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FI ELD OF THE | NVENTI ON The present invention rel ates general

ly to optical

i nstrumenw® @@r2|@asuri ng eye aberrations in a patient arpdT/usdRe7243

particularly, to apparatuses and methods for nodifying the

5 i nput beam

entering the patient's eye, patient corrective prescription verification,

and bi nocul ar vision correction in ophthalmc wavefront neas
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propagation direction of discrete portions (i.e., sanples) of this

wavefront, the aberrations 20 introduced by the eye can be d

eterm ned. The

determ ned aberrations can then be used to produce corrective |enses

and/ or pergACRGROUND OFVEHRINCENUIGRS that restore visual acu

ity. -1

The eye is an optical system having several lens elements for focusing light rays

representing images onto the retina within the eye. The sharpness of the images produced on

10 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 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 used to aid in the correction of such problems.

15 One method of detecting aberrations introduced by the eye involves the determination

of aberrations introduced into light rays when exiting from the eye. An input beam of light

focused into the eye to 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 this wavefront, the aberrations

20 introduced by the eye can be determined. The determined aberrations can then be used to

produce corrective lenses and/or perform corrective procedures that restore visual acuity.
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WO 03/ 022140 PCT/ US02/ 27243 A general illustration of the generation of a
wavefront is shown in FIG 1. A wavefront 100 is generated by reflecting an
i nput beawobfi®204i0f of the retina 104 of an eye 106. The papwsolyzam 102
focuses to a small spot 108 on the retina 104. The retina 104, acting as a
di ffuse reflector, reflects the input beam 102, resulting in the wavefront
100. 5 ldeally, the wavefront 100 woul d be free of aberrations, as
illustrated by the planar wavefront 110. However, aberrations introduced
by the eye 106 as the wavefront 100 passes out _of .the e 6 result in an
i mperf ect wavef r”‘oﬁ'ﬂ‘?rala@e%“la?%?f}% %"tf?e%vo’lﬁéa‘ﬁ‘b"@ﬁ?’&t‘%ﬁ‘om%ﬁ(%ﬂt AM12. The
wavefront 100 represents aberrations due to defocg@ ast | %i?nl conm,
spherical awaefrent il ohs gengriedipyrefleqting ap inpyt hepmdd2 o Q%F?‘ng? 8t ¥ePFect i ng
the aberrations allow the eye 10 106 to approach its full potential, i.e.,
the |inits 186. Vheinput beam 492 dopunss tor smallzpots 08 qn thejretinarl 8¢ She GtnalWy i or art
opht hal m ¢ wavefront neasuring device for neasuring aberrations within the
wavef ront henges aidiffuss reflacton raflects i@ ingut beamp 308, resulong inche wavefrpnulQ0e. g. | a

| aser) generates the input beam 102 which is routed to the eye 106 by a
beam $pl i tdeatly,thdwavEfipntdaD wppldtHedree paticristiens B0Rustretad bythedldngr winsfront

radi ati on source 114 is 15 substantially circular. The input beam 102 forns
a spot 108 1000 Hbeeveg taberaatidinwdduckiEbyethe eyld0BI6 as the vaamefegne 10Q faskas@et affthe

i nperfections, the spot 108 formed on the retina 104 is circular. Due to

i nper f ect i @p&108 reduiltrin bidEnpeyfect WaGefrdnnes illptrited by A6k2rated oaavesom b &2.r Blieed,
thereby resulting in the spot 108 fornmed on the retina 104 having a

non- ci r cul aveffs B0@EprlebdntsabéradtiRds due tEH@oc&P@stigpﬁ&is‘M, tém&)gpklirksiussed bel ow,
a retinal spot 108 with a non-circul ar shape affects adversely the 20

det er m nat i,9h@bn QRS StRdr irdpaIadHEs. IMedsiREY ndCbiriifig We abérfatioRealRWethd 8 The
retina 104 then reflects the light fromthe spot 108 to create a wavefront

;28 Vn\gUt g?l giﬁgfb%%?{??%}ﬁ%htgﬁ gé)ttentf%@si.%gﬁle sVt Rudih&olugi® and ot her conponents
ye 106.
FIG. 2 is an illustration of a prior art ophthalmic wavefront measuring device for

measuring aberrations within the wavefront 100 as illustrated in FIG. 1. A radiation source
114 (e.g., a laser) generates the input beam 102 which is routed to the eye 106 by a beam
splitter 116. Typically, the input beam 102 generated by the radiation source 114 is

15 substantially circular. The input beam 102 forms a spot 108 on the retina 104 of the eye 106.
In an eye 106 free of imperfections, the spot 108 formed on the retina 104 is circular. Due to
imperfections within the eye 106, the input beam 102 becomes aberrated, thereby resulting in
the spot 108 formed on the retina 104 having a non-circular shape as illustrated in FIG. 2A.
As will be discussed below, a retinal spot 108 with a non-circular shape affects adversely the

20 determination of aberrations due to imperfections within the eye 106. The retina 104 then

reflects the light from the spot 108 to create a wavefront 100 which is aberrated as it passes

through the lens and other components and materials within the eye 106.



-2 WD 03/022140 PCT/ US02/ 27243 On the return path, the wavefront 100
passes through the beamsplitter 116 toward a sensor 118. A quarter-wave

pl ate 120 93/pns40t i oned between the eye 106 and t he beam pepiustr®e43116. The
use of a quarter-wave plate 120 is a known techni que for manipul ating the
pol ari zati on of the input beam 102 going into the eye 106 and t he wavefront
100 emanating 5 fromthe eye 106 so that the wavefront 100 is polarized in
a direction perpendicular to the input beam 102, thereby enabling the

wavefront 100 t ss thro E t he .be [}ﬁ se 118.
Add t1 onal | ons Q2T B8l p8saly brYiret Moifish et b oAt 8Pt (Mol or
118t0|mageth ne of the 4) of the elO ont sor 118 with
a desired AN %fc’gﬂ\‘%ﬁr""iaﬁ? @F‘l“fﬁ? r?OEI‘EP‘E’St ‘aveﬁ’gl 7&° g%"é‘gtme%fé M s t hen
processed by a processor 124 10 to d rg ne the aherrations o t he
Mo ront 10BUsTIdeqREaRhPHENE PERTS B 7 & ERPTHEF B Sor manipy aélys tfoe. A
typical sensor 118 includes a Hartnen-Shack |enslet ar r%y 126 and an
i magi ng  deRalarizationgf theinpyt heamy | Q2neqingaigiothe syedAe andsthe wigveiront 109 emppnpting
coupl ed device (CCD) array. The lenslet array 126 sanples the wavefront
100 and pr ofders & exg 166 sodhat dlfe wgyefrent 189 ispelariped in 3 dirgetipnpgrnsndieidarigthe as
illustrated in FIG 2B, when the wavefront 100 passes through it. Each
spot Wi t hi ninpitdeam ﬁ@/tl@rebgpmb@nas@ wayefzont il Ofhigepassfthiohgh the beamasplistent16108. The
relative positions of each spot within the array of spots 132 can be used
t o det er m newsideheadorsor &t 8. ohdditginalk lemses W2vaé pasittonéddBetwdgnphe etel 196 andthe
aberrations of the wavefront 100 are determ ned by determ ning an 20
aberrati on sensor €Ecth imagetheplade dftiee pupil ef therye 10Bnvdhthe benasrel 18 lvdth acdesipddned.
The determ ned aberrations are then used to calculate a corrective
prescri pti aRagnificafidie 185EMAA detected by the sensor 118 is then processed by a processor 124
10 to determine the aberrations of the wavefront 100 and determine a corrective prescription for
the eye 106.
A typical sensor 118 includes a Hartman-Shack lenslet array 126 and an imaging
device 128 containing an imaging plane 130 such as a charge coupled device (CCD) array.
The lenslet array 126 samples the wavefront 100 and produces an array of spots 132 on the
15 imaging plane 130, as illustrated in FIG. 2B, when the wavefront 100 passes through it. Each
spot within the array of spots 132 is an image of the retinal spot 108. The relative positions
of each spot within the array of spots 132 can be used to determine the aberrations of the
wavefront 100.
Typically, the aberrations of the wavefront 100 are determined by determining an
20 aberration for each sample of the wavefront 100 which are then combined. The determined
aberrations are then used to calculate a corrective prescription for the eye 106.
The aberration of each sample of the wavefront 100 is determined by determining the

centroid of a spot within the array of spots 132 and comparing the displacement between the
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The aberration of each sanple of the wavefront 100 is determ ned by
determning the centroid of a spot within the array of spots 132 and
conpar i ngwolw/oetigpl acenment between the -3 WO 03/022140 PETTuS02824243
centroid of the spot with a corresponding reference |ocation, such as the
| ocation represented by reference spot 134. Since each spot within the
array of spots 132 is an image of the retinal spot 108, if the retinal
spot 108 is non-circular, as illustrated in FIG 2A, each spot within the
array of ﬁggn%rﬁlglc%%hevglplotl wi g? Qoorpe_s (;nﬁl lrea}' rFrg:??%éSg%&fiﬁ%l\?%\?@% llogzlatllsc:)ll gﬁlp{%gﬁe

Dete_rnjni ( _](c:_ent oid a_nn-c_rc{a L R freult,
Goter i n nty FHETCEARTdPR SHhes sash b uitEn Staman O ror B 25 ooy o B 465, ¢ o

prerequisite to determnin e aberrations in the vefront 100, and
det er mi ni ngpot H&: b reiel ot 198 gmcr aafﬁﬁ‘gsHa&edil%F@% SR LY T
spots on the inmagin | ane 130 affect_ adversely the speed and accuracy of
conputi ng i@yé’éém‘%%ﬁ‘ﬁgl.be‘ﬂ‘?él’céff"&?re?s ‘Hﬁﬁéﬁe‘ét%@ézgnd met hods for produci ng
circular spots on the inmaging plane 130 would be useful. Another area for
i mprovenent i s Desermiviag ths cenfEoidipf 4 nanyeirgylangnote however: ApdisifuitndHeng ces to
determ ne aberrations introduced by the eye 106 with a high degree of
accuracy. Spiificanhproogssiog timielapdpowere Adeordingly.rsiice dptemminimgdles ¢eateif pbthe
prescription for a patient that is precisely 15 tailored to the patient's
vi sual neest®ts Within the oy ef spotsdBP raguierepusite ¢t deyermining theiaperrasiess in theowever ,
cannot be presented to the patient through a series of lenses as is

t radi t i onalvhwefrdonid®0, aml ddetraimmgrthaiggnaoid pég borvaraplae spat iipdiffand, mh-caoulay e
doctor for exanple. This is due to the fact that each precisely tailored
correcti vesppts@adhd ipiaiging plane 60 uffécgadvetsélptheispeadant dcdneacy wif ossputihg t 0
recreate the corrective prescription using a series of |enses wthout
speci@ |y fyeRskitis NThéeford)Spparatuses and methods for producing circular spots on the imaging

plane 130 would be useful.

Another area for improvement is related to the ability of wavefront measuring devices
to determine aberrations introduced by the eye 106 with a high degree of accuracy. This
accuracy allows the determination of a corrective prescription for a patient that is precisely

15 tailored to the patient’s visual needs. The precisely tailored corrective prescriptions,
however, cannot be presented to the patient through a series of lenses as is traditionally done
in determining corrective prescriptions at an eye doctor for example. This is due to the fact
that each precisely tailored corrective prescription is so unique that it would be impossible to
recreate the corrective prescription using a series of lenses without specially producing a lens

20 having the corrective prescription. Accordingly, the patieﬁt is unable to determine if the
corrective prescription determined by the wavefront measuring device satisfies the patient’s
visual needs until prescription eye wear is produced (e.g., corrective lenses are ground or
contact lenses are formed). Therefore, apparatuses and methods for allowing a patient to

-4-



20 having the corrective prescription. Accordingly, the patient is unable
to determine if the corrective prescription determ ned by the wavefront
measur i ngvaleséxelwsat i sfies the patient's visual needs une¢T/Upeseesi ption
eye wear is produced (e.g., corrective |lenses are ground or contact |enses
are formed). Therefore, apparatuses and nethods for allowing a patient to
-4 WO 03/ 022140 PCT/US02/ 27243 verify a corrective prescription prior to

t he production of corrective eye wear would be wuseful. Yet another area

for i mprovepepl, E&re%ﬂei%\r&ggf;t%nt%r ﬁi‘tﬂ%@?ﬁu@%n 8&0%13&?]\%% L QR5: Wolug b4 nocul ar

vision (i.e., Viewng ect eyes at t ane tine). Prior art
wavef r ont l§se asuring devices such as the one depicted in FIG 2 neasure
only one eye at" a time. Accordingly, the affects of binocular vision on
aberrations are ot aken i.nt.o _consi der t%ﬁl{l V\/aen gevel g%l gr%t.corrective
prescriptions and: 2HOHT &8 ImpRRYCeri§ relats (Q the dependancy of ghegations gn o
achieved in . traditional wavefront .aberration neasuring devices. Therefore,
Saverront  HESERF VINGH s S 0k BLOU RV PR AR PR GG UATEY raScirahont
capabilities would be 10 useful. SUMVARY OF THE | NVENTI ON The present
i nvent Pon dPEENHBLSVigeRFaFinEs [ encAFRiciE MBS 2msasurapily VBB CXARE  1E1Ei on
determ nation, corrective prescription verification, and binocul ar vision
correct i on Agfordjpgle thegifectrreblinequirg visiopioa aberratignsagrenetdgkeatintg consiisratipr s ent
invention is an input beam nodifying apparatus and nmethod for nodifying an
i nput beam Whengeglopingecofrgetivigpeesoiintionyanga therefass thenhirait of| vigpalresoletontare
i nprove the neasurenent of aberrations. By nodifying the input beam the
shape of amotachieved in traditional wavefront aberration measuring devices. Therefore, wavefront
measuring apparatuses and methods having binocular measurement capabilities would be

10 useful.

SUMMARY OF THE INVENTION

The present invention discloses apparatuses and methods for improved aberration
determination, corrective prescription verification, and binocular vision correction in
wavefront measuring devices.

15 One aspect of the present invention is an input beam modifying apparatus and method
for modifying an input beam into an eye for use with a wavefront measuring device to
improve the measurement of aberrations. By modifying the input beam, the shape of an
image formed on an imaging plane in a wavefront measuring device can be controlled to
form a desired image, thereby facilitating calculations involved in determining aberrations.

20 The input beam modifying apparatus comprises a sensor for sensing the image in the
wavefront emanating from the eye in response to the input beam, an adaptive optical device
for modifying the input beam, and a processor for receiving information from the sensor and
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i mage fornmed on an imaging plane in a wavefront neasuring device can be
controlled to forma desired inage, thereby facilitating cal cul ati ons

i nvol ved wo odetxauori ni ng aberrations. 20 The input beam nodcgisng2appar at us
conprises a sensor for sensing the inmage in the wavefront emanating from
the eye in response to the input beam an adaptive optical device for

nodi fyi ng the i nput beam and a processor for receiving information from
the sensor and -5 WD 03/022140 PCT/ US02/ 27243 adjusting the adaptive
opti cal dewidpetidgxherbdipfive dpfical devicy tomecaiify ttige ippa Bege tooprokiise b debiredgspeat t he
sensor. The nethod for nodifying the input beam includes sensing an inage
within a uwwRhiRnrhemaned fosiodifang thbepay Beanlintla8RQBEMela ik wiliinh beam
and nodifying the input beamto produce a desired i mage being sensed. 5

Anot her aspaGtr@it et 858Mke dyB EREpSSe io&h@i_n?wﬂe%,tainu %oﬁi’f?ﬁg kfeRhpRn
verification apparatus and nethod for use with a wavefront neasuring

devi ce capg 1&ﬂ9&m&ﬁ@§ﬁ@ﬁkﬁﬂn§&@£ﬂ Bitpn rel ated to aberrations introduced

by an eye. e corrective prescription verification apparatus and net hod

enabl & a wavefr hth&%@?ééf b SHEELFRyEMRioR IS e AR \;Jé B ionkgﬁt?%ﬁ%i ent as it

woul d “appear if e patlent re wearing correcti e wear having a 10

cor rect Ve Lesel LAl Oas: deLERTLSOE Y 108, MBUehE b EASHE LG, deVi ce.

The correcf € prescriptron verification app us i bitoj ect or

capabl e of . ttin n, i e.. an . adaptive optical device capable of

o Tyt ng. i SR PR R RE by B0 ThEF SN RE: *capabl e of
receiving the information rel at %V% aberrations introduced by the eye and
adi usting PREicsHaR RGBS ARd Bafodiepblea ey P HdRR e e DR A gB2E e
corrective 15 prescription verjfication nmethod includes emtting the inmage
of the sceffe®BHENASH Wkﬁgvpfmf the RRtieNEYETe WERNHEREEEYGIFYE WEAT aYiBR Aat i on

related to aberration introduced bg the eye to ) i i
corrective prescription as determined by the wavefront measuring device. The corrective

prescription verification apparatus includes a projector capable of emitting an image, an
adaptive optical device capable of modifying the image emitted from the projector, and a
processor capable of receiving the information related to aberrations introduced by the eye
and adjusting the adaptive optical device to produce a corrected image. The corrective
15 prescription verification method includes emitting the image of the scene and modifying the
emitted image based on the information related to aberration introduced by the eye to
produce a corrected image at the eye.
Yet another aspect of the present invention is a binocular wavefront measuring
apparatus and method for determining aberrations in a pair of eyes at substantially the same
20 time. The binocular wavefront measuring apparatus includes a first ophthalmic wavefront
measuring device for measuring the aberrations introduced by a first eye of the pair of eyes
and a second ophthalmic wavefront measuring device for measuring the aberrations
introduced by a second eye of the pair of eyes. The binocular wavefront measuring method
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produce a corrected imge at the eye. Yet another aspect of the present
invention is a binocular wavefront neasuring apparatus and nethod for
det er m niwmg ozban4oat i ons in a pair of eyes at substantial | pcrivesosaeEs 20
time. The binocul ar wavefront neasuring apparatus includes a first

opht hal m ¢ wavefront neasuring device for measuring the aberrations
introduced by a first eye of the pair of eyes and a second ophthalmc
wavef ront measuring device for nmeasuring the aberrations introduced by a

second eye iaf}, iQendaRiring e ¥R Siond EoBIROEHL Rfst VAVGT AR TR %éaggnﬁgﬁqgod -6
WO 03/ 022140 PCT/ US02/ 27243 i ncludes nmeasuring the aberra Ions I nt uced

by a first da%ueéﬁatm‘ xnedﬁ)&%rgf ?c%}{@éye JTRR Jeteretshﬁd d@%%ﬁﬁ?nﬂl% adf§ cbift&guced

by a second eye of 'the pai eyes mning a corrective

prescr i pt | gL gbd1er ki A% BSRR0. HELEBRY HPuRTERG LI Lag Lor he

second eye, errations o secon

d | | E DRAW NGS
Fraure 1 1 @Rk e R T e ot o G Pty LT g an

i nput beam of f  of the retlna of an eye; Figure 2 is a block diagramof a
prior art apparatus for neasuring aberrations introduced by an eye; 10

Flgure 2A | rative r resentation of a spot fornmed on the retina
of the’ eye Fﬁﬁ%ﬁﬁgﬁﬁK”&PEJ‘ BRA) gﬁ illustrative representation of an
array of spots produced b sensor_in the prior art _apparatus of Figure

2: Figure 3 is &'$robieade iFvisy OéaW%ff‘?%E?“eF?é%’stu’rlFﬂi?“HéQ’il weutfiepm dafinput

beam
of the retina of an eye;

Figure 2 is a block diagram of a prior art apparatus for measuring aberrations
introduced by an eye;
10 Figure 2A is an illustrative representation of a spot formed on the retina of the eye in
Figure 2;
Figure 2B is an illustrative representation of an array of spots produced by a sensor in
the prior art apparatus of Figure 2;
Figure 3 is a block diagram of a wavefront measuring device with input beam
15 modification in accordance with the present invention,
Figure 3A is an illustrative representation of an array of spots produced by the sensor
of Figure 3 without input beam modification;
Figure 3B is an illustrative representation of an array of spots produced by the sensor
of Figure 3 with input beam modification in accordance with the present invention;
20 Figure 4 is a block diagram of an alternative wavefront measuring device with input

beam modification in accordance with the present invention;



15 nodification in accordance with the present invention; Figure 3Ais an
illustrative representation of an array of spots produced by the sensor of
Fi gure 3 wookaz240 nput beam nodification; Figure 3B is anpChiuseX17ai3 ve
representation of an array of spots produced by the sensor of Figure 3

wi th input beam nodification in accordance with the present invention; 20
Figure 4 is a block diagramof an alternative wavefront neasuring device
with input beam nodification in accordance with the present invention; -7

WO 03/ 022140 PCI/ USQO2/ 272 Fiqure 4A is an illustrative. representation of
o Drmaesof a shistread § AR spdtyd Hofessliaion of o imaek Rk b St oF e BiR Tt

alternative wavefront measuring device of Figure 4. Figure 5 is a block
di agr am of °4 amqgﬂ?“e%gfﬁlt?'ﬂﬁwﬁémvﬁf OWW%EW flevige Qfg:‘guﬁ scription
verification capabiliti E in. _accordance with the gresent invention; and 5
Figure 6 is a bl gt df ag Skfliagrad Qi AEUET Ol MERVERS BT Ci eATCRY appar at us i n
accordance with the present invention. DETAILED DESCRI PTI ON OF THE
| NVENTI ON Presgiptipayetficptionmappbilitigs dn aggordaie pathihepégspemyeiionddsur i ng devi ce
140 with input beam nodification in accordance with the present invention.
In a general ovEgweds a Bloglodipgramapd ip binogderaveliam myasusingtapparaths innput  beam
102 which is nodified by an adaptive optical device 142. A beamsplitter
116 t hen r echordanceswitthibe prepant inyertion102 t oward an eye 106. The input beam
102 enters the eye 106 through the cornea where it is focused to a spot 108
on the retina 104 and reflected to produce a wavefront 100 that travels
back out of the eye 106. The wavefront 100 is affected by defects within
t he eye 10OBIAILCED DESSRIRHION @F ToiESINVENTION
Ilustrated in FIG. 3 is an ophthalmic wavefront measuring device 140 with input
beam modification in accordance with the present invention. In a general overview, a
10 radiation source 114 generates an input beam 102 which is modified by an adaptive optical
device 142. A beam splitter 116 then redirects the input beam 102 toward an eye 106. The
input beam 102 enters the eye 106 through the cornea where it is focused to a spot 108 on the
retina 104 and reflected to produce a wavefront 100 that travels back out of the eye 106. The
wavefront 100 is affected by defects within the eye 106 which cause aberrations. The
15 affected wavefront 100 passes through the beam splitter 116 toward a sensor 118 which
samples the wavefront 100 and captures information related to one or more images of the
retinal spot 108 formed at the sensor 118. A processor 124 controls the adaptive optical
device 142 to modify the input beam 102 to produce a desired image at the sensor 118.
The wavefront measuring device 140 is similar to the prior art wavefront measuring
20 device depicted in FIG. 2 with the addition of the adaptive optical device 142 in the path of
the input beam 102. The processor 124 modifies the input beam 102 using the adaptive

optical device 142 based on feedback from the sensor 118 to produce the desired image at the
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15 affected wavefront 100 passes through the beamsplitter 116 toward a
sensor 118 which sanples the wavefront 100 and captures information

rel ated twoosn@2040 nore i mages of the retinal spot 108 forardset27b4se sensor
118. A processor 124 controls the adaptive optical device 142 to nodify
the input beam 102 to produce a desired inage at the sensor 118. The
wavefront nmeasuring device 140 is simlar to the prior art wavefront
measuring 20 device depicted in FIG 2 with the addition of the adaptive

optical dev ise%‘;oréi‘f. ige% j&%ﬁg@%ﬁbo Egm?ntﬁ,hﬁe {lfg%!fr&l imlggea}%s 19 %aﬁyTQ EalIRE ?%gr%rbdal 24

nodi fies the Tnpu in e a ve® opti car device sed on
feedback fromthe sensor, 1 to produce the desired | the -8 WO
037 025140 PEREIST SR e lroBe RS ! et M e AR aTh et efy
desired i mage has Lgﬁg.eage{.to cal cuyl ate ceptrﬂ)q, thereby facilitating the
det er ni nat | BREUDTE EIEFraY 1SNY iR MBYELFBNPE90. The wavef ront
nmeasuri ng device_140_is now descri bed in nore detail below The radjiation
source 114 gener B&didtoa spwptil L4RsarrRED DieiRpublainy L2 by generatig 4 sodiated 5 beam
of photons, and is preferably a |laser. Qher suitable radiation sources for
use wi tth vRerE¥af ghetorseand i prederally p daser- Slther guitaplepistionispurcessfonise withhe
adaptive optical device 142 is capable of nodifying the input beam 102 in
response t ovavefroeimaagyingsiavisesopiavell kaowij inftheset. descri bed bel ow, in the
illustrated enbodi ment, the processor 124 produces the nodification signal
based on i nf or ndihe edaptive optisakdenivor 42 k@apably ohsnodifping degnhit bearh 1@ imat i ve, t he
adaptive optical device 142 may include a processor that configures the
adapt i ve opesmpase tdewoddicidédh digmédAowill bef desamihed batow,rin thetibestmeed sotbodiidnt, | n
the illustrated enbodi nent, the adaptive optical device 142 is a defornable
mrror. Thie protdssard 24 prodhees def rosdifidation pigial based ef iformation stabpense 11& t he
nodi fication signal to
10 As one possible alternative, the adaptive optical device 142 may include a processor that
configures the adaptive optical device 142 based on information from the sensor 118.
In the illustrated embodiment, the adaptive optical device 142 is a deformable mirror.
The surface of the deformable mirror deforms in response to the modification signal to
modify the input beam 102 as it is deflected off the deformed surface. Deformable mirrors
15 for use in wavefront measuring devices are well known in the art. In alternative
embodiments, the adaptive optical device 142 may be a liquid crystal device, a micro
machine mirror, or other suitable device capable of modifying a beam of light.
The beam splitter 116 is a known device capable of selectively passing and directing
beams of light. In the illustrated embodiment, the beam splitter 116 is configured to reflect
20 the input beam 102 toward the eye 106, and to pass the wavefront 100 projecting from the
eye 106 unaltered. Preferably, the beam splitter 116 is a polarizing beam splitter which

selectively passes or reflects light based on the polarization of the light.



nodi fy the input beam 102 as it is deflected off the deforned surface.
Deformable mrrors 15 for use in wavefront neasuring devices are well known
in the arwo oBo2ahkd ernati ve enbodi nents, the adaptive optipcalusdeyizee 142
may be a liquid crystal device, a mcro machine mrror, or other suitable
devi ce capable of nodifying a beamof light. The beamsplitter 116 is a
known devi ce capabl e of selectively passing and directing beans of |ight.
In the illustrated enbodi ment, the beamsplitter 116 is-configured to

reflect 20 the . input am. 102 to d t eye 106 to ss. th
wavefront 100 pr]g]f &1 ngre?eﬂvg%g‘f: ﬁrg’\{\{gé/eéml]g)g’ i Y%F&&’?‘qﬂ? 8‘?%%%5??9 tﬁﬁe beam
splitter 116 js .a polarizing beam itter whic sel ectivel y passes _or
ol ects i Fuhl0aAsBRoRh ¢ e Mptitarma Bt BHEhe tdt yengio? = to%5es 395040
PCT/ US02/ 27243 The eye 106 receives the input beam 102, and a wavefront
100 enanat &8 therreifa 04 Ogghs eYoHSi hdeﬁ‘@’éﬁéi”(é‘ébﬁt Fotiiped iPRSHYt thﬁéﬁﬁﬁllse%t%ﬁé\“ﬁ, the

i nput beam 102 is focused to a spot 108 on the retina 104 of the eye 106.

| deal |y, abe sybstantidlyfareelan thaid ipedraryting Hie ceusfqich af ongiw morgignagss| qf theggtinal
substantially circular to aid in conputing the centroid of one or nore

i mges of e 1p%farmed atzhesssator 168 Dusriprapestectiane vathinsthe eye11§6 agting onghe

i nperfections within the eye 106 acting on the input beam 102 entering the
eye 106, hopevEam 0Bentesng hakyesi®6t hon@8emthy résimal spoetfifiraay bedrregular (e.g.,
non-circular), as depicted in FIG 2A. A quarter-wave plate 120 and | enses
122, are pogi-tirauee) abédpivesinn Fie 2dye 118 and the sensor 118. The
quarter-wave plate 120 converts linearly polarized light to circularly 10
pol ari zed | i ght Aansteriveee plaed20 bad lensesli 22, are pokidohdddietween tharegle LB andfthd he eye
106 in a known manner such that the beamsplitter 116 can appropriately

di rect t hesdnsgrutl 8 DERNYukOZr-Rind pldte ] 20N adrts tintarbhQidlarikbelight esdrulkdy direct the

wavefront 100 between the eye 106 and the sensor

10 polarized light and vice versa to condition the light in and out of the eye 106 in a known
manner such that the beam splitter 116 can appropriately direct the input beam 102 and the
wavefront 100. The lenses 122 direct the wavefront 100 between the eye 106 and the sensor
118 in a known manner to image the plane of the pupil of the eye 106 onto the sensor 118
with a desired magnification. The quarter-wave plate 120 and the lenses 122 are well known

15 in the art.

The sensor 118 is a conventional sensor for sensing an image of the retinal spot 108

within the wavefront 100 emanating from the eye 106. In the illustrated embodiment, the
sensor 118 includes a Hartman-Shack lenslet array 126 and an imaging device 128, e.g., a
CCD camera. The lenslet array 126 focuses portions (i.e., samples) of the wavefront 100

20 onto an imaging plane 130 of the imaging device 128. The imaging device 128 is capable of
precisely detecting the location of energy incident to the imaging plane 130 and génerating
information related to the location of energy for processing by the processbr 124. As

depicted in FIGs. 3 and 3A, the lenslet array 126 forms a plurality of images 132 of the
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118 in a known manner to inmage the plane of the pupil of the eye 106 onto
the sensor 118 wth a desired magnification. The quarter-wave plate 120
and t he heosga2i®2 are well known 15 in the art. The senBOT/URR728 a
conventional sensor for sensing an inage of the retinal spot 108 wthin

t he wavefront 100 emanating fromthe eye 106. In the illustrated

enbodi nent, the sensor 118 includes a Hartman-Shack | enslet array 126 and
an i magi ng device 128, e.g., a CCD canera. The lenslet array 126 focuses

portions (i.e.. s es) of the.wa [ . 100 20 on an, | I pl ane 130
bF et g 80 TR Mgl R 7 o B B TP 5 A kRSP D1 20T el
detecting t on of ener incident to the

e lLocati magi n #-nelOand
gener ati ng p?‘l‘rﬂf%f’ﬁﬁ’ﬁg%re?@?eé‘f’ g}f'f'abeFﬁE‘”r I(S’C?a‘ioFSSrPOBfi’"ﬁgaé?églg tgerwﬁ‘fe 08ssi ng by
t he processor 124. depi cted jn FI 3 and 3A,@%}}e I ens} et ray 126
forme a pi UP Faireere eghadings. b sensos 118 oy anambesst ity By b HIPaus
retinal spot 108 on the imging ?I ane 130 of the imaging device 128 with
each of t hdeastsingsample of B Wayefsad 100pr esenting the aberration in a
corres?ondi ng sanple of the wavefront 100. In a preferred enbodi nent, the
sensor-> 118 sens&he precespergds adiusthie pdepliveagptisplsievico 843 based on infgsetiasne sanpl e
of the wavefront 100. 5 The processor 124 adjusts the adaptive optical
devi ce 142 rizaived from thir$epsaore B.o0fhe preseesoy B4 Eeadyes titformasion orlated @ an fhage of
processor 124 receives information related to an image of the retinal spot
108 on t he theretgnahgpapll @hen he dmaging fiane d 3 ghthe seh8or Il 8an af lews onesmepls afiffiee of
the wavefront 100 fromthe sensor 118 and anal yzes the information to
conput e a raadéffant 400 from tisd gnsok 1 f8and anhlyres thednfoheatatdap tonmmitophodifitatidevi ce
142 to nodify the input beam 102 and t hereby 10 produce a desired i mage on
the i magi ngigpdldneadhdfin®the abiptiseagioil déliSe 1420t nevdafiypheeinputfbedrh €02 and thereby

10 produce a desired image on the imaging plane 130 of the sensor 118. For example, if the
desired image were a circle, the processor 124 would modify the input beam 102 by adjusting
the adaptive optical device 142 until circular spots 136 appeared on the imaging plane 130 as
depicted in FIG. 3B.

The processor 124 is a conventional processor configured for analyzing the

15 information from sensor 118 to produce a modification signal for adapting the adaptive
optical device 142. The processor 124 may also determine a corrective prescription for
correcting aberrations sensed by the sensor 118 using conventional aberration correction
software.

In use, the wavefront measuring device 140 is able to precisely and efficiently
20 determine aberrations for samples of the wavefront 100. As discussed above, the aberrations
of the wavefront 100 are typically determined by determining the aberration of each sample
of the wavefront 100 and combining the aberrations for all of the samples. The aberrations of

the individual samples are determined by determining the displacement between the centroid
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desired image were a circle, the processor 124 would nodify the input beam
102 by adjusting the adaptive optical device 142 until circular spots 136
appear ed vom os/2140magi ng pl ane 130 as depicted in FIG 3BpCThsIyR703eSSOr
124 is a conventional processor configured for analyzing the 15 information
from sensor 118 to produce a nodification signal for adapting the adaptive
optical device 142. The processor 124 may al so determ ne a corrective
prescription for correcting aberrations sensed by the sensor 118 using

conventi onal er ' .cory.ect | ftware. ..l n_use he.mave&ro t
measuri ng d%ﬁ/e?%eoﬁ%ﬁ@%h@bqfém%% > g?be%r?dgaeﬁo\élg%’ﬁﬁdlﬁ fellfleé?rgﬁ{lcfcf/n% i taéﬂlr‘?i ne
aberrations for sanples,.pf the wavef 100.. di scussed .aboye, the
aberrat i onslc’cagllDrl {8 Sﬁ%t\e/%%( E??ﬁ"t’e%épiéé‘g?@%?%'rll‘@a éf‘&?"i‘ﬁs E10) ’B@g“gaéls%‘?tm ni ng
t he aberration of e?ﬁgFianPIe . of th§ wavefront, 100 an conbiniqg t he
aberrat i onsS'B#S UI° Yiality ofimrages 1 3gnRoveNen reqpiresisigglicaptamquatety i dual
sanpl es are determ ned by determ ning the displacenent between the centroid
-11 WD 03/ OFo%eaningsires pjshaovey ondéor rggy Rempossiple;tn detgimipg,as RISCisty asibigespot32 and
a correspondi ng reference |ocation, such as the |ocation represented by
ref ereAce sYWYECHBUAr. Det ernmining the centroid of an irregular spot such as
one of the pIuraI;%y of inmages 132, however, requires a significant anount
of processing thprsentedimplidie progessing andvpryvide morgnecisesheasyremerso€thei ne as
precisely as if the spot 5 were circular. In order to sinplify processing
and provi decenoid, the proceseorridé gencetesrihe mbdifitation sigmal based on theanformoatemsmm 124
generates the nodification signal based on the information from the sensor
118 t o adj ubt senbve 128 apddjusethepddptiat opteal deeicd 442 anddhdréter ratdifyntbelinpyt belvd 1 nput
beam
that, in turn, modifies the retinal spot 108 that, in turn, modifies the image at the sensor 118.
10 The processor 124 updates the modification signal based on feedback from the sensor 118
until a desired image is sensed at the sensor 118. In a preferred embodiment, the image
produced at the sensor 118 is an image for which the centroid is easy to determine, such as
the substantially circular images 136 in FIG. 3B. Since it is easier to determine precisely the
centroid of a substantially circular image than an irregular image, producing desired images
15 such as the circular images 136 at the imaging plane 132 increases precision while
simplifying the determination of the centroid in a wavefront measuring device 140, thereby
improving and facilitating the determination of aberrations by the wavefront measuring
device 140.
FIG. 4 depicts an alternative embodiment of a wavefront measuring device with input
20 beam correction. The wavefront measuring device depicted in FIG. 4 is identical to the
wavefront measuring device depicted in FIG. 3 with the addition of another beam splitter 144
and sensor 146. The additional beam splitter 144 and sensor 146 are used to provide

information regarding the image of the retinal spot 108 at the sensor 146 to the processor 124
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that, in turn, nodifies the retinal spot 108 that, in turn, nodifies the
i mge at the sensor 118. 10 The processor 124 updates the nodification
si gnal bas@ds/anifoeedback fromthe sensor 118 until a desPCPRUSIFEYS iS

sensed at the sensor 118. In a preferred enbodi nent, the inage produced at
t he sensor 118 is an inmage for which the centroid is easy to determ ne,
such as the substantially circular inmages 136 in FIG 3B. Since it is
easier to determ ne preci sely the centroid of a substantially circular

i mage than an irregul ar i ma r odu red es 15 s as the
ciroul ar § Hage vracionFols g Bihpyf Rea A Ik e dREE PR PR i 1 <
S|rrpI|fy|ngthedtermnat| of t centroid wavefront neasuri ng
devi ce 140,Prediss aBssired {m3ge o tﬁbse&ﬁﬁqsgcﬁ]‘i er Hé)‘ﬂ? WEV\@@P%‘rlg}gﬁ%fP’ieg
aberrations by the wavefront measuring _ device FIG. 4 depicts an

al t er nat i vesersebbtfi Widlhevigthe samgashane asthe H’l’é’égi}(ﬂfﬁﬁag&%ﬂ’/ﬁ tE‘éfe\'/W%lﬁp?triﬁﬁtfomzé beam
correction. The wavefront neasuring device depicted in FIG 4 is identical
to the vva\Péfhe@‘mSOfn’éésJh?rﬁ@r@évmél%ﬂé@ﬂ@tlwt peanF} 02 to Brodji¢era desiee $wpg 8ti on of
anot her beamsplitter 144 and sensor 146. The additional beamsplitter 144
and sehsor thei@nsor é4gkeciame desireq plipe wilhbopraduded et thesgasadil b t he i mage of the
retinal spot 108 at the sensor 146 to the processor 124 -12 WO 03/022140
PCT/ US02/ 27243 At kastyssédrmboue; if,thecdmiredyhgpe ine shapa fidriwhéchape cendroiddeuibee 142 to
nodi fy the input beam 102 to produce a desired imge at the sensor 146.
The i mage ehsilyhieterined)alchapoatirddd sharembed camroidwef thesdesisal shigkbcanibk| have t he
sane shape as the plurality of imges of the retinal spot 108 forned at

t he sensor dékBnindgeaicdy @1d ebsilymddcdrdingly, sihee thegetérmiadon d0MRe tentpfdiduce a
desire shape at 5 the sensor 146, the sanme desired shape wi Il be produced

at the sens@juirdd & defsmilt s6a 6Kk il BRWRvelrbnt 106, iR ssion@dd stiRR@icy sreancsdba@e f or
whi ch the centroid can be
10 in the determination of the aberrations by a wavefront measuring device.

The beam splitter 144 is a conventional beam splitter capable of selectively passing
and directing beams. In the illustrated embodiment, the beam splitter 144 is configured in a
known manner to allow a portion of the wavefront 100A to pass through the beam splitter
144 to the sensor 118 and reflect a portion of the wavefront 100B toward the sensor 146.

15 Preferably, the beam splitter 144 is a polarizing beam splitter which selectively passes or
reflects light based on the polarization of the light.

The sensor 146 senses the image of the retinal spot 108 within the wavefront 100
emanating from the eye 106. In the illustrated embodiment, the sensor 146 includes a single
lens 148 and an imaging device 150, e.g., a CCD camera. The imaging device 150 is capable

20 of precisely detecting the location of energy incident to an imaging plane 152 and generating
information regarding the location of the energy. The information regarding the location of
the energy is passed to the processor 124 for adjusting the adaptive optical device 142 as

discussed above in reference to FIG. 3.
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easily determ ned, such as a circular shape, the centroid of the desired
shape can be determ ned precisely and easily. Accordingly, since the

det er m nav¥o osrox2fi4ot he centroid is required to deternm ne abermatioes in the
wavefront 100, precision and efficiency are increased 10 in the

determ nation of the aberrations by a wavefront neasuring device. The beam
splitter 144 is a conventional beam splitter capable of selectively passing
and directing beans. In the ill ust rated enbodi nent, the beamsplitter 144

s configured ing ok BETEERING] 40yl B B 1R Sl RS o 1004

to pass through eam's e sens refc1 ect a
portion of the vvav 1OOB t sensor, 1. referabl

beam spl i ttrgt?“a!ﬁ?&t qb%in%ﬁginfl ?Pé‘ Bg%lﬂ{]tgf)lrﬁgfn@rdw\}ﬁ? 2:?101@' r'lg&smgvaeq l—t\{dﬁ‘a%fses or
reflects |ight b the Iarlztl the |i The .sensor 6
sensets theft en‘éi@‘;@hB‘FﬂlOﬁﬁ OPE’t‘P éﬂag’ﬁ‘ﬁé? al I ggzt Qgtferﬁ;’?‘?gﬁ‘ﬁéi;%?/%q d?ﬁorﬁ@ét o the L6
emanating fromthe e e illustrated enbodi nen e. sensor

i ncl udes a cgibAgimsnt qeawgedmﬁlcaﬁdvh&fp thesamerlgnsifd oirdve! 205 d irgaging deyiced?f agner a.
The |nag|ng device 150 is capable 20 of precisely detecting the |ocation of

ener gyS i nciusshfor medifiting tha giphigpepma AR andpeasnangaheaptians ihe single ibnpids o1
regarding the location of the energy. The information regarding the

| ocati on ofimagihgdavirerl§} ateslegianterbie prayiding fegdtacle rinted to24 ithiage cfdjeustinahg t he
adaptive optical device 142 as discussed above in reference to FIG 3. -13
WO 03/ 022140t P fdiBed o the 4Bagingsplareplisét dtisiaHow iz focdl lamgth dfthe tehe 148 angl e | ens
148 fornms a single image 154 of the retinal spot 108 on the imging pl ane
152 of t he thersagxitivty e iedmagibfddvycef 160 tsbasgleatep dortpraviding feedtaek mdated toald 1008
onto the imaging plane 152 of the imaging device 150. In contrast to the
enbodi ment skippio€ihe snige dFtHa rethandpet E08; Herebapemliting tirtdeadlsyeniaffa o | magi ng

device 128 are
10 specialized input beam correction device than the one depicted in FIG. 3.
In use, the wavefront measuring device depicted in FIGs. 4 and 4A, uses the adaptive

optical device 142 to modify the input beam 102 to produce an image of the retinal spot 108
on the imaging plane 152 which has a desired shape, such as the substantially circular shape
156 on the imaging plane 152. Modifying the input beam 102 to produce a desired shape on

15 the imaging plane 152 results in a plurality of desired shapes being formed on the imaging
plane 130 of sensor 118 for which the centroid is easier to determine. For example,
modifying the input beam 102 to produce a circular shape 156 on the imaging plane 152
results in a plurality of circular spots being formed on the imaging plane 130. Since, as
discussed above, it is easier to determine precisely the centroid of a substantially circular

20 image than an irregular image, the determination of the centroid is simplified, thereby

simplifying the determination of the aberrations by the wavefront measuring device of FIG.

4.
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5 used for nodifying the input beam 102 and neasuring aberrations, the
single lens 148 and i nmaging device 150 are dedicated to providing feedback
rel ated twoan/oearage of the retinal spot 108 fornmed on thecirresg/zm4pl ane
152. This allows the focal length of the lens 148 and the sensitivity of

t he i magi ng device 150 to be selected for providing feedback related to the
shape of the inmage of the retinal spot 108, thereby permtting the

devel opnment of a nore 10 specialized i nput beam correction device than the

one depi cted i rgl ésde@ﬁtshg 13 coREMEYEL Ay PEARMSI YL, dp ot ed

FI Gs. 4 and 4A, uses aptive opt evi ce e I nput

beam 102 t g, py ﬂ'ﬁgm BHind JREL Fhe EJ}ﬁcr'i\f‘etp gljlptl% %nﬁ%%o ﬁ&xéé‘aehobvgggé&ﬁ pl ane

152 whi ch has ape su stan circu

156 on t hetoI vrrs%gl %gHJY %Qgrrec%ve Hrl\c/?c%llp %dlb lilatwabe é?ltéﬁ%ﬁ%%,g%r Oduce

desired shSp&Ugl res V' 6t de5|red
shapes being for .. N plane 130 of sensor 118 for which the
centroid |E%§§%WES”F8“8%P§?ﬁ?ﬁg“@§8P exanpl e, nodifying the input beam 102
to produce a ciycul ar_shape 156 on the. inagj pl ane 152 resylts in a
pluraldty of c.ﬁ\smaaﬁ %'B&feé%@eﬂweo@mga Fha's HEYANYG the waelremo,  si nce,
as discussed above, is easier to determne precisely the centroid of a

subst ant i a’I“F%ﬁu%'igr‘@ﬁch&rdelzleteﬁfa@@ grasrerdinely by ihe additiorgd eomparentgwilbbeni nat i on
of the centroid is sinplified, thereby sinplifying the determ nation of

the aber r adss@ihsd Bydataik Taendditional corpesants ngluded rarecrafl 6@ fogcapturing an4mage
03/ 022140 PCT/US02/ 27243 FIG 5 depicts a preferred corrective
prescri pt i ¥ soaneilp2.caprpiseiori A foeermigmgas énagietofi the spened6R cantadapivs opticaly devi ce.
The corrective prescription verification device allows a patient to
vi sual | y vdevict y6&for oroddying vie qoritecimagd, o procelsorelSdi foreabnbylling ¢heweapgive ont
measuri ng device
10 optical device 168, a dichroic mirror 170 for reflecting the input beam 102 and placing the
image of the scene 162 on the same path as the input beam 102, and a movable mirror 172 for
reflecting the image of the scene 162 to the eye 106 when in a first position 172A and
allowing the eye 106 to view the scene 162 directly when in a second position 172B.
In a general overview, a radiation source 114 generates an input beam 102 which is
15 redirected by a beam splitter 116, then reflected by a dichroic mirror 170, and then reflected
again by a movable mirror 172 (when in a first position 172A) toward the eye 106. The input
beam 102 enters the eye 106 where it is reflected by the retina 104 to produce a wavefront
100 that travels back out of the eye 106. The wavefront 100 is affected by defects within the
eye 106 which cause aberrations. The wavefront 100 passes back through the movable
20 mirror 172 and the dichroic mirror 170 toward a sensor 118. The wavefront 100 passes
through the beam splitter 116 toward the sensor 118 that captures information related to the
wavefront and a processor 159 processes the information. The input beam 102 may be

modified as discussed above with reference to FIGs. 3 and 4.
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prior to the formation of a corrective lens. 5 The wavefront neasuring
device depicted in FIG 5 is simlar to the wavefront neasuring device
depi ct ed won 030231402, accordingly, only the additional conppoeus&®/2m43 be
described in detail. The additional conponents include a canmera 160 for
capturing an inmage of a scene 162, a projector 164 for emtting an inage
of the scene 162, an adaptive optical device 168 for nodifying the emtted
i mage, a processor 159 for controlling the adaptive 10 optical device 168,

a dichroic mrr iﬁén‘f( fgrcar erfa1 lggéé)ﬁg aﬁq éytf)#ta SQe%a%}g%égnQ%gﬂﬁgJﬁ%%j he

i mge of the sc nput
novable mr ror 172 reer the f the scen 62 to.the. eye
106 when i rf BPIJEFOf fg ST p6?=|e§eflfﬂg§ehla mog}r}ag&r ﬁ& 3tdﬂ%tw§)?8 NG Wi ek’ﬁ?fshe
scene 162 dlrectly when in sec ition 17 general. oyverview, a
radi ati on Sdihsted lﬂﬁlﬁ%ﬁgpé? ’HB@F“%@B%P e%ﬁ?@hﬁg qulligmfl’éiaf\{rected by
a beamsplitter 116, then reercte by a dichroic mrror_ 170, and, then
reflected IEGES i thsy camhe%mté thei IPR%Peafv W(%%dwog mlﬁpéi7ﬂp@§|pﬁss%t°1bezA)
toward the eye 106. The |n£ beam 102 enters the eye 106 where it is
reflecfed tyedbe Thewrerasspohst asiysisslradaptyenaten denge 168Gosadipginformpaions back
out of the eye 106. The wavefront 100 is affected by defects within the
eye 106 whifodm thasegeorald&rte araduges competedvanpgs pidhg eye006 p Aseomsctpdinage iradugh t he
nmovable 20 mirror 172 and the dichroic mrror 170 toward a sensor 118. The
wavef ront Ifdgqthatsemtentibmadlygbertdie th appenstplaipatient aslif & weaseweertectel evithoutshy 118
that captures information related to the wavefront and a processor 159
processes tuseof dofrectivati¢nses bythepateput beam 102 may be nodified as di scussed
above with reference to FIGs. 3 and 4. -15 WD 03/022140 PCT/ US02/ 27243
Meanwhi | e, a calefeferéiR® G 8) a6re 3pecifitalye tefscéned62 ea do6e wWhiak cdnsbet hen
proj ected by
10 viewed by a patient, e.g., an eye chart, picture, statue, or essentially any two or three
dimensional object. The camera 160 is a conventional camera capable of capturing images
and the projector 164 is a conventional projector capable of projecting an image of a scene.
Preferably, the projector 164 includes a conventional lens for collimating the emitted image.
Alternatively, known mirrors may be used to collimate the emitted image. Suitable cameras
15 and projectors for use with the present invention are well known to those in the art.
The adaptive optical device 168 is a device capable of modifying the image projected
by the projector 164 based on a correction signal. As will be described below, the processor
159 produces the correction signal based on information at the sensor 118 that is fed back to
the adaptive optical device 168 to adjust the adaptive optical device 168, thereby modifying
20 the projected image and producing a corrected image at the eye 106. The adaptive optical

device 168 may be a deformable mirror such as the type described for the adaptive optical

device 142 above.
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the projector 164. The projected inmage is nodified by the adaptive optical
device 168 that is adjusted by the processor 159 based on information from
t he sensow02iB221dhe nodified image is then combi ned w t hPChasiairais beam
102 by the dichroic mrror 170 and passed to the 5 eye 106. The processor
159 adjusts the adaptive optical device 168 based on information fromthe
sensor 118 to produce a corrected inmage at the eye 106. A corrected inmage
is an image that is intentionally aberrated to appear to a patient as if

it were correct wi t hout . & he se of correctijyve. | by. the.patient. In
reference to FI e@,rocﬁ%?rels'?ﬁg‘&tir#ff @’ﬁlaijip?’vf ﬂ%’cgfc‘}éﬁﬁei@eﬁ@év?&%@ #;ePch can
be 10 viewed a patjent, e.qg., an.eye chart, picture, statue, or .

ossent i al |y o ecePo £ syl tentonaio it segegionsteas Hpbadisting
conventional canera capable of capturing images and the projector 164 is a
convent i onalhe pYapp¥certical dspishi a8 far a&?f‘?ﬂ”é%fy Refing thepraiesied ynage dparoduce a
Preferably, the projector 164 includes a conventional |ens for collimating
the emtt edcorgetgeimagaffardharyeil & | The neprswier S ¢asbe agaventdongkprrgeessorcol | i mat e
the emtted inmage. Suitable canmeras 15 and projectors for use with the
presend i nwenfigused men sadiwaradaosnalyzngithoigornatiqnHeona the serfbrel 18deptodves a0pt i cal
device 168 is a device capable of nodifying the inage projected by the
proj ect or l®xe@masignalforadiustingiht adaptivé gpimhl depwe Wh8.| be descri bed bel ow, the
processor 159 produces the correction signal based on information at the
sensor 118 that T digdgbibadrkortl@0 istdmneachaiphdl wpticapdévicelwhidnpases g of oneadj ust
the adaptive optical device 168, thereby nodifying 20 the projected i mage

and pr oducifrguencg and efitedlighrafi@hatirdgheciy eintiéprefehed atbtirye, @PHicEdlc
device 168 may be a deformable mrror such as the type described for the

adapti ve ophireal 70 réfstitscife fdgheRdd®ieight fidin WOriB4tR3 2440 PGLhWSRREARL43
10 frequencies of light projected by the projector 164, thereby combining the input beam 102
and the projected image onto the same light path toward the eye 106.
The movable mirror 171 is a conventional mirror that reflects the input beam and the
projected image toward the eye 106 when in a first position 172A and allows the eye 106 to
view the scene 162 directly when in a second position 172B. When the movable mirror 171

15 is in the first position 172A, the wavefront measuring device of FIG. 5 can determine the
aberrations introduced by the eye 106 and modify the image emitted by the projector 164 for
viewing by the eye 106. When the movable mirror 171 is in the second position 172B, the
eye 106 can view the scene directly, thereby providing the eye with a reference for
comparing to the corrected image.

20 In use, the wavefront measuring device depicted in FIG. 5 provides feedback to the
patient’s eye 106 regarding a corrective prescription determined by the wavefront measuring
device, thereby allowing a patient to verify the corrective prescription. Initially, the movable
mirror 172 is positioned in the second position 172B to allow the patient to view the scene
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The processor 159 controls the adaptive optical device 168. It receives
information fromthe sensor 118 and anal yzes the information to conpute a
correcti swvoed/gnado for adjusting the adaptive optical devPCEUIRR724r
appropriately nodifying the projected imge to produce a corrected inage
for the eye 106. The processor 159 can be a conventional processor 5
configured to run software for analyzing the information fromthe sensor

118 to produce a correction signal for adjusting the adaptive opti cal

devi ce 168. di,chroic mrror 170 .i conventional  optic vi ce whi ch
passes Iighgggﬁﬁﬁh' %5?%&%%kévﬂahﬁaﬁ%§?§8?%“$¥%H}ﬁ%gmbwﬁgP“??%gﬁéncies. I'n
t he preferrgd enbodi nent., the.dichro('ﬁﬁrt mrror ééo reflects the frequency
of |ight frOHFTHE 3 SITeH Y aReSHRHOBeMY 1148595 B¢ St99E 298 PrP R B ERIETSEE of

| ight projected by the projector 164, there conbi nj ng the.input beam 102
and the pr op%aéﬁéfa%ﬁ ﬁﬁ%b&o i b °§am§n|Vﬁaﬁttg%%Hrafbvﬁhﬂcqw&“wéesmt.wnrhe
novable mrror 171 is a conventional mrror that reflects the input beam
and the préjtestiesd byrtbgwateaptrerasyive dgce ofdihen in a first position 172A
and allows the eye 106 to view the scene 162 directly when in a second
positién 172B. V%@n 6 dprictad iabeudar way efsqnt JIpasuting ppparatust 188 including afyrst t i on
172A, the wavefront neasuring device of FIG 5 can determ ne the

aber r at i onscanmentipdalowatefignt nieesusipedavi® 1dAda seoeid opnydntionakwgeeieomt measdringy t he
projector 164 for viewing by the eye 106. When the novable mrror 171 is
i n the secodayiged$#tandm ptot2Bor 186e It iskr@wh(bataberratioenart hifecsaidrydimticnlec tikipn
thereby providing the eye with a reference for conparing to the corrected
i mage. 20 |@.eysewilgsemativegfwiditotneagu Mhagfae o daerdrys acdoerdctivie pkds€iption

provi des feedback to the patient's eye 106 regarding a corrective

prescri pti ofar apiieonéyesaviich cofrectywbéeitions whe aizwirighgith ety ¢yes, bothgeeined to
allowing a patient to verify the corrective prescription. Initially, the
novablig M BelAéasdréd al the R tinhed 'TE bindcitl ey SREEMAndAO inkiapphrdniZBuitatedlihow t he
patient to view the scene

FIG. 6 enables the aberrations of both eyes to be determined substantially simultaneously,

thereby allowing the aberrations, which are dependent on binocular vision, to be accﬁrately
determined for a pair of eyes 106A and 106B.
The first wavefront measuring device 182 measures aberrations introduced by the eye

15 106A. The first wavefront measuring device 182 generates an input beam 102A which is
directed into the eye 106A and measures the aberrations in a wavefront 100A emanating from
the eye 106A in response to the input beam 102A. The first wavefront measuring device 182
senses the aberrations introduced by the first eye 106A and generates information related to
the aberrations for processing by the processor 186.

20 The second wavefront measuring device 184 measures aberrations introduced by the
eye 106B in a similar manner, using an input beam 102B which is directed into the eye 106B
and measuring the aberrations in a wavefront 100B emanating from the eye 106B in response
to the input beam 102B. The second wavefront measuring device 184 senses the aberrations
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-17 WO 03/022140 PCT/ US02/ 27243 162 directly. The novable mrror 172 is
then positioned in the first position 172A to determ ne a corrective
prescri ptwon3/ozrogi fy the i mage of the scene, and present BCT/ORIZORELd | nmage
to the eye 106. The patient can then verify the accuracy of the corrective
prescription determ ned by the wavefront neasuring device of FIG 5. 5
FIG 6 depicts a binocular wavefront neasuring apparatus 180 including a
first conventional wavefront neasuring device 182, a second conventi onal

wavefront neasuri device 18 and a processor. 186. (s .known that

Aber r at | onsTPHcE] et SR b EBaRdEtoRLS SBAROR Fligd b i B g wi ¢ n
both eyes). Therefore, to determne a corrective prescription for a pair
of eyes, whPRRESEBE PLBELTURBPE 16 ons when viewing with both eyes, both eyes
need to 10 be neasured at the sane tine. The g%nocular wavef ront measuring
appar at us i | | ust ThEPERFETSAT 1861652 convispfiapplsoaessar 10h aroceising ke iBforpation fpediet o pbe
determ ned substantially sinultaneously, thereby allow ng the aberrations,
whi ch are d&yseenestionsh waysitatmagasuyngdeyises 183 aBélé%@iﬁ*%ﬁ'@m;e eygel®Ainded for a
pair of eyes 106A and 106B. The first wavefront neasuring device 182

measur &s abtioBatespeativalnite deieraine hsomepteve@yascripton fgraie pamhef dyes Kl6Avgadef r ont
nmeasuri ng device 182 generates an input beam 102A which is directed into

t he eye 106M6Bndhepmsessers! 8biveptatse mfcrmatemnsgeneratgd hpthefwaefrodtGikaswingnat i ng
from the eye 106A in response to the input beam 102A. The first wavefront
measuri ng déeviceel §283d 184 regaslirgltike @loraticnt intmduded by ezbheyd 106A tikl 06Br st eye
106A and generates infornmation related to the aberrations for processing
by the procesgeivelybubsiftiallysimdaacmdsiyptiatsonptunag sierabagatibay,iisdudidthogeasur es
aberrations introduced by the eye 106B in a simlar manner, using an input
beam 102B vitGhbyibe affectecbyebinodilap visioa. eye 106B

10 The processor 186 may include a single processor for processing information for each
eye 106A and 106B, or the processor 186 may include a plurality of processors such as one
processor for processing information related to one of the eyes 106A and another processor
processing information related to the other eye 106B. The software used by the processor
186 can be selected from conventional software for determining wavefront aberrations and

15 modified for use with two wavefront measuring devices 182 and 184. The modification of
the conventional software for use with the binocular wavefront measuring épparatus depicted
in FIG. 6 is within the level of ordinary skill in the art.

Having thus described a few particular embodiments of the invention, various
alterations, modifications, and improvements will readily occur to those skilled in the art.
20 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 invention. Accordingly, the foregoing description is by
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and neasuring the aberrations in a wavefront 100B emanating fromthe eye
106B in response to the input beam 102B. The second wavefront neasuring
devi ce 18osmoxes t he aberrations -18 WD 03/022140 PCT/ USORIR022x4343

i ntroduced by the second eye 106B and generates information related to the
aberrations for processing by the processor 186. The processor 186 is a
conventional processor for processing the information fromthe two
conventional wavefront neasuring devices 182 and 184 related to the eyes
106A and 5 s i val 1 0. de i . . i\ I Lption for
the pair of ey BRRCHN M YL RERS TEE M aRoR sl e BRI I T o
generated b vefr . i devi ces 182 and 184 regarding the
aberrations%w%pﬁégﬁgg;nggagggﬁﬁgggg 6A and 106B, respectively,
substantially sinultaneously, thereby capturing the aberrations, including
those that may be affected by binocular vision. 10 The processor 186 may

i nclude a single processor for processing information for each eye 106A
and 106B, or the processor 186 may include a plurality of processors such
as one processor for processing information related to one of the eyes
106A and anot her processor processing information related to the other eye
106B. The software used by the processor 186 can be selected from
conventional software for determ ning wavefront aberrations and 15 nodified
for use with two wavefront measuring devices 182 and 184. The nodification
of the conventional software for use wth the binocul ar wavefront
measuri ng apparatus depicted in FIG 6 is within the |evel of ordinary
skill in the art. Having thus described a few particul ar enbodi nents of the
invention, various alterations, nodifications, and inprovenents wll
readily occur to those skilled in the art.
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20 Such alterations, nodifications and i nprovenents as are nmade obvi ous by
this disclosure are intended to be part of this description though not
expr ess| ywevaordioherein, and are intended to be wthin tphPer/gporizesasand
scope of the invention. Accordingly, the foregoing description is by -19
WD 03/ 022140 PCT/ US02/ 27243 way of exanple only, and not limting. The
invention is |limted only as defined in the followng clainms and

equi val ents thereto. -20 WD 03/022140 PCT/ US02/ 27243 Wat is clainmed is:

1. An appar%m8§l%negpsqli fying an input beaminto an eye for use with an
ophthal m c wavetront neasuring device, conprising: a sensor for sensing an
image in a wavefront enmanating..kr t. i e i nput
beam an adapti \}éggﬁwacr:% A rer\rlllg%éﬂlggragﬁle{gﬁletg%a?n lr%%ﬁefy?%rﬁ%ﬁg%ﬁgﬁ{ﬂnﬁ%}g%p and a
processor for gecei vin idnf.or mati on from said sensor and adjusting said
adaptive opt'¥ %rft"beéwrgg BYER 6B Y% d i nformation for nodi fying the input
beam so as to produce.a desired inma said sensor. 10 2, An apparatus

e a
in accordance wetFnSel % SAngINg ok iage i %\gp‘{frfragtsqn?aé&epqgr%%tqe§ye 6PNt P al 1 y

circular. 3. An apparatus in accordance with claim1l, wherein said sensor
i ncl udés a h&lPHs2MShack | ensl et array. 4. An apparatus in accordance with

claim1, wherein said sensor senses said inage in
an adaptive optical device capable of modifying the input beam; and

a processor for receiving information from said sensor and adjusting said adaptive
optical device based on said information for modifying the input beam so as to produce a

desired image at said sensor.

10 2. An apparatus in accordance with claim 1, wherein said desired image is

substantially circular.

3. An apparatus in accordance with claim 1, wherein said sensor includes a Hartman-

Shack lenslet array.

4. An apparatus in accordance with claim 1, wherein said sensor senses said image in

15 at least one sample of said wavefront.

5. An apparatus in accordance with claim 1, wherein said adaptive optical device is a

deformable mirror.
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15 at | east one sanple of said wavefront. 5. An apparatus in accordance
with claiml1l, wherein said adaptive optical device is a deformable mrror.
-21 WO 03v@2202040PCT/ US02/ 27243 6. An opht hal m ¢ wavef r ontT/me@s21243nQ
device for use in measuring aberrations introduced by said eye, said

opht hal m ¢ wavefront measuring device including the apparatus of claim!]
and further conprising: a radiation source for generating the input beam 5
7. An ophthal m c wavefront neasuring device in accordance with claim 6,

wherein said sensor ingludes - kelenslet arr . An
opht hal m c wave? 'r%ﬁto P }ﬁg@tgﬁcrY?\vgeg%ngﬁeé{e%?ﬁ§£@§eofroﬁlgsr?élé%lv?na%ﬁn%%ei"?hm&s further
conprising: _a secgnd sensor.fo ensi nq.aberrations in.said vefront. 10
9. An appar“étf(liizlcef or cﬁyf’ﬁalﬁig(’pgtrqglm(bﬁ?‘%gglétrﬁl?aﬁ?rglga‘%vgflgjcﬁlgfngd eeap\Rﬁ‘rf‘g']I’san
opht hal m ¢ Mﬁveﬁro asuring device, conprising: a sensor for sensing an
i mge eman& FRG" 1 2B & QWP T esponse to the input beam and an
adaptive optical devjice capabl e of, difying the i nput beam said adaptive
optical 15 dev?é%h%EWGPW?%ﬁ"Eﬁwﬁﬁgggﬁgwuf hf ormati on from said sensor to
nodi fy the input beamto produce a desired inmage at said sensor. 10. An
apparatus in accordance with claim9, further conprising: -22

5 7. An ophthalmic wavefront measuring device in accordance with claim 6, wherein

said sensor includes a Hartman-Shack lenslet array.

8. An ophthalmic wavefront measuring device in accordance with claim 6, further
comprising:

a second sensor for sensing aberrations in said wavefront.

10 9. An apparatus for modifying an input beam into an eye for use with an ophthalmic

wavefront measuring device, comprising:

a sensor for sensing an image emanating from the eye in response to the input beam,;
and
an adaptive optical device capable of modifying the input beam, said adaptive optical
15 device deforming in response to information from said sensor to modify the input beam to

produce a desired image at said sensor.

10. An apparatus in accordance with claim 9, further comprising:
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WO 03/ 022140 PCT/ US02/ 27243 a processor for receiving said information
fromsaid sensor and adjusting said defornmable mrror based on said

i nf or mat ivom os/e22mamdi fy the i nput beamto produce a desiredpCi/magzrai3 sai d
sensor. 11. A nethod for nodifying an input beaminto an eye for use with
an ophthalmc 5 wavefront neasuring device, said nethod conprising the
steps of: sensing an inmage within a wavefront emanating fromthe eye in
response to the input beam and nodi fying the i nput beamto produce a

oyl y Longe  DERRgesETaE ity sfis IR PR CHOLARRGE MG 11,

wherein said ste sensin wavet I ont S the steps
of : rece|V|n i mage eratln i nformation.rel ated
to said i ndge! a%& MR et 0 8“5313510%18}388{1 %’én%g&ﬁhe PR T’ito %‘é‘fcgfirﬁiesé’ﬁﬁd step
of nodifying the lfﬂipm beam i ncludes the step of nodifying the input beam
with a def ﬁ%ﬂf%‘ “%r. 15 14. A nethod in accordance with claim 13,
further wherein said step of nodifying the 1input beamw th a deformable
mrror includes the steps of: processing said information related to said
wavefront inmage to determne the deformation required to produce said

desi red wavef r obl A e fr modifying amingpt beaip énto aroexsriad whg vdtiaa opbthelmiabl e
mrror_based on said processed information. -23 WO 03/022140 PCT/ US02/ 27243
15. A Xor r 8evdfipat ipeasyerg ¢avicspsaidanethodepmpopingfisateas 08 for use with an

opht hal m c

P sensing an image within a wavefront emanating from the eye in response to the input

beam; and

modifying the input beam to produce a desired image being sensed.

12. A method in accordance with claim 11, wherein said step of sensing said
10 wavefront image comprises the steps of:
receiving said image at a sensor; and

generating information related to said image.

13. A method in accordance with claim 12, wherein said step of modifying the input

beam includes the step of modifying the input beam with a deformable mirror.

15 14. A method in accordance with claim 13, further wherein said step of modifying the
input beam with a deformable mirror includes the steps of:
processing said information related to said wavefront image to determine the
deformation required to produce said desired wavefront image at said sensor; and
deforming said deformable mirror based on said processed information.
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wavef ront measuring device capable of generating information related to
aberrations introduced by an eye, said apparatus conprising: a projector
capabl e oVoesrol2t4ong an i mage; 5 an adaptive optical devi cecapan7essof

nodi fying said image emtted fromsaid projector; and a processor capable
of receiving the information related to aberrations introduced by the eye
and adjusting said adaptive optical device to produce a corrected inmage.
16. A corrective prescription verification apparatus in accordance with

O S O 10 4 R DGl R UER L Y o e ERRBACARA I Bl ur | N0
said i mage from a scene. . Acorrective prescription verification

apparat us i ce W i f. L Si.0Q. Jovabl e

P ror havi NaPareR! AERGT e ide b of Bner b nd BRI B BerBuBR 7 7, o,
directing said.i e to the eye when in.said first position and all ow ng
the eye to W@W'{gﬁgyaﬁ%yes%?é%aﬁﬁﬁa?“ég?q’vl%n in said second position. 18. A
corrective prescrirpti on vq)ai ffi catjon algg)ar atus in accordance with claim 15,
wherein sai d adaptPFEOLEPIES! Futhngan "848% def ormabl e mirror. 19. A
corrective prescription verjfication nmethod for displaying a scene to a
patient for usea“vﬁdﬁml"ﬁﬁpttfﬁmeﬁﬁﬁ?%ab%ﬁa‘%fé‘?thfﬁ‘f‘gﬁgé%gﬂﬁgieﬁ@“&g\ff%s%pabl e of
generating information -24 WD 03/022140 PCT/ US02/ 27243 related to
aberr at i onsPiCB#Ieed by an eye of the patient, said nethod conprising the

steps of. capturing an image of the scene; o _
a processor capable of receiving the information related to aberrations introduced by

the eye and adjusting said adaptive optical device to produce a corrected image.

16. A corrective prescription verification apparatus in accordance with claim 185, said

10 image being produced by a camera capable of capturing said image from a scene.

17. A corrective prescription verification apparatus in accordance with claim 16,
further comprising:

a movable mirror having a first position and a second position, said movable mirror
directing said image to the eye when in said first position and allowing the eye to view the

15 scene directly when in said second position.

18. A corrective prescription verification apparatus in accordance with claim 15,

wherein said adaptive optical device is a deformable mirror.

19. A corrective prescription verification method for displaying a scene to a patient
for use with an ophthalmic wavefront measuring device capable of generating information
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emtting said i mage of the scene; and 5 nodifying said emtted i mrage based
on the information related to the aberrations introduced by the eye to
produce avoos/neeiced i mage at the eye. 20. A corrective preecTiuSm/i7om
verification nmethod in accordance with claim 19, further conprising the
step of: directing said inage to the eye when a novable mrror is in a
first position; and 10 allowing the eye to view the scene directly when
said novable mrror is in a second position. 21. A binocul ar wavefront

aberration asuring apparatus  tor determ ni.n apberrations.in.a pair of
cyes, " sat o "Sye0 AaRETR HI R e FF SR P e ORI aB R vevi ce
for measuring the aberrations 15 introduced by a first eye of the pair of
eyes; a sed®ond ophthal mi ¢ wavefront measuring device for measuring the
aberrations introduced 'bég a second eye of the pair of eyes; and wherein
said first opht RAMHE ARAVESTUMe SHEsuri ng devi ce neasures the aberration
i ntroduced by said first. eye and said second ophthal m ¢ wavefront neasuri ng
devi ce 20 nmeasufBEliREHWIdiEBES efithoiserseihduced by said second eye
substantially sinultaneously to -25 WO 03/022140 PCT/ US02/ 27243 determ ne
a corréctive prawddyipg pasthemnited magh besed o ghegaformasion sgjated tortheabergtiens| owi ng
bi nocul ar vision correction. 22. A binocul ar wavefront aberration
measuri ng nmtddoekdibyrthagye tovproucg agairectesfimageat the eygi d et hod conpri sing t he
steps of:

20. A corrective prescription verification method in accordance with claim 19, further

comprising the step of:
directing said image to the eye when a movable mirror is in a first position; and
10 allowing the eye to view the scene directly when said movable mirror is in a second

position.

21. A binocular wavefront aberration measuring apparatus for determining
aberrations in a pair of eyes, said system comprising:

a first ophthalmic wavefront measuring device for measuring the aberrations

15 introduced by a first eye of the pair of eyes;

a second ophthalmic wavefront measuring device for measuring the aberrations
introduced by a second eye of the pair of eyes; and

wherein said first ophthalmic wavefront measuring device measures the aberration
introduced by said first eye and said second ophthalmic wavefront measuring device

20 measures the aberration introduced by said second eye substantially simultaneously to
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5 (a) nmeasuring the aberrations introduced by a first eye of the pair of
eyes; (b) neasuring the aberrations introduced by a second eye of the pair
of eyes waudmaRanmi al |y sinultaneously with step (a); and K@yusieersi ning a
first corrective prescription for said first eye and a second corrective
prescription for said second eye. -26

determine a corrective prescription for each of the pair of eyes, thereby allowing binocular

vision correction.

22. A binocular wavefront aberration measuring method for use with a pair of eyes,
said method comprising the steps of:
5 (a) measuring the aberrations introduced by a first eye of the pair of eyes;
(b) measuriné the aberrations introduced by a second eye of the pair of eyes

substantially simultaneously with step (a); and

(c) determining a first corrective prescription for said first eye and a second corrective

prescription for said second eye.

26-



