100 illustrated
in FIG. 5, a radiation source 110 generates a beam 112. The beam 112 passes through an
optional beam splitter 114 unaltered. Another beam splitter 116 then redirects the beam 112
toward an optical system 115, e.g., an eye 118. The beam 112 enters the eye 118 through the
cornea 120 where it is reflected by the retina 124 to produce a point source image wavefront
126 that travels back out of the eye 118. The wavefront 126 is affected by defects within the
eye 118 which cause the aberrations. The affected wavefront 126 passes through the beam
splitter 116 toward a reflection device 128. Individual mirror regions 130 within the
reflection device 128 selectively reflect portions of the wavefront 126 toward an imaging
device 132, via a redirecting mirror 134, which captures information related to the wavefront
126. A processor 136 is used to control the reflection device 130 and to process the captured

information.



information. 5 1. 5 APR 1005 WD 02/28272 PCT/ US01/ 29541 The radi ati on source
110 is a device capable of generating a focused beam of photons, ’/%WPFQ@S
preferably a |l aser. Alternative radiation sources 110 include a | aser d gde,
super- | WO AB2@ht di ode, or essentially any suitabl e radi &rgitogessste.
"Additionally, the radiation source 110 may include a spacial filter for
correcting noise associated with the radiation source 110. The optional

beam spl i €t ety | hidi P lend £ 6 aNRLE oBhbREISREUEhY NBENEADARDLHbRAS! N0

beans within e wavefront neasuring dévice the pre

embodi ”E[g){ 18 Qntrg@ragﬂl 5 el AReamivitabiatiss scktdesi 19 0GRALINGYNSRy H%d@?ﬁﬁ)e}-i ght

generate the radiation source 110 and to reflect light fromthe

fixati ophiaeseht didde, o}-féisis%nﬁgﬂ‘%ﬁ&%@%l@ Rachth Eevhid A d&itioRbIY) €hd Fa8Rdioqn
target 117 to be placed in. the sane path as light fromthe radiati on source

110 t hatodrse NERMaPEncli@@Eshcid GlteyRr ¢dBectih@olde’adid ited Miltthe Fddfatich an
opti onal conponent which provides a focusing point for the person whose eye

118 i s bgirpg1sLanned, thereby controlling eye novenents and accommobdati on
(focusing). The optional beamsplitter 114 can be renoved if the fixation
target 117 i Theoptiows bealirspliteraldld)is a ibdcopipableadf seimtivelyl paksiag add dire@ing
polarizing beamsplitter which selectively passes or reflects |Iight based
on t he pedms vithin the weivefrhet heaphting dévéceol(fernhbaprefpired tmboditfent, thabstional
capabl e of selectively passing and directing beams. The beamsplitter 116
i s conf bgam splitter 11 4i$ eenfigured togumns gt gametated diytthé rahatidresdurceat iloandttar get
117 toward the optical system 115, e.g., the eye 118, and to pass the |ight
pr oj ect ireftect highhfrare theofixatio taxget} lim Thuscaopdiguratioadallomyseli ght £rsiny thet fineationam
splitter 116 is also a _polarizing beam splitter_as discussed above. The
i |1 ust r dareet 1ddtte baplacgd i hesemeipath asdigh Fomythe radipldom sqyroe i 10 thehis hepdinga)
system may .inclu a reflective surface and a,contact | ens or eyeglass, an
ove. and GRS Yihs S aEa 173 o PRSI EOREO R TS RIS dot et
type of .optical . tem Here. the beam 112 from .the radiation source 110 is
copt mudTPRSHHEReEN fom N PEREnGTAER BT [T PP b T O Er PP LR Shpr ox . 2
nm in Qrder r . . ' 4 - 1,ng. hLen al so
b usedaneh Rt apiRRkididothig ) ThEbbal tharn SgRE R g (BB BR
asti gmati §0ghiid@rsX 817 1ot used. Preferably, the optional beam splitter 114 is a polarizing

beam splitter which selectively passes or reflects light based on the polarization of the light.

The other beam splitter 116 is also capable of selectively passing and directing beams.

The beam splitter 116 is configured to reflect the beam 112 and light from the fixation target

117 toward the optical system 115, e.g., the eye 118, and to pass the light projecting from the

optical system 115 unaltered. Preferably, the beam splitter 116 1s also a polarizing beam

splitter as discussed above.

The illustrated optical system 115 1s the eye 118. Alternatively, the optical system

may include a reflective surface and a contact lens or eyeglass, an eye and a contact lens or

eyeglass, a telescope, a microscope, or other type of optical system. Here, the beam 112 from

the radiation source 110 is kept much smaller than the diffraction limited pupil aperture

(approx. 2 mm) in order to form a spot 122 on the retina 124. A focusing lens may also be

used in the path of the beam 112 to account for defocus and/or astigmatism of the eye. The

retina 124, acting as a diffuse reflector, effectively becomes the source for light leaving the

eye 118, thereby creating the wavefront 126. As the light is reflected off of the retina 124,

aberrations due to imperfections within the eye are introduced. Since the beam 112 is small,



retina 124, acting as a diffuse reflector, effectively becones the iource»
for light leaving the eye 118, thereby creating the wavefront 1267 JAPRtHE
light is reflected off of the retina 124, aberrations due to inperfections
within t veOeys232e i ntroduced. Since the beam 112 is snal | PCB/UBOD29#PR 2005
WO 02/ 28272 PCT/ US01/ 29541 aberration producing inperfections wwthin the eye
118 have little effect as the beamenters the eye 118. Therefore, the
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125 transfer the point source i mage wavefront 126 between the eye 118 and

the ref bbgtdtins Beiee s, ldnatehs iedhtréfiRe@tORDG *hicting dhe epd i IB)2m@f the waves
whi ch nmake up the wavefront 126 are preserved as they are passed fromthe

eye 118idtepdutéibagadf dsthié light ldewdsaBe ¢¥B81180pt i cal devices such as the |enses
125 used in the present invention are well Jnown to those in the art. The
refl ection d@deas M8 optdsal depices,ahich 35 lefisenil 28 cars pdsiQondd betwkan theayedal be
grouped to formmrror regions 130 (see FIG 5 and 5A). Each mrror region
130 i s eaptilrefleftiondebiced2Bngha lgpses i 2ntrafsfdar hiee pavefouped inie Wwaorefimetdls enent
of that portion independent of the other portions (see FIG 5B). Preferably,
each mi beoveendhs eye 118cndake 1wélcotiorederaet 128 sach ithed the propegaioniditeghens dfrthe
first position 133 (FIG 5B), a mrror region 130 will reflect a portion 140
of the Weves whith malg upibe wanefront k20arepresaed aythey aeensped How theeys bk to be

recei ved by the | nagi evice 132 and, i second pqsition 135, the
mrror e@ﬁ%“"l"s@‘%ella%r ntisat de\pees SB%? (e tgﬁiené?s ]cq%euﬁﬁé\}%m‘?ﬂ@e}}% in a

direction a fro he i i ng. device 132. Each mrror region 130 maybe
f or med %"egﬂggﬁrgﬂ%e OrVB’rt%%g@?eg’@SEﬁﬁﬁti ple nmirrors 129 which are preferably
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reflection devic I'ncl'ades “an ray” o rrors
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reflecting a portion of the wavefront 126 for measurement of that portion independent of the
other portions (see FIG 5B). Preferably, each mirror region 130 may be oriented in at least
two positions. In a first position 133 (FIG. 5B), a mirror region 130 will reflect a portion 140
of the wavefront 126 incident on the mirror region 130 in a direction to be received by the
imaging device 132 and, in a second position 135, the mirror regions 130 will reflect the
portions of the wavefront 126 in a direction away from the imaging device 132.

Each mirror region 130 may be formed of a single mirror 129, or multiple mirrors 129
which are preferably adjacent to one another as illustrated in FIG. SA. For example, if the
reflection device 128 includes an array of 1000 mirrors by 1000 mirrors, each mirror region
130 may include a single mirror 129, an array of 3 mirrors by 3 mirrors as illustrated in FIG.
5A, an array of 100 mirrors by 100 mirrors, or any other suitable grouping. While the present
embodiment contemplates that each mirror region 130 would have the same configuration of
mirrors, such in not believed necessary.

FIG. 6 illustrates the reflection of a portion 140 of the wavefront 126 by a mirror

region 130 within a reflection device 128 toward an imaging device 132 to determine an



5A, an array of 100 mrrors by 100 mrrors, or any other suitable grouping.
Wil e the present enbodi ment contenplates that each mnor region 230xpsophd

[EEANEA

have the sane configuration of mrrors, such in not believed necessary.

FIG 6 i WO8R¥7és the reflection of a portion 140 of the R&F&IAEPS126 by a
mrror region 130 within a reflection device 128 toward an i magi ng device
132 to determne an 7 2 5 APP 2005 WD 02/28272 PCT/ US01/ 29541 aberrati on.

Here t hgydiahoBl HEO R miAY rB@sn 336 hAgh @inld makorh28. Wi Aildr 127 subR9s such
as mrror 131 is in the first position I33 (see FIG 5B), the wavefront

por ti onmidér 131 Riihekd Bt pdINGH (3R (vet FBGQ! SB), henevelrdat pértivha 40 idgiregedlevi ce
132 as a reflected wavefront portion 144. The other mrrors 129 such as the

mrror fovard antifeghgeiad PAIftthoimddhg (edee F3%as Hiefkcteéiavefronttpieti@oi44.0n of
the wavefront 126 incident thereon away fromimgi ng pl ane 142, such as to
ar ea 13%he dthet afifrorel2%encknat theaniveorelf37an thel 2Bondpaditicar 1 I35h@eaFIG.@B) reéféctor
group of mrrors 130, are in turn positioned to reflect the respective

por t i onthefporfien vhithefwarfronhtddiantdehhiberson awtagvieom smégieg plaagil A2, ehias 132,
and then repositioned to reflect away as another mrror 129 is positioned
to refl eeh 188wards the i magi ng device 132. O course if a mrror region 130
has nore than one mrror 129, then preferably, all mrrors 129 of each

m rror regi ofol@ptuse ¢he gniise wavefaentd@6acashiaf thenmarerai 29 as gwoup iof mirtees 130,
wavefront portion, 140 displace the reflected wavefront portion 144 from an
aber r at Brinfru@enqsiianed 4g reflechiie apapept Ve peR of BiedraveonhiacidsetiberoBpe of t he
wavefront portiaon 140 corresponding to the mrror, 131. Gven_the.

di spl ac s thesmRgiRgdsyice: g e srpastiones e flsgl WAASFRhep FHITPH A 44

and aberration free pa 146 incident on. i.nRgi | ane 142 and. t | stance
Fr om ¢ s RRsVEmES Tl Rofrideeanegine deiegiTg ol alrss iba Hiwaegioag it on
direction of the wavefr.agpt,,portion,.l40..can be ut.ed.using. a own nethod
Such: as e FripRedny S dan REF PHOREpToAn g ERPALE aGs PR TDRE N OF che
side op |t e e angle of the wavefront portion 140 to the I ength of the
si de ad?ggl{e’é?qu%ﬁ%[ﬁangl e. The aberrations of the wavefront portion 140

can then be calgihiahediti e M@%mt{f%rﬂ@ﬁ'ﬂo h&gia@@ﬂ%ﬁ@ﬁ@r{té@@fa%@&ﬂip@ﬁmn

each mrror region 130 is individually oriented to direc
144 from an aberration free path 146 by an amount proportional to the local slope of the

wavefront portion 140 corresponding to the mirror 131. Given the displacement 145 between
the location of reflected wavefront portion 144 and aberration free path 146 incident on
imaging plane 142 and the distance from the wavefront portion 140 to the imaging plane 142,
the propagation direction of the wavefront portion 140 can be computed using a known
method such as an inverse tangential function, i.e., the ratio of the length of the side opposite
the angle of the wavefront portion 140 to the length of the side adjacent to the angle. The
aberrations of the wavefront portion 140 can then be calculated using known methods.

In the preferred embodiment, each mirror region 130 is individually oriented to direct
a corresponding portion of the wavefront 126 toward the imaging device 132 where
information related to that portion is captured by the imaging device 132. Alternatively,
more than one of the mirror regions 130 may be oriented to direct respective portions of the
wavefront 126 toward the imaging device 132 substantially simultaneously. If more than one
of the mirror regions 130 direct simultaneously respective portions of the wavefront 126
toward the imaging device 132, such mirror regions 130 should be separated by another

region of mirrors which reflect away from the imaging device 132 to prevent foldover



a correspondi ng portion of the wavefront 126 toward the inmagi ng device 132
where information related to that portion is captured by the inmagjy dgpdenisce
132. Alternatively, nore than one of the mirror regions 130 may be oriented
to direcwoeypitri ve portions of the wavefront 126 towardP@hreSemmgiing
device 132 substantially sinultaneously. If nore than one of the m nor
regions 130 direct sinultaneously respective portions of the wavefront 126

t oward %ég‘geémiiﬂﬁgg@éﬁsl% ﬁﬁ#gﬁleg}'ee;f{rg%% EEBIRRS, 1BR %Hﬂﬂr‘i’géi%é% at ed

by anot regi on ors away ?\r’om tohe I ma ce 132

to prevgptidoe Q@Y}?fen&d%uﬁstﬁﬁﬁll%}oﬂ%um&%@@clgégedg %@é@qe podis briagt ween the

i mged regions. For exanple, réferring to F , If two mrror regions

130A  aRdyeiRRfe 106 owirdeRd BhagudabAnt 1 3 live SidMlrt@REANN ¥300akll 1RIE will be

respective portions of the wavefront 126 toward the inmaging device 132, the

two mir §ﬁ?hra'i&ﬂd'>)%‘r$e 33breanfirck 3G ok 1 B0 Bh 28 QRRiF@hPdlom¥ giena 30B WRIER willl beor
regions 130 such as a third mrror region 130B which wll be oriented to

r ef | ect oerdtes peeflester lRedctioa poiftionhtd thewabdfnt 1€ bwayayml the ihidite Hewed Ng
device 132. By varying the size of the mrror regions 130, and the nunber

of m not32.eByoasidBhetsivatof tlsé mirrdraregivms [1$0,dind elod mpalser o nrrof refzivms a0 efiatont
126 toward the i mging device 132, the speed required to capture all of the
wav ef r osimult26eausly dibeet pprionabf theswhvefionn 12f towaed thy simegmg davibe 132 dheisgieed. One
preferable reflection device 128 is a Digital Mcromrror Device M (DWD ).

It Wil feqoedppeaptne alefthowevéinontH26and therrpatidiresotutioppd shesysiesf candhd ng
devices may be used in accordance with the present invention. DVDsSTM are
descri bedustad.U. S. Patent No. 5,096,279 to Hornbeck et al., entitled
"Spatial Light Mdulator and Method,” and in U S. Patent No 789 to

sanpsel |, enQuelpeeferabipeflartion damica/hif salgital MEPEWTW&?%@%%& gbr at ed
RN GELT NI T ST S PN A
TERQ LRt e ety e e
VDT R BELI e AOLE b b BB TLALES PR S PABERES, 1
f1ui di c4(8l789%0 Sampsell, entitled “Spatial Light Modulator,” both of which are incorporated
herein by reference.
FIG. 7 depicts a portion of a Digital Micromirror Device™ (DMD™) 150. A
'DMD™ includes an array of hundreds or thousands of tiny tiltable mirrors 129, each of
which is capable of reflecting a portion of the wavefront 126. FIG. 7 depicts two individual
mirrors 129 within the DMD™ 150. To permit the mirrors to tilt, each mirror 129 is attached
to one or more hinges 152 mounted on support posts, and spaced by means of a fluidic (air or
liquid) gap over underlying control circuitry on a CMOS substrate 154. The contro] circuitry
provides electrostatic forces, which cause each mirror 129 to selectively tilt. In operation,
data is loaded to memory cells of the DMD™ 150 and, in accordance with this data,
individual mirrors 129 are tilted so as to either reflect light towards or away from the imaging
device 132 via the redirecting mirror 134 as seen in FIG. 5. Suitable DMD™ de\\/ices include
SXGA and SVGA DMD™ devices available from Texas Instruments.
FIG. 8 depicts in detail the reflection of the wavefront portion 140 (FIG. 6) by a

mirror 129 of a DMD™, The individual mirror 129 has three positions (i.€., -105&, O,

+10ag). In the +10agd position, representing the first position 133 of FIG. 5B, the wavefront



i quid) gap over underlying control circuitry on a CMOS substrate 154. The
control circuitry provides electrostatic forces, which cause each eri ﬁﬁ}?[ﬂ&?—g
to selectively tilt. In operation, data is |loaded to mam)rPy cells “of "the
DVDTM 15037283} accordance with this data, individual nmRGEYPIRII,re
tilted so as to either reflect light towards or away fromthe inmaging
device 132 via the redirecting mrror 134 as seen in FIG 5. Suitable DVDTM

devi ces gorgén 0 4 dR¥ERd adlarS Ak blehee/ 1 422 Inavaldp bhé - T0gdpokiioas, either
Instrunents. FIG 8 depicts in detail the reflection of the wavefront

por ti on rtpRséftin@thé3ecbyd position i 2 ofI[FIG. 6B, the DMYERon{Tpertiondi4di isldatcted away 129
has three positions (i.e., -10", 0", +10;k. In the +10i 6 position,

r epr esenromghd Meaging slenebdd. tRreferd38 thé inkdgBig plBne {42 iwdnddsraopitrality\ el G2k28272
25APR2005 PCTNSOL/ 29541 portion 140 is directed toward the inaging plane
142. | n }43ecaPabindf détdctmgmmeig)i o thewaveiront pestionddit iAlghauph eaelcondtopoki ti on
135 of FIG 513, the wavefront portion 140 is directed away fromthe

i magi ng PMER Hag 2hreppesitenty PRly thecar¢ nergedan the prescnnven@dudes a plural ity of
cell's 143 capabl e of detecting energy fromthe wavefront portion_ 140.

Al t hough eac hﬁxﬁlﬁ Histrated smbpimTent.1the WeMelkat pesions dA9 are firgctedipverd thieeded i n
the present inventign. In the illustrated enbodi ment, the wavefront portions
140 ar e @aging dayiqedhdrde & FRATeCHRgIMNECTIS dde T FhRZ AT 13838 PRIFAY T r or

134. The redirecting mrror_1.34 is opticall positioned (not cessarily
oy cal RPRESH (P LS Uy RRESCH o R ebtie b DE e B8 e 28 ades no
device 132 to refl th ef ron ortij.ons, 140 from t.he m rror, regions 130
Lo the  THRERE RS T i PR Rt PR 4 oI BE BHERT e B0 ng
device 132 i.n relaty.@gn rahi f AN rs 1 - Aliternatively, the
vavef r onfR3538 1R llé%mjg]?sp%gsﬁ?}?ér %118?’ :1;{;;%%#3 %rﬁqutl%{ég? £ é%ﬁcgr}%gél\]n%ééen% to

t he i nmagj i : er k0 | t i i ng

e | TS e s 1teT R BT, TR e OREA LBl Es abedl RO 1O,
as seen iy Eh&tion detiBe 178 {8 th® imbhfi8g GEVib&¢3d, erehy AiMEVRisQRE nBQ fot gt 144 is

isolated fromthe entire wavefront 126 by ‘the mrror region 130 within the
reflecti f}aﬁégﬁjg(aﬁhﬁ&834]'he reflection of the.wavefront

F1G. 9 depicts in detail the operation of redirecting mirror 134 as seen in FIG. 5. In
FIG. 9, the reflection of a wavefront portion 144 is isolated from the entire wavefront 126 by
the mirror region 130 within the reflection device 128. The reflection of the-wavefront
portion 144 is reflected off of a redirecting mirror 134 onto the imaging plane 142 of the -
imaging device 132. The unmeasured portions 147 of the wavefront 126 are directed away
from the imaging plane 142. The redirecting mirror 134 facilitates the placement of the
imaging device 132 in relation to the reflection device 128 by adding flexibility. The
flexibility is due to the ability to position the imaging device 132 in a location other than in
the direct line of sight the reflection device 128.

The imaging device 132 is capable of precisely detecting the location of energy
incident to an imaging plane 133. Preferably, the imaging device 132 is a charge coupled
device (CCD) camera. A charge coupled camera is a device capable of converting energy
incident to an imaging plane 133 into a digital representation. Charge coupled devices are

well known and a suitable device for use with the present invention would be readily apparent

to those skilled in the art.
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portion 144 is reflected off of a redirecting mrror 134 onto the inmaging
pl ane 142 of the inmaging device 132. The unneasured portions 147 AtFJ@e)D[]H
wavefront 126 are directed away fromthe imagi ng plane 142. The redirecting
mrror 13M00%2@%272tates the placenent of the inmaging devi cBCIBB01/954%l ati on
to the reflection device 128 by adding flexibility. The flexibility is due
to the ability to position the inaging device 132 in a |l ocation other than

in the di re%egg&%s&fr_l%emuamﬁ]er&fén%bh%@t&%&p&rég%m 186 tIRGAch, ¥y ce

132 is capable precisely detecting the location of energy incident to an

i magi ngpRicasRr 138 recBivel BiféihAtion thiven eReHaReh RNl 303 dishaBzedege coupl ed
devi ce {)CCD) canera. A charge coupled canmera is a device capabl e of

conver t i BRRmAY colmpatedBE hbdrations.| THYinfemidtidnenabdBe itbied it abt@tab@tegister
representation. Charge coupled devices are well ]Jcrown and a suitable

devi ce pbr teSFrovésking byPredeese 86 onvedytHeqiovdtdddnifedierlll. | In tBpprsfendd to
those skilled in the art. 10 25APR?005 WO 02/28272 PCT/ US01/ 29541 The

pr ocessembbdbnan the pteisbel 36 oxerttathedndiofduah@inmorr regions @80 ¢alb thk3irror$1129
addition, the processor 136 receives information fromthe inmagi ng device
132 and ofitied mres regien 180)torefidct trwards therimagmgtdericall@B raatlifarent tithes for
information may be stored in a storage register prior to processing by

pr ocess epmpB8tngtherabpetignsof dwswavafrom d2 &t bl 3n allemative embeidamentdthegmbesdsorent |
the processor 136 orients the individual mrror regions 130 (all the mrrors
129 of 1Bheubditantisdly sugilianeaudy onents 670 ecmorOMETUSegieas oy ibe Weaging: 128 at
different tines for conputing the aberrations of the wavefront 126. In an
al t er natdevise d B direrapite therpbegpiaensofdhe wagefrani 36 o b this pieraativg eabrdiment
orients two or re mrror regions to d the_inmaging .device 132 to conpute
the aberBeRai iR FpRE RS PO AL SepRTaqaPY # PLre TRHFHAFFOR TEHESSAR AV,  t he

ot o e B M S R 3 g RORER! G PR o B B e
D90" o Sofbang Bt ¢ DA il f AR 10 A0pIi ity Aeaki s MBriRfn fED! ONS
that theygRnknfl iﬂfrt]hct:ﬂ?thm fHE alaﬁw oqfthgjémmt% of2GrofsN@ 8! Beekdiptais

information fromthe inmaging device 1 and the processing of information
My be iRRHMeHSEHoRMhe BAgIfs Be\REOTEE 208 11 prdbeskie bfa Rt afoP iy el ty of

processors.
performed by a single processor or divided among a plurality of processors.

In accordance with an embodiment of the present invention, the aberration correction
device 138 is coupied to the processor 136. Alternatively, information calculated by the
processor 136 may be stored on a hard drive, diskette, server, compact disc, digital versatile
disc, or essentially any device capable of storing information. The stored information is then
passed to an aberration correction device 138. The aberration correction device 138 includes
a known lens grinder, contact lens manufacturing system, surgical laser system, or other
optical system correction device. In a surgical laser system, a laser can be optically
positioned relative to the beam splitter 116 to direct a laser cutting beam toward the cornea
120 of the eye 118, in a manner well known in the art, for the purpose of performing
ophthalmic surgery.

For illustrative purposes, the present invention has been described in terms of

measuring wavefront aberrations introduced by a human eye. However, it will be readily

apparent to those skilled in the art that the present invention can be used to measure
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In accordance with an enbodi nent of the present invention, the aberration
co;rection devicF 133 Ls caupled to the processgr 136. QIternatiygUWRzmg

i nformati ate y the processor 136 naybe store rive,
diskette)pgggég&? conpact disc, digital versatile disc, o?Qggggﬁégg?ly any
devi ce capable of storing information. The stored information is then
passed to an aberration correction device 138. The aberration correction
devi ce dhidbrations u@desd by dhawpticalnystgmisnelgr gyegiastaacteldsedies, (ENoudas,ur i ng
system surgical |aser system or other optical systemcorrection device.

| n a sumghoallalsas®rtacs yaisesymon-Huamareyes 01 bembyptatioalolf yhespostdmoned rel ative to
the beamsplitter 116 to direct a |l aser cutting beamtoward the cornea 120
of the eye 1Hayingthas desaribed eufé¢w pimiowrar embpfnents of themvehigoy vapose of
perform ng ophthal mc surgery. For illustrative purposes, the present

i nvent i alterpfaenshawdifications, wad inpravementsarill reedibiuedchytohosef skiltad infbles atht i ons

i ntroduced by a_human %ye” However, it will be readily apparent to those
ski | | edSueh alfrsatigns, mediiceRenypndssmproyemeaht aosre deadeipbvigya iy thys disgloswie are wo
02/ 28272 2 5 APR 2005 _ _PCT/U SQI /29541 aberrgﬁions created_by other_opti cal
syst ensintendgd tebe ged o dus descppyen fiugh BrheIFsH S Statefhrsan Rad gre intsaded to

| enses, _ non- hunan eyes

,, Or conpi nati on of these systens. Having thus
descr i bBeWathimethe SaHit 2Rt SeaP eI Briani Q- C‘f%glqgmgbﬁ#%&ﬁpm%ﬁqsa&hon 1s by
alterations, nodifications nd. i ovenents wll. readil ccur Lo those
ski | | edV@¥ of ﬁéalﬁP]te.on%S&B ng} ﬁ@?tﬁg%,mﬁﬂﬂi% l\é\%ﬂ"gﬁsong)h@ Q%Fg%ﬁ’@nt s as are

made obyi.pus_ by, this_di re are intended to be part of this description
t hough ‘%ﬁwgﬁﬁ¥g§§fﬁng%éﬁgﬁgﬁgﬁg?%?'and are intended to be within the
spirit and scope of the invention. Accordingly, the foregoing description is
by way of exanple only, and not Iimting. The invention is limted only as
defined in the followng clains and equivalents thereto. 12 2 5 APR 2005
What is clainmed is: 1. A method for measuring an optical wavefront
conprising the steps of:
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(a) reflecting, using a reflecting device conprising a plurality of mrrors,
a sel ected portion of the optical wavefront onto an imaging device; (b)
reflecting, using the reflecting device conprising the plurality jof Alﬂq BT S,
anot her sel ected portion of the optical wavefront onto said i magi ng device;
and (c) capturl ng information related to each of the selected portions of
the q g.;l cal front for conputing the aberration of each of the selected
porti ﬁé“cﬁ]a“ﬁf hod in accordance with claim1, further conprising the
step of: analyzing.the captured infom ation to-determ ne the aberration of
each A Jtnﬁﬁwéé‘plemeesﬂulgséramoavﬁgal waehanhergihthgsias®ince with claim 1,
further conprising the step of: repeating steps (b) and (c) until

i nf or(mateflentinguaingd tHeaingakeviced ongyisimg aoflusiditydo ptitea) 2 selvwéd porttion 9f the optical
capt wadhodt omfiormtimagnigieaceor dance with claim 3, further conprising the
step of: conputing the aberration of said desired region. 5. A nethod for
measytl RYledin QREhigahe MANKEHS @Béw@é)m?ﬁ]blﬁnﬁggﬂﬁa B ak SRS, 19h 015 eécnbﬁfe'ﬁ sE18ctedISorEien af
ref | gt b&%a@%ié‘v@ﬁoﬁt%%%ﬁ& [ dinPlbiigl.iohy of ‘mrrors, each of a plurality of

portions he optical wavet r?)nt orito an |mag| ng deV| ce; and det er m ni ng

aberr tlosof rd im
S Py Odaaﬁgm % 2 %§ Bhseiecsd PEbe B RREI RN i cBPlie
sal d i elbﬁ 8&0{&3%,0 BPTURAYef ront wi t h a. Iot own val'ue for an
aberration free wavefront for each of said plurality of portions of the

opt i dat® NEVARBAEcOrdange Mithaglping i yaney f@aaqnsmﬁetbr:at%#s for each of said
plurality of portions of the optical wavefront; and conbining the :

i ndi nalyainggbe eapteied naformatir iodetemsnaofbe iber atigavaffaachof Hisesetestadarmstions, A

met hod in accordance with claim6, further conprising the steps of:

generath mgthadfin xetdrémce aritjmlainah,dfumﬁelztoﬁnmﬁﬁlmeStepacs'si ng said fixation
target to said focusing optical system 3. A nethod for neasuring wave

aber repdating sths éb)f amd|s) ngil dpfoimatiorsyedtt@mocodreired repjon ofjemé patiialgvaaes@utis on. a
refl espiuvesl. surface within the focusing optical system reflecting, using a
reflecting device conprising a plurality-of mrrors, each of a pI urality of
por t i40@smefhod in accordance with claim 3, further comprising the step of:

computing the abexration of said desired region.
5. A method for measuring an optical wavefront comprising the steps of:

reflecting, using a reflecting device comprising a plurality of mirrors, each of a plurality of portions of
the optical wavefront onto an maging device; and

determining aberrations of the optical wavefront.
6. A method in accordance with claim 3, wherein said determining step comprises:

comparing an image produced on said image device by the optical wavefront with a known value for an
aberration free wavefront for each of said plurality of portions of the optical wavefront;

calculating individual aberrations for each of said phurality of portions of the optical wavefront; and
combining the individual aberrations to derive the optical wavefront aberrations.
7. A method in accordance with claim 6, further comprising the steps of:

generating a2 fixation target; and



poi nt source imge emtted fromthe focusing optical systemonto an inmgi ng
device; and determ ning wave aberrations of the focusing optical system

A met hod ‘i n accordance with claim8, wherein said determning st epZ APR 2005
COMPr {385, SRR A0, [BEL@AEANEEHcAR gabd | mging device by said point
source I MHge Wit f nmown va Br "an aberrati on free i mage for each of
sai d raIl ort i gnsv L{l ati i ndi vi d aberrations for each of
2o d DiArad g ashingRehe STl al A e Rt SRR raBa RS | on Lo
derive the focusing optical system aberrations. 10. A nethod in. accordance
Wit h %ﬁ“ﬁf%‘ﬁ“gaWé@élaﬁcﬂaqlﬂ’eééifﬁﬁe wHhindke for?ﬁ@@o@d?iﬂﬁélsﬁﬂé‘t‘?ﬁb to said spot on
said reflective surface. 11. A nethod for determ ning wave aberrations of an
eye cefpetig, ngnghearefeapsg dfvice gemprsatd agluealiipafmipess ead ofa pubdsyof praosgde
on a poehi soarafintdre epyiaed fassihedoaswavaditicalndy sear oxesparidiagmpgtdeviat endpot on
said retina emanating fromsaid eye to'a nulti-mrror device; and

sel eC&e‘téﬁﬁh%nBQH\%CatUeﬁQtJob’sséfntﬁe%J\ﬁfng@% itAGysew ce conprising a plurality of
m nor s portlons of said wavefront dent on said nulti-mrror device to

an | rEPQ:L dn %Vﬁn %ijd%h?éb\v cﬂa%ilg ”\h%?e%? Eﬂé"&%x‘%nmn%‘ {eslc%%}l’sesf ur t her

conpri'si ng & eneratr %1 pa55| ng said
fixation tar et to sal e 13. rrethdln accordance with cl é‘a‘j

f ur t HEPREGRB AP °etph% pg B m’éeh‘ié‘ }Vlﬁﬁ ?ﬁé]%@%ﬁq% paggrfiite Bpwn velue
porti 8 §”61F e} BRE5P iSgdiH 61H’g° RGPS Wi th a known -val ue for
an aberratjon free inage; and determ ni ng wave aberrations of said eye using
the CGHRyaatEg 1gdagyal @brlyatmp ifeceash Oééﬁﬂpgﬁéh"dfo%@ﬂdonsvva%f ront. 14

combining the individual aberration to derive the focusing optica] system abeirations.

10. A method 1n accordance with claim 9, wherein said point source nnage corresponds to said spot on
said reflective surface.

11. Amethod for determining wave abenrations of an eye comprising the steps of:
generating a beam;
passing said beam to a spot on a retina of the eye;

passing a wavefront corresponding to said spot on said Jetma emanatmo from said eye to 2 multn -mirror
device; and :

selectively reflecting, using a reflecting device comprising a plurality of mirrors, portions of said
wavefront incident on said multi-mirror device to an imaging device..

12. A method in accordance with clzim 11, further comprising the steps of:
generating a fixation target; and

passing said fixation target to said eye.

13. A method in accordance with claim 11, firther comprising the steps of:

comparing the selectively reflected portions of said wavefront on said imaging device with a known
value for an aberration free 1mage; and

determining wave aberrations of said eye using the compared selectively reflected portions of said
-~ wavefront. .

14



