WO 03/ 049606 PCT/ US02/39139 MODEL EYE AND ABERROVETER CALI BRATI ON METHOD
BACKGROUND OF THE INVENTION Field of the Invention The present invention
pertai ns wo oioe6hé el d of opht hal m ¢ wavefront sensing andpCTpsot/sasd arly,
to an apparatus and nethod for aberroneter calibration and accuracy
certification. Description of Related Art A wavefront sensor, often
referred to as anVERBELOREXEANDURBERRQYIETAR ICAHIRRAFIONNIEIIQRyeabl v
herein), is a device that neasures a difference in the optical path of

i ght between a defornmed wBACKGRIOWEND GihTHEEANVENTIONT er ence, wavefront.
The neasurenent, when properly processed, yields values for various
aberrations in the optical systempibrtofthdmvehigddt propagates through and
whi ch deformthe wavefront. Although high-energy |asers and astronom cal

i magi ng were pri ' : r : t he
at nosphere itsel fpﬁ,l &ég&%ﬁéﬁ%@&?@gﬁf%%@ﬂ:?atggfﬁﬁlgedggp P@gﬁg;&gﬁ%ﬁn&t Srerlé)gri\{g%@éent
attention has focuysed on neasuri h berrations of the eye with the goal
of i mpr ovi nGErHGHEta ©oGUAPPEILS PROCHG Do RSt PiSd SPTEtoh PRLTENED Goar y,
JM Introductign to Wavefront Sensors, SPIE Optical Engi neering Press
(1995); WI Periifgatiaus pat. No. 5,777,719, for nore information. These
references, to the extent permtted by applicable patent rules and | aws,
are herein incorporated by refer &eseriptioniofiRetateshditr et y. The af or ementi oned
Wl lians' patent describes a Shack-Hartnmann type wavefront sensing
instrunment that awawsdronseshsd ofterastlicresd tam® ag aodriemetpa(waiiet terns will be used

hi gher - order ocul ar aberrations. Many comerci al aberroneters incorporate a

mcrolens (igBhRedbidheAyn)2RY RPRE WA nRAsirbes SffskcER theRphcA ;piaﬂhcdfﬂig%t .
O her types of aberroneters include the spatially resolved refractoneter

based on t h%et%ceglef b Ta&formed wavefront and an ideal, or reference, wavefront. The measurement,

when properly processed, yields values for various aberrations in the optical system that
the light propaga'ltes through and which deform the wavefront. Although high-energy
lasefs and astronomical imaging were primary drivers for wavefront sensor development
(where the atmosphere itself was the aberration causing optical system), more recent
attention has focused on measuring the aberrations of the eye with the goal of improving
visual quality. The interested reader is dirécted to Geary, JM, Introduction to Wavefront
Sensors, SPIE Optical Engineering Press (1995); Williams’ US Pat. No. 5,777,719, for
more information. These references, to the extent permitted by applicable patent rules
and laws, are herein incorporated by reference in their entirety.

The aforementioned Williams’ patent describes a Shack-Hartmann type
wavefront sensing instrument that can be used to measure, among other parameters,
higher-order ocular aberrations. Many commercial aberrometers incorporate a microlens
(lenslet) array and operate on the Shack-Hartmann principle. Other types of

aberrometers include the spatially resolved refractometer based on the Scheiner



WO 03/ 049606 PCT/ US02/ 39139 optoneter, those based on the Tscherning
principle, Skiascopic systens, scanning systens of the Tracey technol ogy
type, raywoagiomgodevi ces, and others. Al of these aberr @cES02/89pEs are
wel | known in the ophthal mc wavefront sensing art so that a detailed
description of these devices is not necessary to understand the invention.
Descri pt i ongpematdedheseieaspd e theakschanmgpraciple Skissenpit e/stams, scanmar act i ve
Surg. 16 (5), Septenber/ Cctober 2000. Ccul ar wavefront data is

i ncr easi ngl gydbannof ths diladey tewbndlogy typeatalyatdingndatigey artdothersf ail ofefgsact i ve
surgery such as, e.g., PRK, LASIK, and LASED, and for custom shaping of

contact | enas&-mdlé?astyp@gdramnmawﬁtlﬂ e OphiiaBRicGRIVeREht RBsiRE 8HBO IS a
Successful outconmes to these applications depend upon the validity of the

obt ai ned abﬁ%faﬁ&d @&cri (ﬂﬁ(’é‘f tgf?%rﬁ[evweé £hot Hec%%ra%r Qﬁe&gﬁna Bd 1|ﬂ§%rﬁf6 rect

initial calibration o rroneter, correct ration of
t he aberro di a ostl c erapeut i vef r ont
aberrat i on%ﬁ%rwlé’%ﬂf éleselé%\evllceﬁf’?%/beg ?%81117%)9 de‘/{%heaecﬁwggzl’ﬁgb o for
def ocus only using spheric | enses. An Opti cal SOCI ety of Anerica task
force set uéeli’tﬁ ?9‘@@ ‘ﬁ’g Q%Qcomrendati ons for a standard aberrator for
calibration of aberrometers. The interested reader is directed to a paper
by Thibos, L.N. &kcubdr wavsiremidiatads irfcerasiRglydreingieset! e cadigueaiblatvaralgaritbms  of
Eyes (Optical Society of Anerica 1999). Initially, an aberrated nodel eye

was cont emidratactivetsuresy alohnsaePREK, LASIKE)| alddrA8EK | andvibesustim shping
different requirenents of subjective and objective aberroneters. |nstead,

a pair of | gpssfadiedsBQNOLSRARIE GAY othRPYBIon WBfeMERtI @M SRREJRIIOT, but
there were problems wth position senS|t|V|ty and  control. An alternate

aberrator d %ﬁfcgﬂleg\'ﬁosthgset e?p%ilgalt ong ﬁ%’a& ﬁ{)n ﬁ’}%‘%{aha#t% 8?‘2116 %B?aﬁfedpalbgltrgtlon Phase

pl ate aberrators , are di ageous Several reasons, nanely:

high sensitivit ue to til ent er er nal
i Igum nat i O‘H’l&ﬁ?tg% F%th %1 tﬁm epen sont ecorrect 1n1 1al ca ?grarcllon of the aberrometer,

and on the correct calibration of the aberrometer when it is used to obtain
diagnostic/therapeutic wavefront aberration measurements.

Basically, aberrometers have been calibrated for defocus only using spherical
lenses. An Optical Society of America task force set up in 1999 made recommendations
for a standard aberrator for calibration of aberrometers. The interested reader is directed
to a paper by Thibos, L.N. et al., Standards for Reporting the Optical Aberrations of
Eyes (Optical Society of Americ# 1999). Initially, an aberrated model eye was
contemplated but was abandoned as too elaborate in view of the different requirements
of subjective and objective aberrometers. Instead, a pair of lenses of known spherical
power was used as an aberrator, but there were problems with position sensitivity and
control. An alternate aberrator design was a trefoil (3 order aberration) phase plate.
Phase plate aberrators, however, are disadvantageous for several reasons, namely: high
sensitivity to misalignment due to tilt and decenter, external illumination preferably with
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2 WO 03/ 049606 PCT/US02/39139 a collimted beam coherence effects such as
speckl e due to spatial coherence of <collimted beam limt on aberration
guantity,wbiogl4wost in naterial and tinme, and ot hers. Acc@®cdiusgt/$9134 he

i nventors have recogni zed a need for a nmethod and apparatus that addresses
t hese concerns_and others relating to the caljbration and accuracy of

wavef r ont w@a@m@#ﬁ%bewoaﬁ@ﬂ%%%msueb% speckls dustpvmmattyl coherppge OINVENTI ON
An enbodi nent of the invention is directed to an i nproved aberrator or

cal i br at i on cotlimaedb¢ant,dimiann aberationgtentity, high cest irhmateiiolandainmgned bthers.
preferably conprises a nodel eye and optionally includes a holder and an
alignment tool. TRordiBgle theyeeaRnshaikFeddnedBNOtd foi b GnetEQMMRapBRiaBls OF
surface, refractive cylinder of transparent nmaterial for a desired

wavel engt h. 16 16REE Xhes@ Bo SR and WilACR 14 t@&e‘%aﬁﬁﬂ%ﬁ%&d@c@ %&%%‘mt ric
asphere, or a non-axisymetric asphere dependi ng upon what abertations are

to be sinul %aevgﬁaﬁﬂpﬁ%[sg%éie\ﬁ?%aﬁe% %é[r%r!ar%f' surface may be a perfect

i magi ng coni c an erior surrace ' have the conpl ex shape t hat
generates the aberrations. Both the anterior and the posterior surfaces
can be formed by common fabrication techniques including dianond turning,

grinding and polishing, laser machining, etching, nolding, and so on. The
material of the npdel eye canSUAEMAdEY THE&INV@%%H@%, plastics, crystals,
and poly-crystalline materials. The nodel eye according to the invention

i s advant ageous iAn ¢rhbediaebi dfithe invemticef is divectadb @y anaitripponged abeghtotong
hi gher-order aberrations that are both axi symmetric and non-axi symetric

can be si mghRbafoREsiHpeHeal Sor af UbSrsifetdd. ITHBRAbratiSn @&ﬁﬁéﬂéln't Redalyr i ng
manuf acture thus elimnating additional alignment, calibration of the

model eye C%BmBﬁsé%earrBB&ﬁ%ge B¥d g’ptionally includes a holder and an alignment tool. The

model eye consists of a monolithic, convex anterior surface, refractive cylinder of
transparent material for a desired wavelength. The convex, anterior surface can be a
sphere, an axisymmetric asphere, or a non-axisymmetric asphere depending upon what
aberrations are to be simulated. Alternatively, the anterior surface may be a perfect
imaging conic and the posterior surface would have the complex shape that generates the
aberrations. Both the anterior and the posterior surfaces can be formed by common
fabrication techniques including diamond turning, grinding and polishing, laser
machining, etching, molding, and so on. The material of the model! eye can include
optical glasses, plastics, crystals, and poly-crystalline materials. The model eye
according to the invention is advantageous in that arbitrary wavefront aberrations
including higher-order aberrations that are both axisymmetric and non-axisymmetric can
be simulated accurately, surface alignment is accomplished during manufacture thus

eliminating additional alignment, calibration of the model eye can be performed by



WO 03/ 049606 PCT/US02/39139 interferometry and profrlornetry, the need for
external sources or optics is elimnated, and they can be produced

i nexpensiwelog/oaasde i N vol une t hrough a nol di ng process. AnPasas02/3a89 t he
enbodi nent includes a holder for the nodel eye. The holder is preferably a
sel f-aligning V-groove nount; however, other types of holders will be

appar ent t o iatepferosusirysaad nredlometry hide aped for axtamabsioesis ar eptiessp eliminagad, and
alignnent tool is interchangeable with the nodel eye in the holder. In
anot her enbdtéynemtbegmroduati meexipendivedy amdiantolwns theouphtahadldiny proadss.br at i ng an
aberroneter for neasuring ophthal mc wavefront aberrations includes the

steps of  provi di AgagpetDsthe BiBodiA¢hidcladénOnddavehe dcPBRI Mleit@Mter is
positioning the nodel eye along an optical axis of an aberronmeter to be

calibrated 11QMm: S/ f Qf a
ot ont o ey i BLA LB R VLB A i o oD b BB i B
measur enent of the nodel e l.n.an aspect of.this enbodinent, the known
wavefront aBBPFEYS8A LS %gkgé%@emigaP&FSO %M%%&%WB? £i on of
the aberroneter. |In_another aspect, the nodel eye has a toroidal convex
surface for RigKbARSRLFaY R the leyeipithgdeldem cal i bration of the
aberroneter. In another aspect, the nodel eyt has a non- axisymmetric,
convex surface fdnanetbengmbodiinghiciccendifigrio dirsinverttionna natholdrfat ¢atibratihgtahe
aberroneter. In another aspect, the nodel eye has a perfect inaging

coni c- shapedbemheter for ieasirdcophithhait wibefioat Aefrapfoideinaes he 5&%5 bfor
surface. These and ot her objects of the present invention wll becone nore

readily apRaéRiitnghiRbud ke BRLAL b REWESETdA: Q%r}a‘?ioﬁgé]déﬁs ; iﬂc‘gqplﬁwdd &

shoul d be understood that™ the detailed description ecif1c exanpl es,

whi l e indi ' f di Of the i i : ' b
vay of 111 ual vl hBRl G fneFERAR, BY GuRlad S st AR e Rie S T

the spirit and fsrcoeof theipventiqn vvill. becone 4 o
wavelront measurement or a patient’s eye; aligning the model eye; and obtaining a

wavefront measurement of the model eye. In an aspect of this embodiment, the known
wavefront aberration is a defocus error for making a focus calibration of the aberrometer.
In another aspect, the model eye has a toroidal convex surface for making a defocus and
astigmatism calibration of the aberrometer. In another aspect, the model eye has a non-
axisymmetric, convex surface for making a higher-order aberration calibration of the
aberrometer. In another aspect, the model eye has a perfect imaging conic-shaped
anterior surface and an aberration producing posterior surface.

These and other objects of 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



WO 03/ 049606 PCT/US02/39139 apparent to those skilled in the art based
upon the description and drawi ngs herein and the appended clains. BRI EF
DESCRI PTIvON 0®8496E DRAW NGS Figure 1 is an optical schenmeCirasdyagsam of a
generic Shack-Hartmann aberroneter; Figure 2 is an optical schematic

di agram of a Shack-Hartnmann aberroneter incorporating a nodel eye

accor di ng t ¢pafrehiadbeseskillegfin theart hasedunonrthe d¢sgripiéen 8wl drhwinge hsiettearaind
front line drawing views, respectively, of a nodel eye aspect according to
an enbodi neribe gfpenfie ¢clament i on; Figure 4 is a cross sectional |ine draw ng
of a nodel eye according to the invention; Figure 5 is a reproduction of
an optical interferogramof the anterior surface of an exenplary nodel eye
according to the invention; Figure 6 is a schematic representation of a

nodel eye hol der according t@grap ﬂﬁ&ﬂbﬁ@kéﬁiﬂﬁ%k@mé@ Figure 7 is
a schematic |ine draw ng of an a]I:| gnnment "tool according To an enbodi nent

f the i tion;g.and - Fi -15 ar. hi cal t
Cepr esentati ong. G1eadibroTEtRrRHS RRBRDEFktee SH-GRERmENp ary rocel

eyes in Tablg | by two different aberrometers, and cal cul ated val ues of
the aberr at i*8AT¥HERFi ci ents. 5 WO 03/ 049606 PCT/US02/ 39139 DETAI LED

DESCRI PTI ON OF PREFERRED EMBODI MENTS Figure 1 shows an optical diagramof a
Shack- Har t rann abFegure2ds e ontiral scheiatic diagram of a Shack-Hartmann aberrometer

incorporating a model eye according to an embodiment of the invention;

Figures 3a, b are side and front line drawing views, respectively, of a model eye
aspect according to an embodiment of the invention;

Figure 4 is a cross sectional line drawing of a model eye according to the
invention;

Figure 5 is a reproduction of an optical interferogram of the anterior surface of an
exemplary model eye according to the invention;

Figure 6 is a schematic representation of a model eye holder according to an
embodiment of the invention;

Figure 7 is a schematic line drawing of an alignment tool according to an
embodiment of the invention; and

Figures 8-15 are graphical measurement representations of individual Zernike
coéfﬁcients of the exemplary model eyes in Table I by two different aberrometers, and

calculated values of the aberration coefficients.



be appreciated that the invention is not limted to use with a

Shack- Hart mann aberroneter, but applies to any known aberroneter types and
wavef r ontwoeasiwge met hods for ophthal mi ¢ wavefront sensi mgT/usn2/spaser al
ternms describing wavefront sensor operation, a patient's eye 50 is
properly aligned with the neasurenent axis 51 of the aberroneter with the
hel p of a fixation tadjefARETARESSRIETIQNENPREEFBREIZBMBQIPIMENIE a pupi |
canera. The retina, R of the eye is illumnated by light froma source 12

such as a 780nmFigisel showslen ofitizial éixgian & a Sifackih@immppbeRsmate 1 gaKeyiangt h,
sem -coherent source, and the light is focused on the retina by an optical

trombone sy st apprabiae dhdt MRinDentidn8S A irited tiEhﬁe WAHOReK-$Hhem ( Oor an

alternate optical focusing system known in the art) is used to corrpensate

for e S MBhGr gt boladufits aglpgcgﬂgﬁgﬁ@&@@?@&%ﬁ%&%& sAAE RERRods"e

focus of the inage spot resufting 1

accurate vef rreasure . ste der is referred to
| nt er nat i o 5}&415 %Vﬁfro 66117158 g? E@‘H%Vse&opbsﬁnéﬂ of the

opti cal trorrbone system This publi catr on is incorporated herein b

ref erence i APFHELOL FNFIERYS QYE ioﬁép@?@@}ﬁﬁhgedmh hig mppsurgment axih? leoffae ent
rules and laws. Reflected light fromthe retina passes out through the
eye' s opti cabersymsdtemwainthedieln of 4 ficatattagetold 2@, anl alighinentShacks 2@ typieaity a
system which currently is the dom nant ophthal m ¢ devi ce nethodol ogy for

di agnosti c payiebansth. THeagaEREMthe s iRihi@efed Oyllighhiroms Joardssohubl ada
| ensl et array 18 into aeri al |nages on the detector 22 and displayed by a

sensor caneg ?Ongﬂ 1ask®98e C}&n%{aﬁi oi”‘Bfﬁe?%J ngél‘?art@(vi/a@é}&ggtﬂ"%}éﬁﬁ Lot sORG dat a

is obtained frominage di'splacemént in Ion using d proceSsr ng system

aberrati on G 0 eBt S dSmranan AR <GBHeY Bt DR oLE PN P N EEDE for

data 6 WO O / 049606 PCT/ US02/ 3913 nsfer, and for other various

cal cul ation My Tis émng‘?g? PR ?‘-’ﬁf Aigws; pptighlgocusing system known in the
art) is used to compensate for the simple near- or far-sightedness in the eye and also
sharpens the focus of the image spots formed on a detector 22, resulting in more accurate
wavefront measurement. The interested reader is referred to International Publication
WO 01/28408 for a detailed description of the optical trombone system. This
publication is incorporated herein by reference in its entirety to the extent permitted by
applicable patent rules and laws. Reflected light from the retina passes out through the
eye’s optical system and on to the detector 22. In the Shack-Hartmann system, which
currently is the dominant ophthalmic device methodology for diagnostic wavefront
measurement, the reflected light is focused by a lenslet array 18 into aerial images on the
detector 22 and displayed by a sensor camera 20. Image centroids are calculated and
wavefront slope data is obtained from image displacement information using a
processing system 24 which includes a P.C. and appropriate software for also calculating
the aberration data, for command and control of aberrometer components, for data
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information is processed and typically fit to Zerni ke polynom als to out put
the aberration coefficient neasurenents. These coefficients can then be
used in tWeodesiegh of corrective |enses, ablation al gori PomaiSozsd3® n ot her
opht hal m ¢ applications known to those skilled in the art. According to an
enbodi ment of the invention described with reference to FIG 2, a nethod
for cal i br atiengferaand buothsigaaeusi@ladtionpasing thegvaysfontEnfinnatieneThont
aberrations requires providing a nodel eye 32 (discussed in nore detail

bel ow) havi ngfoanationasprosassed anditypidatly fintd Hernike palyposiidls anodtputiike singtipbed by
the patient's eye (or in a conjugate pupil plane) thus simulating a

wavefront megsERABMEasterhdies. PPHesE BdefficiBMs can leh BBUBG ke aR6S! ofeye 32 as
the patient's eye would be aligned; and obtaining a wavefront neasurenent

of the node 3 |.{ e i ; : i Wi th
the aid of g%ﬁ%%valén}gﬁ% a‘t’%gﬁg 513882’%%%@ frlll%lj—%?%%fpg{lﬁg*ﬂtx ﬁB@%ﬁﬂg? 411@%a X gnment
appar at us apd t.nods will be apparent to those skilled in the art. The

al i gnnent tgbqsgg'ﬁgeﬁ??%eﬂiem glas(r) cylinder having a center portion 202

with an outside dianeter matched to that of the nodel eye, and two thinner
end portions 203A¢8eImMEiaREmbedpat kg InyNEAB d%ﬂb%@“ﬁ@ﬂ@@ﬁ@%ﬂ@- 2,
portions 203 are each about 1.5mmin dianeter thus providing a small
entrance pupiniethdd foh chldunting an absrrameter 40 doit megstiiihg oplithgmmewnvetifont pr ef er abl e
nodel eye holder 300 as shown in FIG 6 is a plate with a V-groove 302 that

provi des sehbergltiognranired providigyd modeli eya 32 ¢oisRRREh 15416 AR beldey)dabarent
tool and the npdel eye. It is cooperatively attached to a five-axis

adj ust ment PR wabforst R8¥Rtiondh |a(f>W§iﬂ9n kd P&ty %g%?qtﬁﬂﬁatf%ﬂj;’y§ré@9 thin the

X, Yy, and z planes and rotational "adj ust nent e z and y axes as

shoun by | e SRREEIR) PR BaF e T AL bl g ©

03/049606 Pgﬂ_énlijgg t /esn?g-(?e? eye 32 as the patient’s eye would be aligned; and obtaining a
wavefront measurement of the model eye. The alignment process is preferably
accomplished with the aid of an alignment tool 200 shown in FIG. 7, although other
alignment apparatus and methods will be apparent to those skilled in the art. The
alignment tool 200 is a Plexiglas® cylinder having a center portion 202 with an outside
diameter matched to that of the model eye, and two thinner end portions 203 each having
a polished, plano surface 204. The end portions 203 are each about 1.5mm in diameter
thus providing a small entrance pupil which facilitates accurate tip/tilt alignment. A
preferable model eye holder 300 as shown in FIG. 6 is a plate with a V-groove 302 that
provides self-alignment for a cylindrical component such as the alignment tool and the
model eye. It is cooperatively attached to a five-axis adjustment mount (not shown)
allowing linear alignment adjustment in the x, y, and z planes and rotational adjustment

about the z and y axes as shown by the coordinate system 304 in FIG. 6. The

aberrometer 10 of FIG. 1 is equipped with a chin rest (not shown) to support the patient’s
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head. In the alignnment procedure, the chin rest is replaced with the node
eye hol der 300 and associated five-axis adjustnent nount. The alignnent
procedur ewomnmisbed of iteratively focusing the source |ipghtusorsa3t he
tronbone system on the anteriorly positioned piano surface of the
alignment tool and adjusting X,y position of the nount, and then focusing
t he source beslmin Hrcoalghmentperedynendn chiptist srerlacedavigoie eradst ¢ye hoddssid0Doned
pl ano surface and adjusting x,y position, until the x,y positions for both
focus poi ntrsd dssoditied SigemxisAdjustihdra imomd]. UBendiphmenpprobeiummcasiedrdcessar y.
The nodel eye to be neasured is then placed in the optical holder and the

X, Yy, and zjiiaieay fedusBBiBNSovrSe iERNG4 tHel b8 Gydteif, ALipklneAsBya. The |ens
edges can be seen on the conputer screen and centered by aligning the

edges to 0”'&&&&%@ o s%%&@&ftﬁ@gli%ﬁxﬁﬁ & aﬁ@%«ﬁ%&%ﬁ&g} b Son ofﬁﬁgmf%uﬁﬁfi 5 1s

t hen aligneﬁ so that the anterior ce o eye 1S 1ntocdus.
Wth reference.to.FIG a _cal, bration, conponent, accordi.ng to .a

enbodi ment B¢ tEREGpEdRs S i ek B BRar P EE eGP ey e 32, i s
a nonolithic, piano-convex, refractive optic having a kngwn anpunt of a
desi red abeP?sionsd pPlawesuaieeidadiustisg vaxposiions W theox ¥ aasifensfos peflrfacusan

axi symmetric asphere, or a non-axi symmetric asphere depending on what

aber r at i onspeints it thelrensi Adimtdd] adigtmextanpl bs madsphecesatly. Thamedel eyarté ace

wi || produce defocus aberration and spherical aberration, and the two

aberr at i onspe WehduréLisaher slhaddad thefotieaMeMder @0 HE 1§ Y irmicLlindas aligdnhdnt iy oduce
def ocus and spherical aberration, but the two aberrations can be varied

i ndependent G, f ( - aXi i i1
produce. def amOich A MERHEIL 1F o Pl LR DRRRCL R |,

non-axi symmetric.as eres.will or ce higher-order rrations (known to
(oosaLr T o REBS hEhidl s MG, A o A and R L ARoo AR
Zerni ke coeLfi cients or_their ﬂg%u' val ent S%-“i The, nodel, eye. can al so be

bi - convex of MfBAREdY e alignedyg that theanteriprshyfage of the medelieye & igdeRisx sur f ace.

In a preferred enbodi ment, the convex 8 _ _
With reference to FIG. 4, a calibration component according to an embodiment of

the invention, hereinafter referred to as a model eye 32, is a monolithic, plano-convex,
refractive optic having a known amount of a desired aberration. The anterior, convex
surface 72 can be a sphere, an axisymmetric asphere, or a non-axisymmetric asphere
depending on what aberrations are to be simulated. For example, a spherical convex
surface will produce defocus aberration and spherical aberration, and the two aberrations
will be correlated. A convex, conic surface also will produce defocus and spherical
aberration, but the two aberrations can be varied independently. A toric, convex surface
(non-axisymmetric asphere) will produce defocus aberration, spherical aberration and
astigmatism. Other non-axisymmetric aspheres will producg higher-order aberrations
(known to those skilled in the art as corresponding to third- and higher-order Zernike
coefficients or their equivalents). The model eye can also be bi-convex or meniscus as
long as the anterior surface is a convex surface. In a preferred embodiment, the convex

8



WO 03/ 049606 PCT/US02/39139 surface 72 is nade by dianond turning on a
3-axis lathe such as an Optiform50 lathe wth a Variformoscillating tool
post att awbrmansse(dr ecit ech Corp., Keene, N H. ). Alternatipegluso2/bash the

pl ano 33 and convex 72 surfaces can be forned by conmon fabrication

techni ques including grinding and polishing, dianond -turning, |aser
machi ni ng, euréiveng,is metlelbydiamend tufitng qul aahrexis lathageh3s ag Qptifem Fuhened and
coated with a corrective whitening liquid or otherwi se nade to diffusely
refl ect thewsthurCaifoirglbbcilladkigtoblpmt steghmemsPretitecin@etgl, Kesege, B )er abl y has
an outside dianeter (O D.) sufficient to make the convex surface

conpar abl e hotehaAYel9f bth HRAaRYSS anm%nlv@p«zz Yurfaees @ HeBrARAS) cor®¥ibn
preferably is in the range of the length of a real eye, typically between

about 22mm a%%c;tmg%ﬁﬁ&uegmﬁdlﬁgm}ﬁgM@&lﬁ@@&zaﬁq g fpfledpidcal | of ass

(e.qg., ’crystalllne

ot hacr y1 ot e HehEono i Binoa it sthre o o sfrws%'a%c[m ' tidpar ent

and i nexpensive. The birefringent property of PNWA i s advantageous in that
it reduces WHE agoxcPETe Whitinhli@idpr ¢ 1&%@%1@ foghtfusehisrillsef thesouemlishthe
nodel eye, reducing the speckle and partial coherence effects during

| ensl et i magkingo a kenl aye. eKenpbdel \eye pledetabig mips an ietside deimeterd OF2.) saffimient to

di anond-turned plano- convex cylinder of PMVA. The axial length, L, is

23. 647mMm W hlakatheWsheéx Slirfidetehpahble I@thdnela fEBleeyfér THe Nérgth, Qﬂo@fhetrﬁ‘&ieﬂ}onVex
surface is as follows: Vertex Radl us, R = mmn  Coni cC Constant =

= 7.
R L e i

sgre(l - to 2 n)nn( le )ma%lnaT o%ﬁi?’o*(g&(e D (lz\a:r)’l b%oa%(opﬂ%al glass (e.g., BK-7), a plastic

(e.g., PMMA), a crystal, and a poly-crystalline material (e.g., ZnS), and in a preferred
embodiment is polymethyl methacrylate (PMMA), which is diamond turnable,
birefringent, transparent, and inexpensive. The birefringent property of PMMA is
advantageous in that it reduces the spatial coherence of the laser light passing through
the model eye, reducing the speckle and partial coherence effects during lenslet imaging.
In an exemplary embodiment, the model eye 32 is a diamond-turned plano-
convex cylinder of PMMA. The axial length, L, is 23.647mm with an outer diameter of
12.7mm. The prescription of the convex surface is as follows:
Vertex Radius, R = 7.8 mm,;
Conic Constant, k = 0;
Coefficient for the 11th Zernike Term, Z330 = 0.008652619mm,;
Normalization Radius, NR = 4 mm;
Equation for the Sag of the Surface:
Z = "2/R)/[1 + sqrt(1 - (1 + k)*(x/R)Y*2] + Z330*(x/NR)"3*cos(3q)
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9 WO 03/049606 PCT/US02/39139 where x is the radial coordinate in
mllimeters and q is the azinmuthal coordinate in degrees or radians. The
nodel eyewB3exdsdbits 1.89 mcron of trefoil over an aper Pamasot/39139 7mm at
780nm Interferograms 77,78 of the anterior surface 72 of the nodel eye 32
are shown in FIG 5. Addltlonally, a series of nodel eyes were
di anond- poi wheteur isdlee fadmhceirdiniatyl in snilliméterg and §-isthie szinaithal cofidnatpimi cal
surfaces of these sinple optical systens were nodeled wusing a single
non-r ot at i odedress @ yradirtd. The apideeye@2esxhiblite Ul 8trartrdroofitedfeih ot dran \wpeeiive @it
aberration of a patient wwth m|d keratoconus who had been neasured from an
associ at ed 5&iNLE7SRRY! BldrRPogrdis 71aY SF fiRHntcMd@ klirddde O ofdise ABAK |96 30Si Ng
Zerni ke pol ynom aI S | n a commercially available ray-tracing program called
Zemax (FocuglI Glgcson, Arizona). A series of nodel eyes were made
whi ch gradua Iy |ncorporated addltlonal Zerni ke conponents as shown in
Table I. Table I e Nane I.ke Co-efficients Aberratio .
Repr esent ed . 7. AUTERA: X551 Bt s £V ik gl BpeAde P lerieli 4. 8
2" & 3' Order Defocus, Astigmatism & Coma Z4-10 2" & 3r Order Defocus,
Ast i gnat i snsingsFeexgs Iﬁfhea@momlcalmfwﬁﬂf fheps stmplejopgical sygtemg yeera modeleder
Def ocus, Astigmatism Coma,, Triangular

using a single non-rotationally symmetric optic zone calculated to match the wavefront

aberration of a patient with mild keratoconus who had been measured from an associated
clinic population. The wavefront aberration was modeled using Zernike polynomials in
a commercially available ray-tracing program called Zemax (Focus Software, Tucson,
Arizona). A series of model eyes were made which gradually incorporated additional

Zernike components as shown in Table L.

Table I

Model Eye Name Zernike Co-efficients Aberration Represented

Z4 2" Order Defocus

Z4-6 2% Order Defocus & Astigmatism

74-3 2" & 3™ Order Defocus, Astigmatism &

‘ Coma

74-10 2" & 3" Order Defocus, Astigmatism,
Coma & Triangular
Astigmatism

ZA-11 2™ 3™ and 4" Order Defocus, Astigmatism,
Coma,, Triangular
Astigmatism & Spherical
Aberration

Z4-6 & Z11 2" & 4" Order Defocus, Astigmatism &
Spherical Aberration

The model eyes with defocus, astigmatism, and spherical aberration were verified
using a ZYGO Mark-GPI interferometer. FIGs. 8-15 show measurements, by two
different aberrometers, of individual Zernike coefficients Z4-Z11 of the exemplary

model eyes in Table I and calculated values of the aberration coefficients.
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Astigmati sm & Spherical Aberration Z4-6 & Z11 2" & 4 Order Defocus,
Astigmati sm & Spherical Aberration The nodel eyes w th defocus,

ast i gnat iwmosanmdocpheri cal aberration were verified usin@Ca/BAVIE1BAr k- GPI
interferoneter. FIGs. 8-15 show neasurenents, by two different
aberroneters, of individual Zernike coefficients Z4-7Z11 of the exenplary
nodel eyes in Ta#lesi3aahdheuilap altamnetivembda syoflesigneacateiingtoi tominyestida. dinent s.
10 WO 03/ 049606 PCT/US02/39139 FIGs. 3a, b show an alternative nodel eye

desi gn accotigs Agpdct) nidiel eye40itliaga flat, AnhilasSpeatiphent portiod @b2 exdrchag thas a
flat, annul ar peripheral portion 402 encircling the convex surface 472.

The  per | phetoghy Rfx00 02T \LAIREPAS oA AP oBFoRd b0 S dltolnauEpr K 404

for rotational positioning and alignnent of the nodel eye. The nar
whi ch can b [ Ci L. OtRer bIe
mar ki ng on gn é#@g%rrgf%ggﬁpo %&ngqg%é‘i;%“@?“tggi‘:héﬁ%‘%e? ﬂf %finlll(néﬁof nodel

eyes having rotati mretric rfaces, . ' appreci at ed
that the moddich %Pe@ef& ‘?’f&f’H‘Pﬁ%&ét qupringed mﬁéﬁ‘? ﬁh@?hg‘?f F18 Led%f anggont%]@n?rar K;
rather, a fiduciary mark can also be |located in a peripheral region of t he
actual convewfaee ﬂﬁ%ﬁ speaiediy gequraly positforingrehmedelaynt hptieg winiiomalipynon-he
nodel eye using the aberroneter is simlar to that for a human eye. Wth
ref erence t gymhftri@surfaces. nivdell be yweprddatied that deedodd eydmeedamehavteacdti on as a
patient's eye with the convex surface 72 receiving input illumnation from

the |aser soefipler}Zor 186RinBahé MWL eARRIO4 i rhad chiR8Rb bENRhEY iRasSsSes
through the center of the convex surface w thout much deviati on because

the beam di Qugber.i Sesfialine iR chASELudNSIPY douceguoht to a focus at the

pl ano surface via’t one sys

The measurement procedure for the model eye using the aberrometer is similar to
that for a human eye. With reference to FIG. 2, the model eye 32 is placed at the same
location as a patient’s eye with the convex surface 72 receiving input illumination from
the laser source 12. The narrow beam of infra-red laser energy passes through the center
of the convex surface without much deviation because the beam diameter is small. The
laser energy is brought to a focus at the plano surface 33 via the trombone system 30,
and diffusely reflects back toward the convex surface 72. The shape of the exiting
wavefront depends upon the shape of the convex surface, the axial distance, L, between
the convex and plano surfaces, and the index of refraction, n, of the model eye at the
wavelength of interest. Thus, the shape of the wavefront can accurately be predicted by
well-known ray-tracing techniques.

While various advantageous embodiments have been.chosen to illustrate the
invention, it will be understood by those skilled in the art that changes and modifications
can be made therein without departing from the scope of the invention as defined in the
appended claims.
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and diffusely reflects back toward the convex surface 72. The shape of the
exiting wavefront depends upon the shape of the convex surface, the axial
di st ance,wbh,03loe¢t60een the convex and pl ano surfaces, and tPhe/isnzizn3of
refraction, n, of the nodel eye at the wavelength of interest. Thus, the
shape of the wavefront can accurately be predicted by well-known

ray-traci ngWeclhm:ques. Whil e various advant ageous enbodi nents have been.
chosen to illustrate the invention, it will be understood by those skilled
in the art that ehediipesicardmpodeértifeedn abegomert domphiBig atrhertatitiiic WefrBetlite
departing fromthe scope of the invention as defined in the appended

claims. 11 WEOR4(ASECEn R bntdrBR sud ks Jrith\Wkcefola éliﬂlou%t of's B&diteB B Albn.

conponent for an aberroneter, conprising a nonolithic, refractive optic

12011, 8 20BLe" 4L EERBEnats 0, ¥ NS, AU B Sy

i ncl udes a hj gher-order erration. represented, by a.third-order or a
hi gher - or def ez“éagwpggprﬁgﬂx@% aaq%ug-rorger ’PTQ?&%G@H@ RelyRial ek eof . 3.

The conponent of claim 2, wherein the optic has substantially only the

hi gher - or darathkeaseaticak savivadent Fesgedndi ng to a single Zernike term 4. The
conponent of claim2, wherein the optic has substantially only the higher-
order aberr ati onThercomppned ofiglaino 2awk@bmdchedptidiasahibsZatialg ohkyrths higher-The
conponent of claim2, wherein the optic substantially excludes tilt,

def ocus an@r@gbmﬁnmh@@ohgﬁ%%gisﬁh@let&@kgitgrﬁlt_ and second-order Zernike
coefficient, respectively. 6. The conponent of claim1, wherein the optic
has a cylingri calr sRape Wi Bf Biaim 2, wherein the optic has substantially only the higher-

order aberration corresponding to a selected set of Zernike terms.

5. The component of claim 2, wherein the optic substantially excludes tilt, defocus

and astigmatism corresponding to a first and second-order Zernike coefficient,

respectively.

6. The component of claim 1, wherein the optic has a cylindrical shape with a

length, L, and an outside diameter, O.D., wherein L > O.D.

7. The component of claim 1, wherein the calibration component is a model eye and

wherein the anterior surface is a spherical surface.

8. The component of claim 1, wherein the calibration component is a model eye and

wherein the anterior surface is an axisymmetric asphere.

9. The component of claim 1, wherein the calibration component is a model eye and

wherein the anterior surface is a non-axisymmetric asphere.

10. The component of claim 1, wherein a posterior surface is plano and is a diffusely

reflecting surface for a selected wavelength of light.
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| ength, L, and an outside dianmeter, O D., wherein L > OQD. 7. The conponent
of claim1, wherein the calibration conponent is a nodel eye and wherein
t he ant erworospush@ce is a spherical surface. 8. The conpomemtusoi/3abai m 1,
wherein the calibration conponent is a nodel eye and wherein the anterior
surface i s an axisymretric asphere. 9. The conponent of claim1, wherein

t he cal i brati.on Thepangoteni of daimotevheesie thempmponentas hirethingenitfend desirsdr f ace
is a non-axisymretric asphere. 10. The conponent of claiml, wherein a
posterior swatdesthsfpglano and is a diffusely reflecting surface for a

sel ected wavel ength of light. 12 WD 03/049606 PCT/US02/39139 11. The

conponent ofy cl airf domphiRhESMC1ARE], GATRAR B anttid? shu@hdel 198 @mdnALtumedesi  ed
wavel ength of light. 12. The conponent of claim1l, wherein the anterior

surface is &Igajcgrmnd-tur ned surface. 13. The conmponent of claim1, wherein

the anterior surface is at |east one of a ground and polished, |aser

machi ned, etched, and a nol ded .suryface.. 14. The congponent. of claim1,
Ltwaf'egel{l %{'ja ground

conprising ki opfPe&MPRACE laflaiph, IS AR 18 4t Iy gpe
wavel ength of light. 15. The conponent of claim11, conprising at |east one
of an opti caid polebed, lasepmaghined, eiwhed epd panoldedhairacpol y- crystal | i ne
material. 16. The conponent of claim 1, wherein an anterior surface of the
conponent haé a Thé amaporeat dfdignal, cpoptisiag aangtical coateret that tetranispayeltort i on.
17. The conponent of claim1, wherein the planar peripheral portion
includes a sditdsirwael et Béton mark.

15. The component of claim 1, comprising at least one of an optical glass, a plastic, a

crystal, and a poly-crystalline material.

16. The component of claim 1, wherein an anterior surface of the component has a

planar peripheral portion and a convex remaining portion.

17.  The component of claim 1, wherein the planar peripheral portion includes a

fiducial orientation mark.

18. The component of claim 1, further comprising a holder for the optic.

19. The component of claim 18, wherein the holder has a self-centering V-groove.

20.  The component of claim 18, further comprising a multi-axis adjuster

cooperatively engaged with the holder.

21. The component of claim 18, further comprising an alignment tool having an end

portion with a plano surface, another end portion, and an intermediate portion having a

cross sectional dimension equal to a corresponding cross sectional dimension of the

optic.

22. The component of claim 21, wherein the other end portion has a plano surface.
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18. The component of claim1, further conprising a holder for the optic.

19. The conponent of claim 18, wherein the holder has a self-centering

V- gr oove.wO0206/0496b€ conponent of claim 18, further conpri siPeg/usonsdise - axi s
adj uster cooperatively engaged with the holder. 21. The conponent of claim
18, further conprising an alignnment tool having an end portion with a

pl ano surfa@d, adomodel eyndosetin erlibrating aarebenomeiee dirapbihpbpicivaveionti ng a
cross sectional dinmension equal to a correspondi ng cross sectional

di mensi on ofndabh@ement, tempiRding T henotithy nefictioé opti@haviiisly podeioe isarfadeendtaher
end portion has a plano surface. 13 WO 03/049606 PCT/US02/39139 23. A

nodel eye f QpnisSintdtior dhirieaddid ShtBRordREHhEONRLEY a kSwPRIbARITRE o¥v@yef r ont

measurenent, conprising a nonolithic, refractive optic having a posterior

f t | _ efrs | a pe
surface and g convex. aNLSE] 06 SUIERGELRAL BOLRII06: SHELARE AV ng

known anount ocu err I’a se wavel eng l'i ght,

and said posterior surface havjng. di ffusely reflecting surface for said
wavel engt h (Slff%?sre]é'ﬁf’.ﬁe?ﬁl.gs? C%Hg?ﬁ@?gelﬂé{ﬁloﬁ{lﬁf%s wherein said aberration
corresponds to a second-order Zernike coefficient only. 25. The nodel eye
of clai m 232¢her diha nzedelicyeiralaim Bhwherenssislrbgration eordsponglsde @spcongwrdgry e

coefficient only. 26. The nodel eye of claim 23 wherein said aberration
cor r esponds Zemike camfficiatandyy of a second-order and a third-order Zernike
coefficient only. 27. The nodel eye of claim23 wherein said aberration

corresponds 250 a THHMRAEYOS clfth 28 WRGERMGaRN dRfrafdicdrdspbidd 10k defd-aiddr a
fourth-order Zerni ke coefficient only. 28. The nobdel eye of claim 23

wherei n saij %eggﬁég&tfﬁggmc&ﬁ};esponds to a conbi nation

26.  The model eye of claim 23 wherein said aberration corresponds to a combination
of a second-order and a third-order Zernike coefficient only.

27.  The model eye of claim 23 wherein said aberration corresponds to a combination
of a second-order and a third-order and a fourth-order Zernike coefficient only.

28.  The model eye of claim 23 wherein said aberration corfesponds to a combination
of a lower-order and a higher-order Zernike coefficient up to and including a fifth-order
Zerniké coefficient.

29.  The model eye of claim 23 wherein said aberration corresponds to a higher-order
Zernike coefficient only.

30.  The model eye of claim 23 wherein said anterior surface is a symmetric, spherical
surface.

31.  The model eye of claim 23 wherein said anterior surface is an axisymmetric,
aspherical surface.

32.  The model eye of claim 23 wherein said anterior surface i§ a non-axisymmetric,
aspherical surface.
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of a |lower-order and a higher-order Zerni ke coefficient up to and including
a fifth-order Zernike coefficient. 29. The nodel eye of claim 23 wherein
sai d aberwetoo#eo©rr esponds to a hi gher-order Zerni ke coetCfritsozssti3onl y.

30. The nodel eye of claim 23 wherein said anterior surface is a symetric,
spherical surface. 31. The nodel eye of claim 23 wherein said anterior
surface is &3. axiBiermedd exe of elaiphdd wheteinsthe padehas3peylimiacalsbiwle vaiflea of ¢l ai m
23 wherein said anterior surface is a non-axisynmetric, aspherical

surface. 14 18th3/,C486Q00LEICtIIBARIIRBASRSN, BB. The nodel eye of claim 23
wherein the optic has a cylindrical shape with a length, L, and a cross
sectional dizensiTHy m&idPeyS4f clAiRe3TREAR IR 18hstE RIifMdRceIREL A

|l ength, L, is between about 22mmto 26rm. 35% The nodel eye of claim 23,
wher ei n thefz%lﬁj_nqri or surface includes a fiducial orientation mark. 36. The
nodel eye of claim 23, wherein the anterior surface has a planar peripheral
portion including.a fiduycial_.qr.ieptation rk., 37. A method f cal i brating
Do aber oot oriemadlEane ot et ndraesit sudisiidittsadiatBin of no
the steps of: providing a nodel eye having a known wavefront aberration;
posi ti oni ng s@nMiAB@AK.eye al ong an optical axis of an aberrometer to be
calibrated at a location that sinulates a wavefront neasurenent of a
patient's ey, Themodel eye of claim 23, wherein the anterior surface has a planar peripheral

portion including a fiducial orientation mark.
37. A method for calibrating an aberrometer for measuring ophthalmic wavefront
aberrations, comprising the steps of:

providing a model eye having a known wavefront aberration;

positioning said model eye along an optical axis of an aberrorﬁeter to be
calibrated at a location that simulates a wavefront measurement of a patient’s eye;

aligning said model eye; and

obtaining a wavefront measurement of the model eye.
38. The method of claim 37, wherein the known wavefront aberration is a defocus
error for making a focus calibration of the aberrometer.
39, The ﬁlethod of claim 37, wherein the model eye has a toroidal, convex anterior
surface for making a defocus and astigmatism calibration of the aberrometer.
40.  The method of claim 37, wherein the model eye has a non-axisymmetric, convex
anterior surface for making a higher-order aberration calibration of the aberrometer.
41.  The method of claim 37, wherein the step of aligning said model eye comprises
first positioning an alignment model eye capable of rotational alignment at the location
that simulates a wavefront measurement of the patient’s eye, aligning said alignment
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aligning said nodel eye; and obtaining a wavefront neasurenent of the nodel
eye. 38. The nethod of claim 37, wherein the known wavefront aberration is
a def ocuswoastesod or maki ng a focus calibration of the abecrarser/an39 39. The
met hod of claim 37, wherein the nodel eye has a toroidal, convex anterior
surface for making a defocus and astigmatismcalibration of the

aber r onet er mati®] eykh eephastingitie eligwheritm@ie] eyehwitiethe noddesl sysdend Sythehaligrang

non- axi synmetric, convex anterior surface for making a higher-order
aberration galdifédl epn of the aberroneter. 41. The nethod of claim 37,
wherein the step of aligning said nodel eye conprises first positioning an

ali gnment mdel  eyg £aRGPb LR SR AckaN e Bl EMBRARe RhidiiSic OfAdnotiset hat

simul ates a wavefront neasurenent of the patient™s eye, aligning said

ot L 0. FEPRA Pl B o

al i gnnment e er “arigni nodel
eye. 42. The hod of  claim 37, wherein the st of i gni ng said podel
eye conpri sé%or‘ri%i@fer@defoﬁwg thﬁaﬂﬁ?%orégﬂ’pﬂ %‘Ht%?%oﬁﬁﬁmé’gg]lrer%ﬁ‘éla f69&15 gn an
X, y-axes positions of the nobdel eye and focusing the posterior piano
surface of theitiongéthegpedal gyalign a z-axis position of the nodel eye. 43.
The nmethod of claim 37, wherein the step of obtaining a wavefront

measur enent 43of tThe ni@hel ofsleincIpvlicsss thestapep fabsamnag b mavatro@ttm easusment e
for a calibration neasurenment as for a wavefront neasurenent of the

patient’s eyegmdMlodd cPBEONRPSR LsiAB K IsRBe ALfRiabSorCRutdRrBE 4 BAliRiticN
aberroneter used for neasuring ophthal mc wavefront aberrations,

conpri sing G #kRE: &ffor RWAVLAR T AsIBLEh: Y RAhAgest, known defocus

error,;

44. A method for making a focus calibration of an aberrometer used for measuring
ophthalmic wavefront aberrations, comprising the steps of:
providing a model eye having a known defocus error;
positioning said model eye along an optical axis of an aberrometer to be
calibrated at a location that simulates a wavefront measurement of a patient’s eye; and
obtaining a focus measurement of the aberrometer.
45. A method for making a defocus and astigmatism calibration of an aberrometer
used for measuring ophthalmic wavefront aberrations, comprising the steps of:
providing a model eye having a well characterized toroidal convex anterior
surface;
positioning said model eye along an optical axis of an aberrometer to be
calibrated at a location that simulates a wavefront measurement of a patient’s eye; and
obtaining a defocus and astigmatism measurement of the model eye.
46. A method for making a higher-order aberration calibration of an aberrometer
used for measuring ophthalmic wavefront aberrations, comprising the steps of:
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positioning said nodel eye along an optical axis of an aberroneter to be
calibrated at a location that sinulates a wavefront neasurenent of a

pati ent' sweya/4®mnel obtai ning a focus neasurenent of the &l#rusomsdiey. 45. A
met hod for making a defocus and astigmati sm calibration of an aberroneter
used for neasuring ht hal m ¢ wavefront aberrations, conprising the steps
of :  providing apﬂnﬂgng@V@dhh%mﬁ@Vﬁgwewﬂl@h@ﬂﬁﬁﬂ@dﬂ@@@xﬁﬁmmwﬁaiC@@ﬁﬂex
anterior surface; positioning said nodel eye along an optical axis of an
aberronetermﬁamﬁgmﬁxﬁjbrated at a location that sinulates a wavefront
measurenent of a patient's eye; and obtaining a defocus and astignmatism

measurenent of theIRHRE <8y &od@ﬁeye%ldl%taﬁ%tlf:ﬂraxmaﬁ&b@t‘r&hgﬂ@?fo Wy der
aberration calibration of an aberroneter “used measuri ng ophthal mc

wavefront apenr
PCT/ US02/ 39?@%’&%‘? ggaslﬁfﬁtg&ghbﬁé‘ﬂﬁlaé%g"ﬁz&gﬁﬁﬁtq{&ea\ﬁeaﬁ%ﬁ\éghgg é%%??g &> and

non- axi synmmetric,. convex nterior, surface; positiopin i d nodel eye

al ong an opti cal ORRINNg:} highersqdpr AsEration mga em%f’?ﬁ’redg%%?ﬁi’e a location
that sinulates a wavefront neasurenent of a patient's eye; and obtaining a
hi gher - or def7-abeThe ealdwatirsscomneneritof shaimHe hipaz pt la3ss ongof a Figao-cemyess at i on
conponent of claim 1, having at |east one of a plano-convex, a bi-convex,
and a neni sbusonyhapad alideniscus shape.
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