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BACKGROUND OF THE | NVE of the Invention
The invention is primrily & ¥ected to ophthal mc

WaNEh b ARk..SENSI Ng appa d et hods and PRLEs2004m08107
particularly to a mave HW ﬁWMlapparatus and
0

nmet hod based upon the f noire
defl ectonetry. Descri ptionéepozRel ated Art The

measur ement of wavef r onoalesERtA QNS gﬁ the eye tip to
the 10 h Zerni ke order ~conti nues i nd increasing

application in the field of ophthalnology,
particularly in relation to refractive surgica
procedures such asgﬂ%ﬂ@§0¢ﬁ§%§1ﬂﬂﬁgvéwﬁbgthers I't
is no |longer adequate to nmerely neasure the topol ogy
of thridcomgdtiRndeterm ne how to best re-shape a
person's cornea for vision correction. And while

corneal tOpRQGEARRY: prid Sl QB 1S E ngtlﬂlanlQ o dadhd s%mw afqgratus
pachynetry devices and ray-tracing techni ques can

pr oV hidiem@hode aldtohbor®fartisifagly B J, Q85 G0 Qbor BppRRRS AR Metfdased
and vi sion problens, aberronetry provides on its own,

uni quigonitind IRk eMncal atllecloh@ry i sual defects of the

entire optical systemof the eye. Wavefront sensing

has application ranging from objective refraction

measurenment for traditional correction of defocus and

ast i Dawtipimot Rel@tehAsti buting to the creation of

custoni zed ophthalmc | enses (e.g., contact |enses.

| OLs, et ¢lhp ngmtrementsif envehiont abamasnsabthatyean té the ab B4 HiBe order

whi ch have the-potential to provide vision

i mpr cangneeRto fird coeatiheaph@ooehiticaicld dfblitharholbdle pdrtidiity in

eve.
relation to refractive surgical procedures such as LASIK, LASEK, PRK, and others. It is
no longer adequate to merely measure the topology of the cornea to determine how to
best re-shape a person's cornea for vision correction. And while comeal topography
systems used in combination with pachymetry devices and ray-tracing techniques can
provide a wealth of information about a person's eye and vision problems, aberrometry
provides on its own, unique information about the visual defects of the entire optical
system of the eye. Wavefront sensing has application ranging from objective refraction
measurement for traditional correction of defocus and astigmatism to contributing to the
creation of customized ophthalmic lenses (e.g., contact lenses, [OLs, etc.) and
customized laser ablation treatments which have the potential to provide vision
improvement up to the theoretical limit of the human eve.

Aberrometers and the principles upon which they operate can generally be

classified into four types: (1) out-going (e.g., Harumann-Shack); (2) double-pass (e.g.,



Aberronmeters and the principles upon which they

operate can generally be classified into four types:

(1) out-going (e.g., Hartmann-Shack); (2) doubl e-pass
(e.g., WD 211114/093667 PCT/ 11S2004/ 008107 slit

ski oscopy); (3) in-going adjustable (e.g., spatially
rnesadnveghes7ef ract oneter); and (4) retinal i magaeT/us2004008107
aberrometry (e.g., Tscherning, Tracey). In the current
commercial environnent., Hartmnn-Shack wavef ront
sensor - based aberronetry is nost prevalent. However,
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nmeasuring principles enbodied in the various

conmtérretiral inpzcaapairdnadidy de. gl elscigesng Aebeyh dv dhercetrertt caremercial
identifiable advantages and di sadvant ages. The

i Nt enagmadnty Batienn-Skacl imaetioaidetsor-abel a)gummeal isgfiost prevalent.
Refractive Surgery, Vol. 16, No. 5 (Septenber/ Cctober
2000 o weyti Bhnpsnovhadless wyell adtby olrg lvaradpiigugagiring phindigdsni ¢
aberronmetry based upon the proceedi ngs of the First
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Aberration-Free Refractive Correction. Ophthal mc
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by the categories described above. Researchers in the
fi el kpl@etiva Sugensninyd0cho- S4erptrrier GREREY0). 1hick prgvides a
1960's, How and in the m d-80's, and Liang and

W | | Ppeehigyiehed OPlatﬂémsth@omwka@w uppp e Rfogeegreg of thegFirst
name just a few, enployed various optical principles
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applications has been transferred from the fields of astronomy, strategic defense
nitiatives, and optical lens testing.

In Intemational Patent Application Publication WO 92/01417, Horwitz discussed
automated binocular vision measurement and correction relying on moiré fringe
generation and analysis, commonly known as moiré deflectometry. The publication
described a binocular apparatus allegedly having the capability to measure up to 256
aberrations of the eye, and the application of this technology to the design and
manufacture of customized ophthalmic lenses and laser refractive surgery. In 1999,

Horwitz U.S. Patent 3,963,300 disclosed an ocular biometer based in part upon motré
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aberrations of the eye, and the application of this
technol ogy to the design and nanufacture of

custoni zed ophthalmc | enses and | aser refractive
surgery. In 1999, Horvitz U S. Patent 5,963, 300

di scl osed an ocul ar biorneter based in part upon noire
WO 2004/ 093667 PCT/ US200- 4/ 008107 defl ectonetr

i WOIHAEC’ | i mi t ed teaching of Fourier analy$93%%wwmmm"7
provi ding wavefront aberration information.

Not wi t hst andi ng t he issuance of the '300 patent, it
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measur enen etter resoluti on, hi g er
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Si rrp ess COSt Y, and nore robust than
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ocul ar errol netér systens. 3 WO 2004/ 093667
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enbodi nent of the invention is directed to a device
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system preferably |living human eyes and test objects

i nt ended simpler, less costly, and more robust than Hartmann-Shack and other

commercially available ocular aberrometer systems.



for calibration purposes. The device enbodi ed by the
invention is based upon the principle of noire

defl ectonetey. A noire deflectoneter includes a |ight
source that is wused to illumnate a selected surface
area of the optical systemunder test, an optica

rela system for directing the |ight source
iPTH%%ﬂB%an scattered fromthe surface area BfU/YHa/008107
optical systemto a deflectorneter which converts the

out goi ng wavefi-ont fromthe optical systeminto a

nmoire fringe patterQ“m%wgﬁgzﬁ{é&ﬁ?$@ﬁgﬁ§g§nbly t hat

detects the noire fringe fringe

pattern gnal yzer uysed to cal cul ate the wavefront.

aberr at i g\hl 68 0?}11181%'{ ogtg% }1%%1%0% 1>§§ leécrtﬁ% t% ekaé(‘ie\rf{Ol élheasuung a wavefront
i mprovenent 1o the device is eharacterized n...

T U Sl ol i By BOBG AR i R Bgpimeonaes
exi tfop&m Jatigg u guao ’%é %@ilce \%M‘f&i%gﬂj &0 (ijnvgxﬁioglislbgne u{wgn the
system that provides the abi |{y 0 consl stentlyrand

i ti. . t ) .
C? %rﬁ&:f?ie%f molrggeﬂeagm A 1resd¥§%go\%eéeg nlg@ﬁes %‘%ﬁt sélpxceathat Is

a
defi'’ned neasurement axi's of the referre

as oYumi e. urfa . 1€ i.a t ndel an, optical relay
F%@&-qﬁ ';Ea% 1 fadRAL f@e@&%fﬂgqﬁtéﬂ&hyxgg{rgﬁt optical relay

follow ng: The i1 ght source emts cohérent

the sfyggxmf&,fdh@cting glelliigm&ﬁg iﬂ%ﬁ%tl&ﬁ%aﬁ&e@ﬂom the fsurface area of the

cross-sectional laneter at a anterior surface o

t he (ﬁﬁt:dl @y'%ltem t%)é%@ﬁé&}o(r@tegwhicﬂ &ﬁ{"erﬂcs itxle'UuGg,Q%E G/Qv)eﬁ]oﬁtrﬁg)_r tlele optical

than a diffraction [imted size up to about 1mm

Pr OpAGEh i 2 A%irS ke S4B COhdoPBLRE: LEAM Bfat B s the moiré fringe
anterior surface is parallelly displaced fromthe

opt i gabmatds fﬁrtgetplﬂtfénpﬁﬁliyiéahseﬁ Yﬁa@ﬂﬁa@)fheam%'onlmghat{%n of the
preferred wavel ength is approximately 780nm The

def | @ekORRERA, WnBEInUH @Spravefileditss thS HAe8s GhdabledlBY b illumination

mutual ly orthogonal, periodic gridlines and a second,

pr ef @uabliyt is defdtté tlaminseWaeet @yipil 6f thel @icil\Wdtens Gudiddn Qlignment

grids are located on the optical axis with the first

gr i dsystegniiad piomidss tad dbgjited cahstsregtlf 4@ acotrateynadigy thaXiscal sfstem

an x-y plane of a Cartesian coordi nate system

cor r esipond ingddfioed hasudedt &is1df 14/d0@30 G7efE2tcH/akSRd di0Ke nstant

/008 1 0 7 alignnent of the detector in the

sensenicdanmer acladsiaillyyind HBredightomacsauigrceheggnt Gkhi & the form of a
collimated beam having a cross-sectional diameter at an anterior surface of the optical
system (e.g., tear film/comea) larger than a diffraction limited size up to about Imm.
The propagation axis of the collimated beam at the anterior surface is parallelly displaced
from the optical axis of the optical system by about Imm. A preferred wavelength is
approximately 780nm. The deflectometer includes a first square grid having mutually
orthogonal, periodic gridlines and a second, preferably identical square grid. The two

square grids are located on the optical axis with the first grid’s gridlines aligned along the

x- and y-axes in an x-y plane of a Cartesian coordinate system corresponding to the



| ocated at one or nore Tal bot distances downstream of
the first square grid and is rotated in the x-y plane
with respect to the first grid at an angle 0 between,

but not including, O to 90. The sensor/canera

assenbly preferably is a CCD detector canera with
associated lenses for focusing the noire fringe

pattern onto the detector. The illum nation source i
pP@P@P&BP?”a controllable far IR source provi 'ﬂﬁﬁﬂm“m”“”
uniformillumnation of the exit pupil of the optica
system during an alignnment phase of the wavefront
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exi t pupl e optical systemduring an acq I on
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Fi gubRfelablyshadinglh &@FAFRAA fed drbsdfibif AR M BF cinetDlidpBy to provide
defl ectoneter according to an enbodi nent of the
I NVedehiditatidn Q@ bénteding bositih bathe st gupil Mongtad fturdhent axis of the
unaberrated Tal bot i nmaging of a periodic

device.

The present mvention will become more readily apparent from the detailed
description to follow. However, it should be understood that the detailed description and
specific examples, while indicating the preferred embodiments of the invention, are
given by way of illusiration only, since various changes and modifications within the
spirit and scope of the invention will become apparent to those skilled in the art based

upon the description and drawings herein and the appended claims.



object; Figure 3 illustrates aberrated Tal bot inmagi ng

of a periodic object; Figure 4 illustrates aberrated

Tal bot i magi ng of a crossed square periodi c object;
Figure 5 illustrates a noire effect due to a relative
rotati on between a first periodic object and a second
p@b‘z@@%@s(ﬂjpl ect; Figure 6 illustrates a noir ep@ifiéHhlmsior
due to the superp05|t|on of a distorted Tal bot inage

and a second periodic object; Figure 7 is a

di agrammatic illustration of the relative rotation

bet ween two crosgredr HESERIPTIONROPCHE PR AWENGS cor di ng
to an enbodi nent of the invention; and Figure 8 is a

di agr ammatiguge i kh uﬁhﬁﬁmamn@g‘mﬁm%wﬁ{oae BTREBmEEr Bbr@Xd b an
pupi| of an optical systemunder test aligned with
Cr oS smbaiirhént &GR0hethfigh:t 0 an enbodi nent of the
i nventi on. DETAILED DESCRI PTI ON OF A PREFERRED
EVBODI VENFgued iTikdfrateb BMWRNAd RNt uhibe b0 ilIRe rhag@fe of R geriodic
noi re wavefiont sensor apparatus 100 according to the
i nvenbjeawn is illustrated in Fig. 1. The device, in
essence a noire deflectonmeter, neasures and anal yzes
wavef r ontFigioed illattia@n sheohtedTialop imagalg of y sérddic bbBct;
Optical systens of interest include Iiving human eyes
and test Dpjreciiisstfags aicabichTabdt dmagpgroposessed hipuve paiodic object;
the 6 WD 2004/ 093667 PCT/ US200. 4/ 108107 invention is
not | i m tieghd dDillowass r eweatifeof dut raselagy reetion befren a first
system 110 operates as a single pass wavefront
nmeas penady ob)psitaedn sgsordpatiodiceryect; s under st ood i n the
art. That is, a point source of light of an
appr opr i dtigrspdlustgicapatoat effest due ¢athedpronoatiopes @ disioged Talbot
di ffuse

mmage and a second periodic object;

Figure 7 is a diagrammatic illustration of the relative rotation between two
crossed grids in an x-y plane according to an embodiment of the mvention; and

Figure § is a diagrammatic illustration of a camera image of an exit pupil of an
optical system under test aligned with cross hairs according to an embodiment of the

mvention.

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT QOF THE
INVENTION

An embodiment of the moiré wavefront sensor apparatus 100 according to the
mvention 1s illustrated in Fig. 1. The device, in essence a moiré deflectometer, measures
and analyzes wavefront aberrations of an optical system 110. Optical systems of interest

include living human eyes and test objects for calibration purposes, however, the

0



surface 112 of the optical system i.e., the retina.

The posterior surface 112 will diffusely reflect and
scatter the small spot of l|ight through and away from

the optical system 110 in the formof a wavefront

125. The fundanental principle of operation of the
apparatus di sclosed herein is based on Tal bot

i eghagnvsded bot imaging is a diffracti on phen8GEibSI4/008107
that occurs with a periodic object, for exanple, a
transm ssion grating. Under proper illumnation by a

pl ane wave, perfect replicas of the object appear at

f i xedmansmanee §meed b egastmpetof FresgpbisctasTheisysast P gpages asa
in Fig. 2. The locations of the Tal bot JJ| anes. Z" i
depentesmatshraveion pesurpg syfem as Higt igH) € gpdegipgd fifle art. Thatis, a
wavel ength, X of light according to the relati onshjﬁggl

Zi = ol fobrce of Kghf pien SpHroRiie SRAT PG ety EFFERn 3 pgstenior diffuse
aberrated, the Tal bot inages are distorted as P

i |1 ustrtae 42 plihempgeal systemyife it TRPORERT i H 2 il diffusely
depends upon the wavefront_ slope in the di r§cti 0N tem 110 ]
per penificcand asatierghe sl gpqt o s Brepgh "8 AV B ITHEC GjcRgysem HUm
Crossed gratings, as illustrated in Fig. 4 and :
describb@am Phe WEEHEM 1Bel ow, can be used to recover the
wavefront slope in two . or¥ho onalf directions, FOr . i based
| arge gr aflPhEfEIBURICIPIEET ReBp s 1A PRI HG i raiges tah
Fesol ST MHaNEvel FRHG PPy Pt i bR R
used by posj.tianin second grati.n t..on S
Sbs CEERE WO B G AP S T et LS e by

of the first grati ohject. This gives..I.]

o ¢ et SR i b § GRS bbbt plncs o
of t hi lllgtll'atSC%(l)l{ lt’lgq_ -H%!e p)ggtiolnsn(??l% "l%ﬁ)ggl_;ﬁggs Z§ %&Qﬂéjorgtﬁgﬁén% p, of

produces "a noi Fe fringe pattern. e shape of

moire pattern is rela Qb 1t dAhip Z: = v%i/n. If the
vavef PBADET A hE ?Va"[eg‘t%fﬁ?“h“{ﬁ%&% DRIt =pin. 100

PCT./ U m:!']gi]]él:!i# \{va]if]'%l§ is]éb ]ir]a eﬁ. th Tﬂﬁbq@ P’Fﬂ@gs,aatré'@stgr%g ab MabtebaSh Fig.

a | i ght™88uree 12y §3rfabte For 111 am nati ng a

sel ecg.eghe amount of distortion depends upon the wavefront slope in the direction
perpendicular to the grid orientation of the object. Crossed gratings, as illustrated in Fig.
4 and described in detail below, can be used to recover the wavefront slope in two
orthogonal directions. For large grating periods, the distorted Talbot images can be
captured and conveniently analyzed. To increase resolution, however, finer grating
periods can be used by positioning a second grating at one of the subsequent Talbot
planes and rotating it in the plane of the first grating object. This gives rise to a moiré
effect as illustrated in Fig. 5. The superposition of the distorted Talbot image and the

second grating produces a moiré fringe pattern. The shape of the moiré pattern 1s related

to the slope of the wavefront, illustrated in Fig. 6.



surface area 112 of the optical system 110, an optica
relay system 140 for directing the |ight scattered
fromthe surface area of the optical systemto a
def |l ectoneter 150, which produces a noire fringe
pattern 500 fromthe outgoing wavefiont 125. A
SEHSRLNsaera assenbly 160 is provided and ipgrakbh@nasio
in such a planner to capture the noire fringe pattern
whi ch can be anal yzed by a fringe pattern anal yzer 170
(e.g., programmed personal conputer) to provide
wavef r Onm@@@hﬁt@d 100 MuicludésariFat sovide frsuBabledtnl iBlintin@ing a selected
advant ageous purposes related to vision neasurenent
and sG@ict ekh il ofiRtcpRdBsyaad 1 1@ ppaftaiiugay stii@n deViot diretfi the
further includes an illum nation source 130 for
pr oMviigd Sagterdd Mg thgsut fhde dith AEthé emicafsysam exidtfigtpieter 1304 which
of the optical system and an alignnment system 180
t hatprédacdslal e &$ng€ patB SO Nbmald g rpora tvaalidniM2as ursererdamera
related to a coordinate system 190 associated with
t he dewibgel 6as% Bhais andihdigdelih sehhasnan tompentiat hore fringe
with respect to a Cartesian coordi nate system as
i |l ysitteratnéithicam Yeiagalyzid byl a f@inge ahem anapeks! 70 &5, programmed
represents the nmeasurenent axis of the device, and the
var i puendl enspssr) ig pavidagsyeframdbergateiofooniten e pyafiqrect n
x-y planes aligned to the x- and y- axes. In a
pr ef @vaecgeasipogpsentated coosia mepstromet end aqyesipd wathodstyad
optical system 110 is a |iving human eve and the
sur f apgatas. BheaibviteHO0 Hutberandiusies gulfripetion ourges! 38 far groailing
area of the retinal surface of the eve. A light
souripegihg fluamiatien ¢flah e matl i Brefitles dpli¢al pisiert amdp alignment
selected surface area of the optical systemin the
f or mvetmd § $enfadiitatey spnastgnoplignmey gpdmesgpreperg FRlatedity @ coordinate
light source 120 can be any suitable source known to .
t hos®sER| PP agogiardiHid b devichasshim e dpaifdpeafomepgn with
having a wavel ength preferably in the near. Wspectruym
The 1RRPE]'RAGEHCS 1R 599 nﬁtesSYﬁ?”éF%’r“a%ﬁag?d Hb’?‘%vé 'ehe-vé‘begﬁi’“s 133
770nmto 790nm and nost preferably about 780nm . The
i | | uFFPHFERsdhe merpursreeng At e dgee: é‘?‘%"h%?a“ﬂlﬁ‘%fF?faF‘F&%“g&ra“d
external | of_Phe light source 120

detector/camera lie m x-y planes aligned to the X- and y- axes.

In a preferred embodiment according to the invention, the optical system 110 is a
living human eye and the surface area of the posterior surface 112 is a foveal area of the
retinal surface of the eye.. A light source 120 emits illumination to illuminate the selected
surface area of the optical system in the form of substantially a point source of light. The
light source 120 can be any suitable source known to those skilled in the art that emits
coherent light having a wavelength preferably in the near IR spectrum. The wavelength
range is preferably between about 770nm to 790nm, and most preferably about 780nm.

The illumination 121 is conditioned either internally or externally of the light source 120



WD 2004/ 1193667 PCT/ US2004/ 008107 by wel | - known neans
to be in the formof a collimted beam of |ight having
a cross- sectional beam di aneter ranging fromslightly
greater than a diffraction limted anmount up to about
1 nmmat or proximate an anterior surface 116 of the
',%‘galr wsystem In a preferred ophthal mc enRadidRnlesios
2ol at ed light input to the eye will have a beam
di anmet er between about 300 m crons to about 1000
m crons; and nore preferably between about 600 and

1000y, m\,af @i%n néanstn!a@e 6 HeRGR de& BihadBesilof AR nAnglaNoss-
eye. ['limated | nput beam 121 has a propagation

axi Ssel&onhl%eglh AlamPlLhShabt i dShifll Slepdeda difpikad 18hitell @mount
the system z-axis 185 by a di stance of approxi mately

1mm uﬂo%@éﬂﬁ%ﬁﬁﬁeﬁ@r Plximii g nRngQugte Depenuel dpitan alsRf. Ina
specul ar reflection; for exanple, the first Purkinje

| MBYGreferrEd SiMtahgc &ﬁx!oaﬁ,&aaht & cd1as Qe fpfthent ErRal hdvemMbeam
ot her surfaces of the optical systemthat m ght

0bs C 4 BetbNR W iboli€I0D Radrods &f dxe6it100NmE it ahdunbg ptelfeably
wavefront information to be neasured. It will be

appr egivadn@doddyod a3 600skiclohL gt thdtofnb@tedr flimtsinddce af thd@k] The

di spl acenent and small beam di aneter at the conical

sur f 3@Bm¥kd iput@ehnC 82 10ay N@aapitiod wde di Sahe preéiaboris difpliche
in-going beam It is well known that in an enmetropic
eye, paall fnBe et ket 83 Wypuistdnee dfhgprevmateinil inn. fiBgpligerhant of
a point on the retinal surface. A near-sighted or

f ar - gieghbetk eye clihtaey eregular wifledtiof;dousartbie. tieafire Purkoud image,
wavefront at points in front of or behind the retina,

I es p & theadoynealsuddee biviat fidctians lfioglrthespdhces pf thiepticad syskea that
surface will no | onger be a point source of suitable

si ze nfigt olsomy érivenit retral efieniopowmsirtygharearsiiens indeymaign to be
the wavefront error. The small dianeter input beam as

di sclrosakdh&mall he appestiated buithess sigBeddn fhe@tt thap weallj diplacegrsst and
to elimnation of the need for any refracting

c onpomelhbasmi dipmefps atybatprsaltshriise trilrisdice fwakwa‘f% abgffgfion of the
the object, has been denonstrated to obviate the

pr oblieggnsieanear . - and

It is well known that in an emmetropic eye, a plane wavefront input to the eye
will focus to a point on the retinal surface. A near-sighted or far-sighted eye, however,
will focus the same input wavetront at points in front of or behind the retina,
respectively, such that the light spot on the retinal surface will no longer be a point
source of suitable size for convenient or even possible measurement of the wavefront
error. The small diameter input beam as disclosed herein, referred to as direct injection
due to elimination of the need for any refracting components in the beam path between
the source and the object, has been demonstrated to obviate the problems of near- and

far-sighted defocus without the use of external focussing and polarizing optics or beam

8



far-sighted defocus w thout the use of external
focussing and pol arizing optics or beam Q WD
2004/ 1193667 PCT/1JS211114/09810 7 path length
adjustnent. A preferred dioptric nmeasurenent range is
between -12 to +6 diopters and, nore preferably,
beyQewwsROD. Direct injection of the ill um nadrasensoesior
light is described in co-pending patent application
Serial No. 10/027377 entitled ABERROVETER
| LLUM NATI ON APPARATUS AND METHOD, tiled on Decenber
21, 20lneihhiiiesimey. domfored iopsis mgrattnteot kg id RSteant12 to +6
applicant. The interested reader is also directed to
W I Id&}ﬁ‘@fséltld anore pieferablg, [2eveBPBWDE drirest inje¢tii b&ie illumination light is
di scussi on of a wavefront sensor with off-axis
i |1 urfFssabdlahcoBoting pfient progentipef @inbiNe d9/037E7 futltley
i ncorporated by reference herein to the extent all owed
by apBiEreAR BT e éRMINARE NABP ARATES ANPHEE T Pniakd on
surface of the eye, or posterior surface of the
opt i (%Fenﬁyé%leﬁ?01d\vlﬁlf1ug epymordpfspiged é0 B ihsywapplery. Theenterested
poi nt source of ght form ng an aberrated wavefi ont
125 eV 0%19961‘9 Vil s F’Wéqb%tﬁi 04P2% st drigileddiseisagn of a
system 140 well brown to those skilled in the art
di r e YLCTORESPIob B At R ER ImIehe. Rethet s refermons grefully
def | ect onet 0, described below The defl ectoneter
150 i‘%CO&’Bﬁﬁgééff B WGBSR BriproriEent Aloysd by apghoable ppignt laws and
conponents each have a grid of equally peri odi c
ort hdy&hal gridlines 152, 152'; e.g. each conponent
is a crossed s ﬁarfe g)r ting retlcle "as shown in

SHer

7 (referref T8 “§§yef pryRestenign irfas efribe %’&Eﬂé%‘em diffusely
grids 151 51 The r| dli.pes_ 152 (152 r ef er abl

are 1’fﬂ‘a%zgt(sézrlmjl %fdhel ‘??1“5 r I°5E gt ?HB%’?&‘&?@‘ atﬁ‘gt"avép'é‘“ﬁ%{

so limt n con tructlon ac di n

mverttSRE R PR Pt YE S i BBty o g s

' dentnlx ﬁl@!ll‘t dl-ll'-&% tlflé Jx§paoz§1%u %f tge gavegonjf§15 to a deflectometer 150, described

below.

The deflectometer 150 is composed of two components 151, 151'. The
components each have a grid of equally periodic orthogonal gridlines 152, 152'; e.g.,
each component is a crossed square-grating reticle, as shown in Fig. 7 (referred to herein
as first and second square grids 151, 151"). The gridlines 152 (152" preferably are
laser-etched into a glass substrate, but are not so limited in construction according to the
mvention. The square grids 151, 151" preferably are identical. The first square grid 151
1s positioned along the measurement axis 185 to intercept the wavefront 125 traveling
from left to right as shown in Fig. 1. As illustrated in greater detail in Fig. 4, first square

grid 151 is aligned in the x-y plane such that the horizontal gridlines are parallel to the x-
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Is positioned al ong the nmeasurenment axis 185 to

intercept the wavefront 125 traveling fromleft to

right as shown in Fig. 1. As illustrated in greater
detail in Fig. 4, first square grid 151 is aligned in

the x-v plane such that the horizontal gridlines are
parallel to the x 10 WD 211114/093667 PCT/US2 0 0 4

/TT&%@”%”T@ 7 axis and the vertical gridlineBCHPE4008107
parallel to the y-axis of the device coordinate

system It is nost preferred that the detector portion

of the sen or/ca a assenbly 160 al so be in

substfE/ T affff V‘“?“d idfines pre grildsh it v-3ve il devige gopdipate system.

with the fir uar e r|d 151. Failure to couple

t hesd EFPYRIFEHEL meedg Py o s 1o o e
|npos ible, t ] e the ne sured errations

al ong ‘(’15“9)33’ %H a&ﬂ?" ot in\fi ‘c’h e gl frétﬁﬂ‘@ref%id 151. Failure

ophthaln1c ay fr ont se nS| |cat|
coal i g‘ﬁ)ﬂ%]ﬁ eaeegg?l?%lés dmae ngigiﬂé |"5’°b‘5’é’\9§ H’ dﬁt’emla]e the measured
gharacterlst vi ce.

structura
seconﬁr@aﬂg¥bn%§|azT 755 W%dnﬁP eg e&%ﬁﬁ@?ﬁ@ﬁ Y Fﬁ?ﬁgm““o

first ar e
bly Z SI@%'{QHSC eﬂnfow meng‘:].escn%e% hnmedlf'a ae]? abf)vc OcanP %gctgxﬁngy ﬂ)ed
'S anh&x:ﬂ:‘e%gt?c % tl!erzle\acep rﬁg %E(gl d: éueapgoog qg dlspli]aced d;léwnstream of the

t he device, secon

se' Gl y%%Laé gaﬁgxowgﬁ.ws Js sﬂ]&sﬂnr Igy asstxqcpnflg?er%ﬁsme

espect rst conponent

O < QQI%OIQQStallté axJa s Qﬁtg ﬂ:? I']Ig%re?% e&'rlngoqigﬁ]en?% —ait :Ini the d?vwe the

Fourier transform net for "autonati c DYOCGSSI ng

TJl I Secdfd Aquﬁg 094 155 sege{welv A0 gxed%&(lgzi mgzé"x 9?1%11&(031“(‘1%5]3(3@ to

999), incorporated herein by reference in

ent | rtlﬁtﬂfsttcgnﬁdqx@nt bf/ 'zﬁlx zlm%§t6 @Jhlﬂg\()apb € 989“1@{}& beeI'x Qlﬁ)twn bp%mrooa
typi cal arrangenent of i the gratings in which they are

r ot ate?(g SYIRBL LA In¥in Y foPdufondd proQJsgn(V\énftnjﬂ)n‘E ﬁéﬂ%@t‘ahm‘i@ Opt.
the reference axis, Is not well sulted to conpletely

separag.estd) 974Xomﬂmy 120IRRASHhEd Rfreil bﬁlen@e{] i %O Entirety to the
gradient. The results obtalned for the deflections

ar e, f@fdst allowddlRnt thdt thedyplcdBarddiderit of theOSatimgstin (WRich Ry Bre
B .

rotated symmetrically by 6/2 and -0/2 with respect to the reference axis, is not well
suited to completely separate the x and y components of the wavefront gradient. The

results obtained for the deflections are,

" g, .0 " 6 .0
9. =0, CO8>+ @, sin— and P, =¢,C05—+p, S0

These equations indicate that with the standard symmetrical arrangements for the grids,
one cannot get complete decoupling of the deflections in the x and y directions. When 6
= 0, the deflections are decoupled but there is no spatial carrier required for a Fourier

analysis of the fringe output. The largest possible spatial camier is preferred. Thus, 8
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These equations indicate that wwth the standard
symmetrical arrangenents for the grids, one cannot

get conpl ete decoupling of the deflections in the x

and y directions. When 0 = 0, the deflections are
decoupl ed but there is no spatial cannier required for
avbounesier anal ysis of the fringe output. ThedrakaRsbosinr
possi bl e spatial carrier is preferred. Thus, 0 11 WO
21104/ 093667 PCT/ US211114 /11118 1 0 7 should be

| ar ge enough that sin 2 #0 , wth OnRx depending upon

t he fi %i he CCD arr % and on the size of th
spaé “ﬁ‘é‘,ﬁe SETRE é‘“a;rfi) e A5PPOF g EROP the “@P@ﬂle ??D
O gets too large, it may be difficult to i mage the

fri EESand dn tl@%w«gmhcaérrd%}{acmlnf P, Iﬂncé 1%6 1981#:%%'1 lfdctox tf'h‘%/e If
spatlal carrier is jeopardized. he reader I ntereste

I N el 8t LAY D A6 gﬁﬁﬂamﬁé’fm%&%&] be d&e{]{ Axiea?t R &L Small,

and anaIyS|s is"directed tot and

G at c dl Ca 18 ar S cader 1 (8} g J SCU SIOHO
W eﬂ;i/ M 23%1 4 N-eE%/))% dif; %BF’ k”ﬂ?ﬂsi fo)d MQ{ME]I&{ %{%tn{ 9«%{99&4& RN f

I NCQLRR rd@ﬂe%gm@ﬁéls aﬁcf :ﬁl‘éﬁ BEk dﬁra:tédtté e QJ\ lgyeft{;}fn Equj tt}llaﬁ entitled The
full est allowable extént. A fringe pattern

SeNgYLYiCaPRLA: ASSERRI Mnd AePEel ar &Rl Y HOARIG) i, léhe%}P

detector and canera is prOV|ded, In part, to det

t he ifRidofitdinl REGS AR ehBRS 1 the FbS ailRL A ehibhe@ f r ' nge
anal yzer 170. The sensor/canmera assenbly 160 is al so

used to Aﬂﬁ%@ pﬁﬂ:gn sehoF RinYa atsglﬁlbﬁxl'd) pl@?égl!biv c@ifnpttlm a CCD
optical system i.e., the eye's pupil. In this regard,

t he ddeybCmd cahd & plotaed, id fag! ddersct a2 mdik WieBAdnk @ nsmit this data
source 130 and a cooperatively engaged al i gnment

Sy sti@aTrih8Oanalykght0. ETe évB6t/chiierh BRerhbil Y0 iDALd QBd ®&AMELBnd
130 should uniformy illumnate the exit pupil plane.

I't idssplay ekeexiafipyl of the bftalflsqdient;Re S Me @fer Libil. Ninahis regard, the device

wavel ength range that wll not cause a change in

pupillo Sirther ighaiet  illirgihition eaperise andudoogdatit 6@ epaga atigriRnt

is detectable by the canera for imaging the exit

pupishstenil §avegheengtitn pfthabouinat@80mntdids shdoklomifstoydiviiate

be effective, but other wavel engths can be used as

t hodke sxktiplupibmlarien Ittidyeefamably in the far IR spectrum in a wavelength range that
will not cause a change in pupil size due to light response, but at the same time is
detectable by the camera for imaging the exit pupil. A wavelength of about 830nm has
been shown to be effective, but other wavelengths can be used as those skilied in the art

- will appreciate. In operation, the illumination source will be in an illuminating mode

(on) during the alignment of the patient’s eve. While the wavefront measurement is -

being made, referred to as the measurement mode, the illumination source will be in a

non-illuminating mode (off, or otherwise blocked from illuminating the eye). In an



will appreciate. In operation. the illum nation source

wll be inan illumnating node (on) during the

alignnent of the patient's eye. Wiile the wavefront

nmeasurenent is being nade, referred to as the

measur enent node, the illum nation source will be in a

NoWo JobMPiAat i ng node (of f, or otherw se bl ockatr/damos107

illumnating the eye). In an 12 WO 200. 4/ 093667

PCT/ US211113/00 107 exenplary enbodi nent, the

illumnation source is in the formof a full or

par t i aélemplaR@EnBbdimbitRBe Hmhakih fopass hitonfeth b @V engaytial ring of

illumnate the exit pupil plane. In order to

accur gepd ynitaindposicngt 34 @il Yuhmas e xivpuel ylont

aberrations, there nust be accurate and consi stent

al i gnnent ihediweeirciitiely iBdsusi @enen incaxresval 8fonpfibetrhi@ns, there must

device 100 and the eye being neasured. If the exit

pupi | bodccirke agipbhssant digshambérseanaic pope@ndny axiCstoéthe device

and aligned, the inmage of the exit pupil may appear as

a nor n@l dny tieeumiging megered. ovwewe purilof theypp urak system ngioy progerly

vignetted due to misalignment. Failure to consistently

cent erengand aad dlgned the irakee ioCtbe eretypupibma 4ppean agli fdr@plembund image,

and erroneous wavefront neasurenents fromthe eye

bei nghoreasilit Ba uwketvinghnte vagnated slug i mesaligimeng bitag g éciconpgently

part of the alignnment system 180 and rel at ed

pr oc edentez andgpligy b devirainrey iraveli ipidifegnbandgropeppgavelengéd i n

Fig. 8 is provided to assist in centering the exit

pupi | medsgremgnis frem theszsheingmeatured)ehd tNEs wfasyreraeng s\ppigiaed. As

The pupil can be viewed direct Ic?/ through the canera

160. Ppart of theratipenenegysienrd 80 pndaeleted RIPREARE-GCERSEATY INfIE P T %

is inmplemented via software and displayed with the

pupi | usrses vfict hie reyided lapsihinrgreHe e PrRl ¥l§dude on

the pupil center repeatedly. Qther ali. nrre({]t E:}r_erres

are pdsaupTEnt 2d 83 pidhpdevigk e pppjfean 8?(‘3%’5?%,“@% rgugsdhe

used for alignnment rather than the pupil. center. The .

| mpor CES [T R FRerred BT L 5y PR e siepie e

pupi | sgf?‘\x(f:arl]e a%'a %isp \z{yeeEIX\ritﬁjltlgree pugil %&S 0 tl?ene%g.talll)\%ngﬁ% %'ser to focus on the
pupil center repeatedly. Other alignment schemes are possible. The visual axis, for
example, could be used for alignment rather than the pupil center. The important point is
to consistently alien the exit pupil each and every time a measurement is made.

The optics of the device (reticles, lenses, detectors, etc.) should be sufficient to
preferably measure an exit pupil having up to an 8mm diameter. This size represents the
substantial pupil diameter for higher order aberration measurement and correction via
custom lenses or refractive surgery (e.g., custom LASIK, LASEK, PRK, etc.) Larger
diameter measurement capability may be desirable. A dynamic measurement range of

+20 diopters is preferable.

—
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The optics of the device (reticles, |enses, detectors,
etc.) should be sufficient to preferably neasure an

exit pupil having up to an 8mm di aneter. This size
represents the substantial pupil diameter for higher
order aberration nmeasurenent and correction via
custom | enses or refractive surgery (e.g., custom

LAVO MHinGs  PRK, etc.) Larger dianeter measRGEHSAN4H008107
capability may be desirable. A dynam c neasurenent

range of +20 diopters is preferable. 13 WO

20114/119%567 PCT/ US211114/ 008107 . A frln%e,ﬁattern .
anal yzer fﬁngeé’aﬁ% BREET Ly b1 (ORGSR H Vit é‘%eé‘ﬁfsrdﬁo and is
160 and is rammed to cal cul ate the aberrations

the WALETYD {8 dettre bpabretnas alibn yapRon Pasphpon Hﬁ.ataéysw of the
fringes, q? ed. An outllqe of . the noire fring

pat t erP‘H“" T et ENEETigt tﬁm“‘@ﬁ‘é‘&ﬁ\}tﬁ‘tf&t ‘tTé‘rbﬁ‘)m‘effe‘ngam
anal ysi p cedure for wavefron rration

cal culy WA IR BERReeAYe fon we P% Frapprcalogliagemwas gepsented in
referenc its.entiret

RS0 ?% bgf%@d‘"ex g hetew%éé%%fﬁ'&% i Psabighin e fdest

comr t he of detect n

Tar‘éo”'t“%“’%r%%ﬁfa R e Omggt%]@ i el e

O\N

it; convent the di gi t al m.
dOITH (ﬁ '1 e S1e§l el, sia% W, etcdé)att 2310 d1 1 L Qdeferg%%lﬂgﬁl{&dlgﬂa]

the 191ra§edﬁ)c[tq' E@@Eatlgl OHB{H S E'T" ﬁsgap ial ﬁ%l u%%clzv G%Pmm detemulnHm the

pr edom nant arnon ront gUre

def i I cddoﬁ]ﬁ&teaﬁt? haﬁﬁ%r&él c%welggngn 1 t&éd%x%rn%ntq%m%n%g % the \Q?vegont figure

domai h waveftront I gure, analyzing the resu

meas U, QLak §xes%lcﬁllaﬁwgtegﬁﬁtgﬁﬁoggll ggca(?tlon‘fi‘au]t @%H&rﬂ gg%re; and

for analysis of noire deflectogratns is presente

Q“ r o:glalyﬁﬁsz @E le:sulthg mélsﬂ@l(l&%n A‘%K:lclv:!lrg Qest;tnptltoh 578 zat(ectlnllqggf(&l‘ gnalyms
use the Quiroga at al. teaching to develop t

appr offnloftt QefRbkWaL & ﬂt&elﬁéﬁtbs @%ttrogta@?ql.,WY@E&&Wsk]lled in the art
i nformation fromthe phase information in the

def | e GESie Qe wWayeki-ant toalR@dpahd HPropRAE Yo3twBreGEEKHAS the
expressed in the form of Zer ni ke
wavefront information from the phase information in the deflectogram.

The wavefront aberration analysis can be expressed in the form of Zemike
polynomials which can be used to program lathes or other devices for the design and
manufacture of custom contact lenses, custom IOLs, and the like, and to develop ablation
pattems used in laser refractive surgery, as known by those skilled in the art.

Since the device as described herein can measure the decoupled wavefront
aberration from defocus (second-order) up past fifth-order, the device has another
advantageous application as an objective phoropter. A binocular device could also be

implemented based upon the principles disclosed herein. Binocular pupilometry is the

preferred way to measure pupil diameter since the behavior of both pupils is coupled.
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pol ynom al s which can be used to program | at hes or
ot her devices for the design and nanufacture of
custom contact |enses, custom|CLs, and the |ike, and
to develop ablation patterns used in |laser refractive
surgery, as known by those skilled in the art. Since

ce as described herein can neasure the
dé@guﬂﬁgémﬁbvefront aberration from defocus ©ClUS00EI07
(second-order) up past fifth-order, the device has
anot her advantageous application as an objective

Prrlglr gﬁéﬁ{ VCPATB Y %%0 § rﬂ‘lvgfﬁagf%lé erb?‘?dﬁa?% 1ea§e ]oseél écalllustrate the

her ei nr1]ven on 9 lI ge ur!%%xgloodqanﬁgogy %khl]%d 11 )e ar.P [hat c%%nrcgsd:}n\évan%dlﬂcaUOns

nmeasu d aneter srnce Ior o

b i *C’%“ﬁ%ﬁ‘" AR s detimed i e
enbodj pe e been chosen to illustrate the
|nven?F’£&§?ﬂg%nll be understood by those skilled in

the art that changes and nodifications can be nade
therein without departing fromthe scope of the
invention as defined in the appended clains. 15 LLOYD
W SE WD 211114/093667 PCT/ US2004/11118107 | claim 1.

A device for neasuring a wavefront aberration of an
optical system said device inctuding a |light source

suitable to illumnate a selected surface area of the
optical system an optical relay systemfor directing
the light source illumnation scattered from the

surface area of the optical systemto a defl ectoneter
conmponent, wherein said defl ectoneter conponent adapts
a wavefi-ont fromthe optical systeminto a noire
fiinge



pattern, a sensor/canera assenbly adapted to i mage and

di splay an exit pupil of the optical systemand {h€ypwisE
Moire fringe pattern, and a fringe pattern anal yzer
adapted to calculate the wavefront aberration of the

opti cal system characterized by: an illum nation

soWPé@”W 6T | | umi nating the exit pupil of the TptyEYy/osI?
system and an alignnment system cooperating with the
illum nation source in such a manner to consistently

al ign A, heasur ement axis of the device to the optica
systeh1 "he devi ce of cIa|n11 wherein the |ight from
Lne I O 0T R el SANELENL bl P SRy, s
the formao mat e

evice 1 {ud CPOI L SQUICE § unalgf ‘%1 1]]u1%mlatn ? fsgec?ed%l%f%ace ru'ea oft tlée doptical

sectional ame er greate racti on

anount s‘[%I 1, atn @cgpllgav SYS npf (ﬁxex,JnQ tﬁe.ﬂgH{E‘oﬂ@é hlﬂgm&l&% °(,411tteled from

sel ecte sur face area of system

devi c | Pm sai
di amﬁ&]g ?Jl fagc qg éirg\f\gree r?wlg[)s% Etgn% de‘ﬁEcQ 1§ett§% }é}ko(EELK%Y wher S id

VO 209%9%&@% Sfﬁ#!%ﬁ&@ﬁ&@ﬁ&@ﬁom ﬁn oThe: dav “fto QRom fringe

claim1 ereint ght source 1 llumnation has an

i n- QQJu@ﬁ pgeQQ@%térMsc%l\Sadsmtto 1n§1gg 51§1M1s§ﬁ§gn é)ﬁﬂﬂ]ﬁ»ﬁnf the
centered optical axis of the optical system

devi cgyfl hal Mo WORIEh e dhsPLASRA aﬁa‘f’vzélbd‘ahgted 0

device of claim1, wherein the |ight
S our C@aléulaltcucm PALEOR D381k of the optical system,

characterized by:

an illumination source for illuminating the exit pupil of the optical system; and

an alignment system cooperating with the illumination source in such a manner to
consistently align a measurement axis of the device to the optical system.

2. The device of claim 1, wherein the light from the light source 1s coherent
light.

3. The device of claim 1, wherein the light from the light souxce is in the
form of a collimated beam having a cross sectional diameter greater than a diffraction
limited amount up to aboui 1mm prior to iluminating the selected surface area of the
optical system.

4, The device of claim 3, wherein the cross sectional diameter is between

about 300 to 600



wavel ength in the near IR spectrum S. The device of
claim7, wherein the wavelength is in a range between
about 770nmto 790m. 9. The device of claim8,.LOYDWISE
wherein the wavel ength is about 780nm 10. The device

of claim1, wherein the deflectoneter conprises a

fl&ﬁ} sAdare grid having grid lines that are ﬁﬂHﬁﬁhmeuw
perlodlc I'n orthogonal directions, said grid be

fixed alignment with the sensor such that said

orthogonal grid lines and a horizontal axis and

vertical axis ofcd.bfe SRRFOL wHeRintthd UREEULO jIRFhinbtioPIRLan in-
y-axes of a reference coordinate system of the

devi c m@ﬂgpafgwoh Iasag m&qmgméémor@a SRERAADpEAUB S iR DridaB
substantla y dentical to the first square grid,

wher eiResai d fi rst and second grids are | ocated al ong
at- axis of the reference coordinate systemat a

separati oy di STRIWRice &Ilam‘l‘@,&f@reﬂi th@dl@}:%dﬁlﬂ&r_@g;el[)out efkal
to or greater than one and T is a Tal bot distance,

further wherei md 0icseGRRE 1 Ortettid Se liF@tat®@ ivnfindiBehasay
plane with respect to the first grid at an angle, O,

wher e wlvefenfthn 80neat IR spddi@mdevi ce of claim 10, wherein

1 <0 < 10. 12. The device of claim 10, wherein the

def | ect onet er The @&vigt STt Al vilfeied the Raxeldngth ias e kaned lehedn

grid lines. 13. The device of claim1l, wherein the

SensokbROTPMNSE®0@amCCD canera. 17 LLOYD W SE WO

20114/ 093667 PCT/ US2004/ 01181117 14. The devi ce of

claim 1, wher eilhe dehee bi diai® Nalickedinths @aved@eth @y about 780nm.

illumnating the exit pupil of the optical system has

a wavel engtoh i h¢ &eeick affcldirk1 spleodin hendeflEbiomTtaecodgiijee @ iof square

claim 14, wherein the wavelength is in a range between
grid having grid lines that are equally periodic in orthogonal directions, said grid being in
fixed alignment with the sensor such that said orthogonal grid lines and a horizontal axis
and vertical axis of the sensor are aligned to an x- and y-axes of a reference coordinate
system of the device, and further comprising a second square that is substantially
identical to the first square grid, wherein said first and second grids are located along a z-
axis of the reference coordinate system at a separation distance, nT, where 1 is an integer
equal to or greater than one and T is a Talbot distance, further wherein the second grid s
rotated in the x-y plane with respect to the first grid at an angie, 8, where 0° <0 < 90°.

11. The device of claim 10, wherein 1° <6 < 10°.
12. The device of claim 10, wherein the deflectometer 1s a glass material

having laser-etched grid lines.

13. The device of claim 1, wherein the sensor comprises a CCD camera.
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about 800nin to 90011111. 16. The device of claim 15,
wherein the wa.vel eneth is about 880nm 17. The device

of claiml1, wherein the illum nation source has an
illumnating node and a non-illum nating node.

The device of claim1, wherein the iIIuninatioﬁLﬁgﬁy@%E
isinthe formof a ring of light emtting devices
suvoabhysposi tioned to uniformy illum nate tpeTRS2mH008107
pupil. 19. The device of claim1, wherein the

al i gnment system conprises a cross- hair indicia to
identify a centering position of the exit pupil on the

cr oss- hai 4. 20he Fvecedéslime . whergh dientlubgnatiph equgse or tilhveninating
cross-hair indicia is a software inplenented indicia.

21. Thresxdewpitd tgfopgdabsvaret hasphervelengtl ndhdhpri§epeatmer n

anal yzer is a conponent adapted to inplenent a

sof t war e- &¥-i vele Botneiobelaitnrignsasgimiia warejesied 1oh afdpge between
noire fringe pattern. 22. The device of claim1l,

wher ebept 8panplpt?Péal. systemis a test |ens, wherein

the selected surface area is an area of a diffusely

refl ecti ngb-posthediyoie o8 elpimgcevifrein Hie wegsdgneth|iggpgut SH@m.

The device of claim11, wherein the optical systemis
an eye, wher eifictpece of dpigich whersiy tlfed bwnipgtion suecehag g dygpinating
region of the retinal surface of the eye. 1S LLOYD

W SE marig andrhgengiyipgingmogs- aj m 10, wherein the first

and second transni ssive materials incorporating square
grid |inesSthathedpaceefelaim y WHerp dif BUnIAtOR oA the form of 2

directions are identical crossed pairs of_ Ronchi _ _
rul i iy of light emitting devices suitably positioned to umformly illominate the exit pupil.

19. The device of claim 1, wherein the alignment sysiem comprise; a Cross-
hair indicia to identify a centering position of the exit pupil on the cross-hair.

20. The device of claim 19, wherein the cross-hair mdicia is a software
implemented indicia.

21, The device of claim 1, wherein the fiinge pattern analyzer is a component
adapted to implement a software-driven Fourier transform analysis of the moiré fringe
pattemn.

22, The device of claim 1, wherein the optical system is a test lens, wherein
the selected surface area is an area of a diffusely reflecting posterior surface of the test
lens.

23, The device of claim 1, wherein the optical system is an eye, wherein the

selected surface area is a foveal region of the retinal surface of the eye.
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25. A nethod for neasuring a wavefront aberration of

an optical systemusing a noire deflectoneter device,
conprising the steps of: providing said device LLOYD WISE
including a Iight source, a sensor/canera assenbly, a
fringe pattern analyzer, an illum nation source, an
alignment _system and a deflectonmeter conponent

compitsi ndhe dewee afelaige t rwhesgin sheefingt andssecattdetrarismissavied

first square grid has gridlines that are equally
maariatsdhcorporating bpgengdid Hhesahitiapnsquall@iperiddic & ordiganal directions
grid being in fixed alignnent with the sensor such

afeN@éntRal okl PRGOSAR orfhi Allinpes and a horizontal axis
and vertical axis of the sensor are aligned to an x-

and axi n rdi nat yst em of .t he .
covi 257 AfRptBa 16 RER e & SBLHER aBerrdeR o b Spial fvytem using
Iocatrdgﬁ downstream of the first square grid at a
a FORMAtes dayiee comprisipgdhestepsiod: an i nt eger equal

to or greater than one and T is a Tal bot distance,

t he peyohug gpid devied ingludingslight soura¢,edsehsorichmera-asyembly, a fringe
plane with respect to the first grid at an angle, O,

patteehi enddfzer, 4 iludidiation isb@eelan a@ihhﬂﬂﬂt@?itklﬂga@a &fldctometer
pupil of the optical systemw th [ight fromthe

! . g : o : - of. i .

SR B REHES g SRR AR A, SRGS R B8 Ak rid b
sensor/canera assenbl.y: cqnsistently aligpi.ng the exit |

oA G A sBefEntechY inqHep g ABRToriciol] GrLamuAta dibeing in
a wavefront nmeasurenent is to be nmade; 19 LLOYD W SE

fiygd slomarend with thegnsusech thpt said enthagnal gridiines anda heridontpl axis
a selected diffusely reflecting surface region of the

amprdried] asissif ea senbdriaraalignpd topt x-adndl yaxds sEaref@vhceoordinate

i ght provided by the |ight source; and

system of the device, and further wherein said second square grid is located downstream
of the first square grid at a separation distance, nT, where n is an integer equal to or
greater than one and T is a Talbot distance, the second grid being fixedly rotated in the x-
y plane with respect to the first grid at an angle, 6, where 0° <8 < 90°;

uniformly illuminating an exit pupil of the optical system with light from the
illumination source;

obtaining an image of the exit pupil including an alignment indicia with the
sensor/camera assembly;

consistently aligning the exit pupil with respect to the alignment indicia each time

a wavefront measurement is to be made;
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obt ai ni ng wavefront aberration data. 26. The nethod of
claim 25, wherein the step of uniformy illumnating

the exit pupil conprises using a ring, or at |east
part thereof, of light emtting sources. 27. Thgﬁ-OY%W'SE

met hod of claim25, wherein the step of uniformy
illumnating the exit pupil conprises using |light
h¥ WY 434kaAvel ength in a range of 800-900nm PEI/USZHEH008107
met hod of claim25, wherein the step of uniformy
illumnating the exit pupil conprises using |ight
having a wavel ength of ﬁgoyt_SSOnn1 29. The nethod of
cl ai m 25 "{RHEFBE hsoisd S orTChmeERERTE SR CAME GRTGRYsystem
~the exit upi.l canprises.aligning a center of the

exi t "Puf PPRRRa el L pEieR Bnecady Tegtaareend 30,
The net hod of cIain12%! wherein the step of
consi st eRPRYEMAGHTCAGOIFRECREF pupi | conpri ses
aligning.a visual axis thrqu the exit. il toa .
measur ement ail?té”eél}c’éf’ﬁ%mm gv%@“’ em g‘i FICPrWé'B#‘g'PWo‘E‘}“IBF‘“mg the
claim.25,..wherein .the.step of illumnating a selected
di 11 Oy PR e P Bor agrd Rl e deRind ety

i nj ectin 97 a C’Pl'w' nléeglao%.?x dlaigno?lzevrvﬁ Q%’f thg ?tgﬁm)tj ug%cgm%ig}lrél}nﬁting the

optical System e netho m

tzge Qgt%rl]lplli] 90%1p%sé%iu%g§ ltlg%{ -hat%rlentgvz\lle\%r\]'elgrl%%l’g] a ra(rSlgeoof1880-;_!’(S)(png)xfr m

28.  The method of claim 25, wherein the step of uniformly illuminating the
exit pupil comprises using light having a wavelength of about 880nm.

29, The method of claim 25, wherein the step of consistently aligning the exit
pupil comprises aligning a center of the exit pupil to a measurement axis of the device.

30. The method of claim 25, wherein the step of consistently aligning the exit
pupil comprises aligning a visual axis through the exit pupil to a measurement axis of the
device.

31.  The method of claim 25, wherein the step of illuminating a selected
diffusely reflecting surface region comprises directly injecting a collimated, coherent
beam into the optical system. |

32. The method of claim 25, wherein the beam has a diameter between about

600 to 1000uwm.



