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BACKGROUND OF THE I NVENTION Field of the Invention
wab@4iopseenti on is primarily directed to opht hab@i/ws2004/008107

wavefront sensing apparatus and nethods and nore

particularly to a wavefront sensor apparatus and

nmet hod based wupon the principles of noire

defl ectonetiy. Descri pio®RE QbpRROMEGERAIt The

measur enent of wavefront aberrations of the eye up to

the 10th Zerni ke order continues to find increasing

application in the field of ophthal nol ogy,

particularly in 'q@ﬁnkg E%@ﬁ gi cal
procedures such a%gkgg% , L §%ﬁ?§% K,-gggﬁgthers. It

I S.. ;A0.l onger .adequate to nerely neasure the topol ogy
oﬁhﬁﬁgf%gﬁﬁggﬂwo deternmine how to best re-shape a

person's cornea .for vision correction. And while
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pachynetry devices and ray-tracing techni ques can

prég¢ mghods yuslanemg pegticylarhiopayavetion Senser apppatus apd wethgdbased
and vision problens, aberronetry provides on its own,
uripgu theipniheipled of woiradrdlgetompey.vi sual defects of the
entire optical systemof the eye. Wavefront sensing

has application ranging from objective refraction
nmeasurenent for traditional correction of defocus and
aShdsgpipioh fRelated @it ri buting to the creation of

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

I OLs, @hemeasafinent oSt Oiira@dbératiths cXithadye ap té theabMeahike order
whi ch have the potential to provide vision
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eye. Aberroneters and the principles upon which they
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out-going (e I nal m

( ezioQbﬂger 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 corneal 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, IOLs, etc.) and
customized laser ablation treatments which have the potential to provide vision
improvement up to the theoretical limit of the human eye.

Aberrometers and the principles upon which they operate can generally be

classified into four types: (1) out-going (e.g., Hartmann-Shack); (2) double-pass (e.g.,
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i n-goi ng adjustable (e.g., spatially resol ved

wo edonagtsonet er); and (4) retinal imge aberr oneCT/YS2004/008107
(e.g., Tscherning, Tracey). In the current comrerci al
envi ronnment, Hartmann- Shack wavefront sensor-based
aberronetry is nost prevalent. However,
Halit sxeREopHh @0kn-gaidg Weilitatas (el N epaalle Eesm&’difeﬁﬁﬁbmeter) and
measuring principles enbodied in the various
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f| el d of psychoph si_cs, as _Smrnov i

1 Betractive Sargemin ol koM S@Wt@g@e@ﬂ@hﬁ 2@P%)n‘gh§h arowdes a
Wllianms in the |ate 80's through the md-90's, to
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to acquire and analyze ocul ar aberration dat a.

L ilitempizmal Gorgrasaof Weeditonf Sdusiopairbabdrotionpiee Rafmitve Correction.
appl i cations has been transferred fromthe fields of

ast r onOphthalatic atedont Wadiemd analpsid is &Y ny esansdimlitedblyithal

| ens testing. In International Patent Application
Pubkggit Heoridd a88ve) RbdchrchbiB itk Fiell F@rheEGfhysidd) kit @ehirnov
bi nocul ar vi sion nmeasurenment and correction relying on
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initiatives, and optical lens testing,.

In International 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 5,963,300 disclosed an ocular biometer based in part upon moiré



Horwitz U S Patent 5,963,300 disclosed an ocul ar

bi oneter based in part upon noire 2 WO 2004/ 093667
wERONANESe04/ 008107 defl ectonetry and i ncl udedP@r/US2004/008107

limted teaching of Fourier analysis for providing

wavefront aberration information. Notw thstanding the

i ssuance of the' 300 patent, it appeared that
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instant specification discloses inproved noire
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I NVENTI ON An enbodi nent of the invention is directed
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an optical system preferably Iiving human eyes and
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that is simpler, less costly, and more robust than Hartmann-Shack and other

commercially available ocular aberrometer systems.



principle of noire deflectonetry. A noire
defl ectoneter includes a |ight source that is wused to

WO bdowndset e a sel ected surface area of the optPCHIS2004/008107
system under test, an optical relay systemfor
directing the light source illumnation scattered from
the surface area of the optical systemto a
def | ect omet er whi cRUNMMMXRYIGE THE INVENQIMY wavef r ont
fromthe optical systeminto a noire fringe pattern,

a SensghlkaBiBRnATIV R Kb hRUIr8REPe Sl fi Rk &irihf b RECefront
pattern, and a fringe pattern analyzer used to
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an .al.i.gnpent , stem.t hat pravjdes the abjlity to .
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under test. to a defined neasyrenment axis of the :

d Eﬁﬁ%é% illugpiggiad Feé?j:t"‘&§ﬁ§%‘f?§feéf’¥#‘ﬁé’l°?l‘??é 57 undiet aneptical relay
i nclude the foll ow ng: The Li%g% source enmts coherent

| Fxgken fop direrding dherdight soyree dbmpingtin septiseed dioruiie pgfage area of the
cross-sectional dianeter at an anterior surface of the
opriicehsystesnte aalgilgatompter whedircopydrigtleesrutgoing wavefent fokraifie gptical
diffraction limted size up to about I nm The

prpEayatd omoak frége pattelre acerlshi/camnteechskraeily tit debests the moiré fringe
anterior surface is parallelly displaced fromthe

opittetg land A ifiSnge fpatidie aibizecakbd Byalcelatetie abwfiontlabeiratdn of the
preferred wavel ength is approxi mately 780nm The
deptiRréeRel @helehGinuglpHvendnt kSthe S48 clidctbriRéVby illumination
mutual 'y orthogonal, periodic gridlines and a second,
PERESS B 1Y ude EMuEAatSAURT Pull bfthe IRl 9Rem SR Blignment
grids are located on the optical axis with the first
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! Ec?llililia{egtbegg llie?xfir?g e? griosgs—s%ptl%n‘ialsdiarn?étgrta? gn anterior surface of the optical
system (e.g., tear film/cornea) larger than a diffraction limited size up to about lmm.
The propagation axis of the collimated beam at the anterior surface is parallelly displaced
from the optical axis of the optical system by about lmm. A preferred wavelength is
approximately 780um. 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



in the x-y plane with respect to the first grid at an
angle 0 between, but not including, O to 90. The
w@emsnviseaner a assenbly preferably is a CCD dep@ruUs2004/008107

canera with associated |enses for focusing the noire
fringe pattern onto the detector. The illum nation

source is preferably a controllable far IR source
pratighraknn gf thaeidétecton in elbahsostanmm oftertiflp €kd decqudpighar®frid is

the optical systemduring an alignnment phase of the

Vayfet @néneBe asoié TABHIdiskidesiRiviGreamaFaly @ st¥qud®brid and is rotated
illTumnating the exit pupil of the optical system

dyf HRY-PRaROH R550B th&ﬂé%t‘?—id%{ ar} D1 VRNE EDMbut not including, 0°
measur enent. The device further includes an alignnent
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shoul d be understood that the detail ed description and

s plsconticel sestepgraeg an ghignaent phase af tha yav¢feonpmegsaremegt and being
enbodi nents_of the invention, are given by way of
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nodi fications within the spirit and scope of the
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art based wupon the description and draw ngs herein
ameeférhiely Apyiend sdtvelapdnbrated chiE:-BAOHARHEIO 6he camera display to provide
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Fii@datiBcatioh Sf @ cahitip O¥RIM oF thd éx&t%ﬁ%ﬂbioﬁ@ thRefmeAsuTEhér® axis of the
defl ectoneter according to an enbodi nent of the
I MgRdion; Figure 2 illustrates the principle of
unaberrated Tal bot inaging of a periodic object;

The present invention 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 illustration 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.



Figure 3 illustrates aberrated Tal bot i nmaging of a
periodic object; Figure 4 illustrates aberrated Tal bot

w0 pagioysgeDf a crossed square periodi c object; PE/U004/6)8107
illustrates a noire effect due to a relative rotation
between a first periodic object and a second periodic
object; Figure 6 illustrates a noire effect due to the

super posi ti on OBR&EMDESORIPEIONDIPHE DRIBFENGHD a
second periodic object; Figure 7 is a diagrammatic

|11 ust radukdDN;isQf diddhBnh &lcath MG H P Blh QR RALUWSES L Aording to an

crossed grids in an x-y plane according to an

qugghﬂggiagﬂeﬁpgﬁkﬁyention; and Figure 8 is a
diagrammatic illTustration of a canmera inmage of an exit

pupi | : [ st em . under aligned with. .
cross %g%u?ésb g@%#%ﬁ%%ﬁ n(nggeno el ﬁ%&&ﬁaﬁgﬁ%lbg‘ m?dﬁlé‘g ofh petiodic
i%éenfion. DETAI LED DESCRI PTI ON OF A PREFERRED

ENMBEOP MENT OF THE | NVENTION  An enbodi nent of the

noi re vefront sensor apparatus 100 according to the

i nvent if&MS Sﬁaftfalﬁ‘?tag%ﬂaé?ﬁof%bqtpﬁ?gnﬁ ofprpstiprli PRECt: i n
essence a nojre deflectoneter, neasures and anal yzes
vavef r SHrebdiuptatsseherasgd Eaboh praging ofg\eseseath syaaye periodic object;
Optical systenms of interest include |iving human eyes
and t e&igush] dostmtdsgrmae dffetatup ore pintiposesion hotwewnes first

the 6 WD 2004/ 093667 PCT/ US2004/ 008107 invention is
noeribdipljed atda seaslipeivdintobett; t hese obj ects. The

system 110 operates as a single pass wavefront

measur Fipgrestydlugrates thdiféteffeardn ksthe gpeipdEigoslof NdibtBRed Talbot
art. That is, a point source of light of an

apREQRmt alseconP PbridliiesBpicgr 1S created on a posterior
di ffuse surface 112 of the optical system i.e., the

reti napighher R BlnRhatR Wids@eGonlok thetblativdliofatils 6l%een two
crossed grids in an x-y plane according to an embodiment of the invention; and
Figure 8 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

invention.

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT OF THE
INVENTION

An embodiment of the moiré wavefront sensor apparatus 100 according to the
invention is 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



refl ect and scatter the small spot of |ight through

and away fromthe optical system 110 in the formof a
wowroedveet 125. The fundanental principle of OPEr/EH$1004008107

of the apparatus disclosed herein is based on Tal bot

i magi ng. Tal bot imaging is a diffraction phenonenon

that occurs with a periodic object, for exanple, a

t (BREHASS heylingifedtd MPasutddar ofihedp Objedth.| ThE spetéh AMO byerstes as a

pl ane wave, perfect replicas of the object appear at

f lsfﬁgré pd@ssob@eﬁ&ﬁ nfeAdri8d systnb R thRh@RES uArstdddl it Selal GWat is, a
. The | ocations of the Tal bot planes, Zj,

depg gou?cré df h%ﬂ:%??ﬁ %ﬂw cﬁﬁyate% ot dififetQR &EttePRta Igcll‘caenor diffuse

vel engt h, rght according to the relationship
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aberrated inages are torte
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rpend| ular to the grid orlentatlon of the object.
E?E?ﬁﬁﬁglzgs illustrated in Fig. 4 and
descrlbed in detail below, can be used to recover the
wavef r oAt fapupmaial pringirle obonerign Ahthe apnazrys dissloseqhgrein is based
| arge grating periods, the distorted Tal bot images can
ben Tebbet imreatp2alrdbes onaens is adifiractioniphensenenqmihpinerws ith a
resol ution, however, finer grating periods can be
U$>edodjg/olpjcl$i foi @cainply, atrsspdssngrasing nYnddr poper fimiration by a
subsequent Tal bot planes and rotating it in the plane
ofplanb &vafié, pstfecyreplican gf thibjobjett. apiidair 8t e dtancesealia Balbot planes as
noire effect as illustrated in Fig. 5. The
S UIREEROS ird FigID. Ofhe iRt slsf @fetRatbol plakkl! 7| dspge] @nlle pétddd, p, of
second grating produces a noire frlnge pattern. The

at t 8h:
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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 is related

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



light scattered fromthe surface area of the optica
systemto a deflectoneter 150, which produces a noire

wo eoongesepat t ern 500 from the out goi ng wavef r oneCT/RS2004%008107
sensor/camera assenbly 160 is provided and is aligned
in such a manner to capture the noire fringe pattern
whi ch can be analyzed by a fringe pattern analyzer 170
(e. 0., The aspapatiseld0 ipphidsOnAght COAPLL@Ishitdble for DMideating a selected
wavefront aberration information for a variety of
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and correction nethods and apparatus. The device 100
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providing imaging illumnation of° an exit pupil 114
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optical system 110 is a |iving human eye and the
suppaeiss. ateadeyice € Plefupbertiedlidss ag lfraasion sgurges! 38 fergredfling
area of the retinal surface of the eye. A light
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ector/camera lie in 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



by wel | -known neans to be in the formof a collinmated
beam of |ight having a cross- sectional beam di aneter

wo angiopaget rom sl ightly greater than a diffractPGnUS2004/008107
[imted anbunt up to about 1 mmat or proximate an
anterior surface 116 of the optical system In a
preferred ophthal mc enbodi ment, the collinmated |ight
| b ellti@otvh @neliEroWe i thB 8t oF 2lemimatedibase bENgR 8EMBEH cross-
about 300 mcrons to about 1000 microns, and nore
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smal | beam di anmeter at the corneal surface will reduce

c oevalellto ihedisiend zaisrlBaby adisihce df@pprioxingésiln imie dMsplacement of
is well known that in an emmetropic eye, a plane
walveeihrgoing bemp etimimtes keecelyereflgdtioh; Hocwusipteptha fjpo Potkiganimage,
the retinal surface. A near-sighted or far-sighted

eyimm fhewewied]l surfavk khd fefiediiond fiem saesurfapistor d@\opticad Bfsteat that
points in front of or behind the retina, respectively,

thtdbﬁduré A€ wehlgRtind PéHectth dohRinig th& FhveFiohi iBfoemWidnl to be
onger be a point source of suitable size for
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wavefront error. The siall dianmeter 1 nput beam as
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I'mnation of the nee or an
ngone nLs, |n t he beam path betmeen t he source and
BF has been denonstrated to obviate the
proble
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b%vailrlnfocus to a point on the retinal surface. A near-sighted or far-sighted eye, however,
will focus the same input wavefront 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
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adjustnent. A preferred dioptric neasurenent range is
wheimeeise? 12 to +6 diopters and, nore prefer abCHPsS2004/008107

between 20D. Direct injection of the illumnation

light is described in co-pending patent application

Serial No. 10/027377 entitled ABERROVETER

| hAaNA N SN ARM S AN ificT i dsure e hig éh RNs bddReGMIS o +6

ZT, 26§?t whi ch ﬁgekonnonlimggsigned to f%e i nst ant !

aRRItCEINd; mERSr LAY SReen 9680 Blredt$niddtRA ofink oG Hatdd® light is
WlTiams et al'. US’ 6,264,328 for a detail ed

BRI RERANT DB B oY

[ r rel || owed

oy R AER PR LR RATRES ARG RN ol EHHER e
syrface t /e,. or _posterior_surface of the :

o e ier 31 D i s P Rt e R Capheiit Thsdmerested
poi nt source of light form ng an aberrated wavefront

1 3epderip ale ﬁvw&d&wg%ll%ﬁf «elh%l%o%%é% foy s flepieddiscaysipp of a
system 140 wel| known to those skilled in the art
divesefrant semsorpyidpeigaxis 8hmanatipneBoiiwé thegsretercnsestage fully

defl ectoneter 150, described below The defl ectoneter

1 5@ofporatesiiyosistbnod herein tcberpoend atlewadiy, appceble patest laws and
conmponents each have a grid of equally periodic

ortleogonal gridlines 152, 152'; e.g., each conponent

is a crossed square-grating reticle, as shown in Fig.

7 (r ef ehd Rendl QuitRe BF the @S of pdstlioAdiifsLeaRoBidalakfem, diffusely
grids 151, 151'). The gridlines 152 (152') preferably

ak&lects AB@Ecaftérs IRPolM b FHiBRSoMBS bl Mefated Wava Rt NOL
so limted in construction according to the

|

i

I
gewaﬁlgfaﬁay b8 ¢ L8 98l S Alady syl 1BNRIBEBRL Yo Bb& skilled

entical.” The first square grid 151 1is positione

e%@% #5%0%\%%{?1' Irjll g}(fh§ “Ja§é'}ro'i19 1 25%) %rd%ﬁé)c'io&é?& 150, described

ety
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
invention. The square grids 151, 151" preferably are identical. The first square grid 151
is 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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fromleft to right as shown in Fig. 1. As illustrated

in greater detail in Fig. 4, first square grid 151 is
wa@badognexel n the x-y plane such that the hori zoPtHEDS2004/008107

gridlines are parallel to the x 10 WO 2004/ 093667

PCT/ US2004/ 008107 axis and the vertical gridlines are

parallel to the y-axis of the device coordinate

S Vst is QA tHetveltBalBRRIlindd 284 AR o tthdd-atif 6f e 8B GdeQoofiRatd §&tem.
of the sensor/canera assenbly 160 al so be in

S Lﬂ:l§ bt prdfelr¥a PERL H&@Jtor@oi’t&ﬂ ek séﬂ%oﬁ/&ﬁlei‘a sl ?60 also be in

h the first square grid . Failure to coup
t
@ﬁ%szzgl:ﬁ%]:lygﬂ&ﬁﬁgl} i'gﬁxlﬁgxﬁ {hﬁg( )f [%%n%%lgf dthé B 599 ate. ggd 151. Failure

f
iaﬁ?ﬁ%ﬁ e Pt PG R iy P 1%39%%%8101@ the measured
t d d di at el b _
eGP SIPYE 17 et b QUG Dot o PO oy sening

second square grid 151" is displaced downstream of the

f iapBlicaliefirarlae goalignapygstihel lfméﬁ‘s@faéeba@ogﬁ 6¥Pei atmptyrally fixed
by a distance nT where T is the Talbot distance and n

i sheractpritie géthe dpvice Prespwnd sqhatardyiddishenisplaced dpwngtrpam of the
the device, the second square grid 151" is

s eﬂrsgqmar@gt}'d o the z-estls yis shownadFignl bhe distaycepi Tawkeravil tisithe
respect to the first conponent by an angle, 0, where

0 RalHot dis@fkce antl nhias ineger. Shopweidryd Qubsdigented =al In the device, the
Fourier transform nmethod for automatic processing of

Mabdoad d@fateee ooy BigBelediRtly andfigedlyftet)in $ié4=-Ofdne(Witt@spect to
1999), incorporated herein by reference in its

enhd £8E %bnlpBnddi By af !ﬁ{élee 8l whdrd ehLooext Ritbeed 8kn Y Quiroga

typlcal arr angemnent the gratings in which they are

htéglt. uﬁé@%gfgﬁfﬁﬁ {h}{)d ?(X‘ a {og‘la oce%l 1 Qm{ FiREG Sram? Opt.
v DD, 7R @ &?%92 %%fp?ﬁ%%déh%? by R R ey o e

are 0S- +r sin- and cose+r
o Tullest azll(owaéle extent that the ’cypical arrangem 2 otr tPé/ gratslngs 1rF1J %/v%mﬂ they are
rotated symmetrically by 6/2 and —6/2 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,

AN

4 0 d 0 .0
. qav @, Ccos— +go)sm—2— an gpy=goycos—2—+goysm5.

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 0
= (), the deflections are decoupled but there is no spatial carrier required for a Fourier

analysis of the fringe output. The largest possible spatial carrier is preferred. Thus, 0
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These equations indicate that wwth the standard

symmetrical arrangenents for the grids, one cannot
w@ed4oe38pt et e decoupling of the defl ections i nP€TES2004/008107

and y directions. When 0 = 0, the deflections are

decoupl ed but there is no spatial carrier required for

a Fourier analysis of the fringe output. The |argest

possi bl e spatial carrigr referred. Thus, 0 11 WO

D S brslere? REh 0B 614 0OBY I dnes Aenending Bpandhe ezefdbrRCD

that sin O # 0, with 9max dependi ng upon the size of

nd on the size of the i d spacing, P

s .aﬁe%atdwea%%% ithegrioReang, Potings tasrepitioptiop et U1/go 1£0

large, it may be difficult to image the fringes on the

Ceps sgorlarge, it haybg &fficyli tasiize the fringss spei D et i169 isitgo small,

j eopardi zed.. The reader interested in a nore thorough

ditiecspstil onrriefis javpirdigcdle Thetdmmbti@rscding ngmathpsiugh discussion of

directed to the text by Kafri and G att entitled The

Phyesié cisflafionddtére hiceanviBtis & digyted dbothrteX¥ byellafl abé B3att deithed The

York (1990), which is herein incorporated by

r eh.95iang 8lding Nrdifol8Ht Johe Wildy & SHe, New vesit (1abd)owrilgh & herein
extent. A fringe pattern sensor/canera assenbly 160

pﬁﬁ‘cfoﬁio@éi’é&’bﬁgﬁ%béinﬂﬁ ety tHShRGE Mowahd ceRpEra 1S
provided, i'n part, to detect the noire fringes and

transm can%!r ttgﬁlts@n ;Mslsélﬁﬁ ?WIEXFB lych) rlyﬂganD

sensor a asse IS a t'o I

d 'd%t%!:t%‘%’ and c%mgr)é 1§ p1 918?41 11 part? Poede%[ t{h% glogé ﬁrige Qllidotaa%smlt this data
|| t

c %?)E‘ i@g gepnia e[ z'f%usegcéwage and

emtted b the i Ll um pation source 130 s

uRisPEY ﬁh%ﬁxttlptl%?h%? apticphysiER) 1o ghiprye Smuaﬂeﬂi tﬁts rpgard, the device
preferably in the far IR spectrumin a wavel ength
r aAg&rthesincludgs|ap ippinglippseurge EHarnge coAPYRIYPIY cagazed dipment
to light response, but at the sane tine is detectable
byytive L 8hridelt ehoited hyely Wymiratomresdurcegdp shouldymifepalydiigrinate
of about 880nm has been shown to be effective, but
otteasxitwapi blengt I & poeferably inthe dhrdR spdoose is k iwlat/dehgjt}nrahgaethat
art

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 880nm has
been shown to be effective, but other wavelengths can be used as those skilled in the art
will appreciate. In operation, the illumination source will be in an illuminating mode
(on) during the alignment of the patient’s eye. 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
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will appreciate. In operation, the illum nation source

wll be inan illumnating node (on) during the
w@bdiogiyssst of the patient's eye. Wil e the waveET/o81004/008107

nmeasurenent is being nade, referred to as the

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

non-illum nating node (off, or otherw se bl ocked from

| leketfiplngteiibgdiiest, eiéeluminMioAtodide 146h 2RAGMOSIOOH or partial ring of

PCT/ US2004/ 008107 exenpl ary enbodi nent, the

| |1 Ipg s BidbiiPbs RRBHELR ebdnly MukdBitd B8 BiPfup@ k! or

partial ring of LEDs suitably positioned to evenly

i1l um ﬂ?t?rﬁetity gccﬁfﬁltély %dohiiaérgr@qneagtﬁe Wag%on &herrations, there must

accurately and consistently asure wavefront

RSP Db ASE o Bheos B BAHE AL RRRERIET ST coi

deyjce, . 100 .and the e eing neasured.. |f the . exit

o b e R L e P e B i sl 5o SR sty

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

a AP Pwﬂ}ga?ﬁl &peitpageof t{‘%%%é%ﬁl Djay apReHr ﬁwawlﬁygwndd@agea

vignetted due to msalignment. Failure to consistently

c SAVEYCT Hrppyakaeyingl be signetisd dag tomaisglignmient. daflyre feepnsistently

and erroneous wavefront neasurenents fromthe eye

beewier and abgn bd derdedmay wyenlian diffesant anrearonpensolaveltaned. As

part of the alignnment system 180 and rel at ed

p moeedemants fom tlessye heing miemdiedicach3irbe @aseasutemest is ab@ohed. s

Fig. 8 is provided to assist in centering the exit

P wait lof thE 4ligendnb &ysterEEBDUINE PRtEd PrstedurkSDerofs-Haandie BCLas

The pupil can be viewed directly through the canera

16@ustrhidd & G &F 8 hfSeHee DGR raéntertrggah@éﬁﬁﬁlpham td Mgl ci a

is inmplemented via software and displayed with the

PYRiaburbHE Bxi0 83 HOLEY&rice@ThOWTICah BE vids R df il G IRe
the pupil center repeatedly. 'O her alignnent” schenes

LIS Pyl e Bl AP, b
n t

ipggl ’ grggléc}]&(s) ir%agytegi\/x?’el?h )}f)&? ]imc %r}rzlia%éog‘g}%elr ﬁgal#]litoglll% t neg lasge%( %.otfocus 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 align 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, efc.) 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
we@ziow/omepl | having up to an 8nmm di aneter. Thi SPGI/E§2004/008107
represents the substantial pupil diameter for higher
order aberration nmeasurenent and correction via
custom | enses or refractive surgery (e.g., custom
LASI K, AL#iSEdpatieiina®te. 170 sabg@iativelly@ngiced with Afueaide N0 and is
capabi lity maybe desirable. A dynam c neasurenent

r gyﬂ%@arﬁ)&ed 621 cHlaRh&itrrhifond 6T Kk tRont Baded¥on the analysis of the
2004/ 093667 PCT/ US2004/ 008107 A fringe pattern

analinZBhoct GOtebisd. CRRBRTAL MR Moi?@ﬁﬁ@@ﬁaﬁ%% FratoBeinBeRR B am,
160 and is programmed to cal cul ate "the aberrations

Qﬁa&%\;&géﬁy Enaggfs%i%clé@lﬁg Fo::r Q&Sv%fb%ltt %b%h%ti&l‘ ca&%ﬁaﬁomag Sresented in

t

fringes detéect outl1ne e noire fringe

A U B30 oo e SR B o e fus
cal.cul ation s presented.in Horwitz U 5, 963, 300,
RSB e B Frunr e 6 Fe e Rianehs gimee
the ful|lest allowed extent. In essence, the anal ysjs

c dpET.Setpot Feesaelethadesy, cifetnatitn and digitizmeiity ganvertipgitiegligital
Tal bot, Fresnel, shadow, etc.) pattern and digitizing

i timageofrere thejspefial Reman ¢ the ppatiplfrageericy dpmeinedotqrmiting the
domain to the spatial frequency domain; determ ning

t peedoprimd birrmanits; lvemretatitigdls predomyindndharmgnick & the wavefront figure
predom nant harnonics to the wavefront figure in

def defacd axasgaladdting b dirbadinandidrat eptothindonsiimowale fropt figned; and
domai n wavefront figure; and analyzing the resulting
MRASIHI AR tSultifl nehagandntsd @gtdldepht descrptiodof L@ EHhide For analysis
for analysis of noire deflectograns is presented by

QUi iRUB d8fllec®gramd 6l profenRRMLT Qhidd bela@didi A SRRndkilled FAHé &ht
use the Quiroga et al. teaching to develop the

apBhiIgREd @k @u}fﬁ@é& é’)’t@a %ea%ﬁng ¥ c{e@t?lgp B %pprwﬁ'Ya% étro‘gg;are to extract the

information fromthe phase information 1n

SRR UL Sk oA nRabials con be
The wavefront aberration analysis can be expressed in the form of Zernike
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
patterns 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 principies 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
weeeiomesodnt act | enses, custom | OLs, and the |P&EUSENG008107

to develop ablation patterns used in |laser refractive

surgery, as known by those skilled in the art. Since

the device as described herein can neasure the

decoupiaflicwaN&fsa@iHnta g8 binBbdifent LA UES Qs to illustrate the
(second-order) up past fifth-order, the device has

a'i‘r%ﬁt%n, i3 ap LAGLQNR B3Rbsh catie R tl?esarﬁtﬂat%%bfg%g h¥fmodifications
phoropter. A binocul ar “"device could al so be

I nee priane e I .
e R AR ARl R R o BBl dofpeq i e
measur.e pupi | di ameter since the behavior of both
papredeq ‘ga‘g‘éum ed. 14 WD 2004/ 093667 PCT/ US2004/ 008107
Whi | e vari ous advant ageous enbodi nents have been
chosen to illustrate the invention, it will be
understood by those skilled in the art that changes
and nodifications can be made therein wthout
departing fromthe scope of the invention as defined
in the appended clains. 15 WD 2004/ 093667

PCT/ US2004/ 008107 | claim 1. A device for neasuring
a wavefiont aberration of an optical system said
device including 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 ectonmeter conponent, wherein
sai d defl ectoneter conponent adapts a wavefiont from
the optical systeminto a noire fringe pattern, a
sensor/ canmera assenbly adapted to i nage and di splay an
exit pupil of the
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optical systemand the Mdire fringe pattern, and a
fringe pattern anal yzer adapted to calculate the
wane9ert aberration of the optical system  PCT/US2004/008107

characterized by: an illum nation source for
illumnating the exit pupil of the optical system and
an al i gnnent system cooperating with the illum nation

sodkie i n such a manner to consistently align a
nmeasurenent axis of the device to the optical system

2. Thejdevi g€edte fok MefBuiing WWaevediont ARG atidndFan bpteAl $y8@m, said
light source is coherent 1light. 3. The device of

C ld@éfﬂ:@ heluAg f Gtk sront%e bdiQPie fll‘afﬂlﬂalﬂsea dI Al sSPUE GRa bBthk Bptical
formof a collimted beam having a cross

S Egsttén‘i’ Qﬂlopgéa?%ﬁst h ?&td%recting% l?gh:{j r{u&&e@ﬁﬁmﬂﬂhoﬂ s{g}:me'i%dﬁ‘om

unt’ up to I nen pr| rto um nat
The

ees%}:r aACE, a1é1c1|r ffec'l‘? %p%c %s?em i at%eﬂeaglln ter con t eenm vi/hereln said

d vice of C Cross se

[ er .is betme about

OB PR ORI B AGA P i tﬁ%@fﬁéﬂ%@ﬁ G gpgrhfiee
1, wherein the light source illumnation has an

o BRHRILr SPS0E S Asssenly pdapfed;ta rapes gnd; diseiay ?Ib‘?ﬁltd’“l’ﬂ of the
centered optical axis of the optical system 6. The

d eptieab systentang the Bloirgfaee priterh andip §p12a pefpshenalgeradapted to
lmMm 7. The device of claim1, wherein the |ight
s ealodateithd wavicfrantiaberrdtias ofithe watical gWgmh in the near IR
spectrum 8. The device of claim?7, wherein the
waliehaeadpetiby's i n a range between

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 is coherent
light.

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

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

about 300p to 600p.
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about 770nmto 790nm 9. The device of claimS8§,

wherein the wavel ength is about 780nm 10. The device
w®@Rooghgdent 1, wherein the defl ectonmeter conpri SBGI/HS2004/008107

first square grid having grid lines that are equally

periodic in orthogonal directions, said grid being in

fixed alignnment with the sensor such that said

ort hoganal Thd dkvideRESlaiand vehefod the GplitaburdX{lemimfien has an in-

vertical axis of the sensor are aligned to an x- and

Y -B%8prPagRich @k RSN GRIHROEL AR h RentS¥S bPalixid dF8he optical

devi ce, and further conprising a second square that is

sggi&ﬁntially identical to the first square grid,

wherein said first and second grids are |ocated al ong

at- agls ofyl gk ShaLENS LR Al NRbEeSYR EThdth 1hm

separation distance, nfT, ere nis an integer “equa

to or great han e. and .T i.s_a.Tal bot distance

furcher: wher B P eRe? SEeDhanriged utReks B RERuse |

pl ane mﬁﬁh %es%%%é to the first grid at an angle, O,

wigrglepstl iythe neps IR peCtrdle gevi ce of clai m 10, wherein

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

def | ecBonet &he dayics ofrlawy 7, yehersin Hie wakglengyis g Bneebd e

grid lines. 13. The device of claim1, wherein the

sehewr778onpe T¥em. a CCD canera. 17 WO 2004/ 093667

PCT/ US2004/ 008107 14. The device of claim 1, wherein

t he il Buni ndbé¢ davisofirlein §,ovherdin haivaatiength tshkow{Binm.

pupi | of the optical system has a wavelength in the

far | RispectThadevickdf cliinel deheraiethe deftdctuinmatet 4omptises e ifimst square

the wavelength is in a range between about 800nmto

9QBaMavihE grid NesdBi bR q@dily@eaddit borthabRhBdifectiBiB, said grid being in

wavel ength is about 880nm 17. The device of claim1,

WHEE bRednigit ivith W sBRbt QBh BRLEEFrRgoAN glid JittTlaR@h héhontal 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 n is an integer
equal to or greater than one and T is a Talbot distance, further wherein the second grid is
rotated in the x-y plane with respect to the first grid at an angle, 0, where 0° <8 < 90°.

11. The device of claim 10, wherein 1° <0 < 10°.

12. The device of claim 10, wherein the deflectometer is a glass material
having laser-etched grid lines.

13. The device of claim 1, wherein the sensor comprises a CCD camera.

17



node and a non-illum nati ng node. 18. The device of

claim1, wherein the illumnation source is in the
wo eoomoedeen  ring of |ight emtting devices suiPEDUS2004/008107
positioned to uniformy illum nate the exit pupil

19. The device of claim 1, wherein the alignnent

system conprises a cross- hair indicia to identify a
centeriimg POSd devdB of¢laitdE weiein A6 Rivimifdtioh Burce for illuminating
cross-hair. 20. The device of claim19, wherein the

RSSIRDI of hEloflic@I dySieR 1RO W& gt HRALHABR Gdothirdi Ci a.

Ck
21. The device of cllaim1l, wherein the fringe pattern

anal yzgs | Stk 00RO 1 29ALEMN QuldLATEN 2 Anec between

sof tware-driven Fourier transform analySis o
noj_r i nge attern. 22. The device of claiml1,
V\ﬁk u%.St)&%xﬁgo 90p

(8] . . .
Frein I'tal systemis a test |ens, wherein

the sel ected surface areg i s an area of di ff

Fof | ectbng DBSIIESToBtr Prabegh fhs trediveh f wirbt 855t

The device of claim1l, wherein the optical systemi L
an eye!7whelBs drieR gt 31@}@1 Lot {iF flBEanat1oR So4ree Bps i Bigpinating
region of the retinal surface of the eye. 18 WO

200 @ad689-PloMEReBRA®08107 24. The device of claim

10, wherein the first and second transm ssive

mat eri aBs i Mbodgyoeaf ¢lpign bodaren e ilbmiination soureg is gy &e form of a
equal ly periodic in orthogonal directions are

i dimgtoif Gght entitisg debig@akuiblyfpoRRomedito nuifarmiysillu@mateAhe exit pupil.
nmet hod for neasuring a wavefront aberration of an

opt i call9sy s Thédavide BYclaitn N He:iBE hRgintiesyelemit@tipEisss a cross-
conprising the steps of. providing said device

} ?1?15 li&giiélﬂ Pt cHRIHNE BositPorSEMELAIGRAPE bR RS sRIRAY, a
’ 20. The device of claim 19, wherein the cross-hair indicia is a software
implemented indicia.

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

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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pattern analyzer, an illum nation source, an alignnment
system and a defl ectoneter conponent conpri sing
wo poog9zmed second square grids, wherein said fPCBUS2004/008107

square grid has gridlines that are equally periodic

in orthogonal directions, said first square grid being

in fixed alignnment with the sensor such that said

or t hogehal iid ddviceesclanol tawhetinzBstial andsb&®nd @Btkmissive
vertical axis of the sensor are aligned to an x- and

y h%rfaISQflco?cﬁﬁfn% QRS fORe HABLE eqi¥l$ HEMBARS inloRBogonal directions
devi ce further erein said Second square grid is

'q&%&&cm% ﬁ%ﬁ%ﬂ@&cﬁﬂﬁhﬁ% rst square grid a

di stance, nT ere n1s an nt eger equal to or

greatepst ha n%@l%d gl[[ﬁﬁsgra \avd h %tabg% of:im% §i ?ﬂttihgl system using

second gri d bel ng ot at e

0 the flrst o0 angle 0, where
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the optical. stemvvlt %gfgfromthe | um nati on
sour cePr¥ %\%i 19 fgvignime It S9UICBE SERSOH pATRETR ARSPRIb ryfiinge
an alignnent indicia; conS|stentIy aligning the exit
p@piterm apalyrer, aa Plaination sqyacearn gimeivnt Sysien.cing aglsiertemerer
a wavefront neasurenment is to be made; 19 WO
2 00APABBETIBSTL (82 8CH00RBTare Biidsuwheraini spig fast seUascgratas
di ffusely reflecting surface region of the optica
S esitikums that hre@nuadly pemplid iatoathygmblzdttcisqme} sawif firkti sgirre grid being in
provided by the |ight source; and obtaining wavefront
alieed slignafenthadtiathe 2msor kheh et daelchrhbgdlaBgrivlinss andladosizdhtal axis
the step of uniformy illumnating the exit pupi

C QRPGdrE e akis bNWle Senkdrgh alRhe®b ah&aGtd RaRdbla teReMEOEcor@hate
light emtting sources. 27. The nmethod of claim 25,

Woes o Br B Bevide® Phddlirthk? LRl Mid dobdHdlshkd thc'l L& aRY dbwnstream
pupi |l conprises using light having a wavél ength in a
r3pge iﬂgt s%?a@e EchfJMMnce, 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° <6 < 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;

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

a wavefront measurement is to be made;
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28. The nethod of claim 25, wherein the step of
uniformy illumnating the exit pupil conprises using

wo p@hoodsevi ng a wavel ength of about 880nm 29.PdiES2004/008107
met hod of claim 25, wherein the step of consistently
aligning the exit pupil conprises aligning a center
of the exit pupil to a neasurenent axis of the device.

30. Thamshdtiag a 9éledtddadifusdhy reld@he b fatdiR goh @Ptheloptical system
consistently aligning the exit pupil conprises

akx}i&ramgp@?ﬁdtay a&e@e@bﬁoftl&wp&gadéﬂgyﬁé%ﬁt BoHRE: ach a

measur enent axis of 'the “device. e net hod of
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di ffusely ecting surface region conprises directly
100149 SrRSHLAP S SN 58 T LDl i
;g)%t 835}{20%%%% ucsqng g%tng or%ﬂe\é\ﬁ%%ar% al%yetof; o? ﬂgl'ltter%it%hqg s(?orlrllrces.
27.  The method of claim 25, wherein the step of uniformly illuminating the
exit pupil comprises using light having a wavelength in a range of 800-900nm.
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 1000um.
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