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application claims benefit to U.S. Provisional Patent Application No.
60/871319, entitled "INTERFEROMETRY TESTING OF LENSES, AND
SYSTEMS AND DEVICES FOR SAME," filed December 21, 2006, which
is hereby incorporated by reference in its entirety. TECHNICAL FIELD
[0002] The technical field relates generally to optics and more specifically
a systems and methods for testing optical lenses, vessels for holding the
lenses, and methods for analyzing optical characteristics of the lenses.
BACKGROUND [0003] The contact lens industry has undergone rapid
advancements toward higher levels of visual correction. Manufacturers
are progressing toward providing contact lenses that are designed to
match a patient's refractive correction and fit. By moving beyond standard
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WO 2008/080074PCT/US2007/088583 spherical lenses, manufacturers

will be able to provide contact lens wearers with better visual acuity and
WQuEN%8Miort.  [0004] Metrology (measurement) techniqB€3/A@007/088583
instrumentation for evaluating lenses, however, have not kept up with the

sphericapienael/anaemenikrdensl techbiel agyrdvitdeenhmeatioisgye auahveish better visual
.._methods hased.on focimeters and moire deflectometry, lacks the
aculty a5 BiSAR ﬁ%?%)ﬂ%itial resolution, high sensitivity, and large dynamic
range desired to accurately measure more advanced lenses. Current
nMe0eddgyMeabinigyemgsnesalbharedimitgd samphifialmaa tastin oot thtuating lenses,
h effﬁgtive p(t)gg/er of ale %Ohland ir}gjir ct meas%r.%g]ents %ﬁp wer trol
OWENELEATRG & TRNS RN LB RO AT SO BH S UMMARY °8Y- | freHoiosy:
such agmee gl tadbe Qrésanidrye abid minvd ket cidizedipn afka twddisbination of spatial
resoluftie pagider (042) Intprferometer (0 r%”a'e\’régs}%% %aé‘éc@r'gt%@i asphencalre
waveroht aFan oﬁh%ﬁalm%ele S. Thé interferometer 1S capable of'
advaneiblyzing dwicka vakiety afyecchivpes; seciradls; dor kxampte cppldericat, testing of the

toric, bifocal fsmd mhlltifg.cal lenses. In certai embqbdi entf: of the )
effective g(’) er of a lens and indirect measurements o, ?wer ¥ anslating a ]Iens until
Invention, lenses are mounted in a cuvette Circuiates tresrrsaline

collimabionfthiettemnses and is positioned in a vertical test arm of the
interferometer configuration. A technique referred to as reverse raytracing

SUMl&ﬁﬂﬁ? utilized to remove aberrations induced into the wavefront as it is
iImaged. BRIEF DESCRIPTION OF THE DRAWINGS [0006] The

foregoing summary, as well as the following detailed description, is better
ufieSkodd wireaspeatdtire poejemciiennsith theohependedtidnavningaotfidicth®ach-
Zehndr (M7} eioge}l%'éjrsggt%@gltghgn%ezeo h@%féﬁ%é?ﬂ%&&%!oﬂéﬁ%ﬁf%@%ﬁ&% ‘é?f{r?&}fghthmmc
esting’or lenses, there'is shrown In the drawingsexemplary constructio
lens. Thersoé)feovveer,issepablateiferd paaipyforidansieiyed lwayvefpest testing 6br

lenses is not limited to the specific.methods and instrumentalities
e B T I G S e o ey of the
inventiote farem ete noonfigliratcn fotte Biai minguintea fieftosdlofeaalens . the lenses and is
positioned in a vertical test arm of the interferometer configuration. A technique referred to as
reverse raytracing can be utilized to remove aberrations induced into the wavefront as it is

imaged.
BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The foregoing summary, as well as the following detailed description, is better
understood when read in conjunction with the appended drawings. For the purpose of
illustrating the use of interferometry for transmitted wavefront testing of lenses, there is shown in
the drawings exemplary constructions thereof; however, use of interferometry for transmitted

wavefront testing of lenses is not limited to the specific methods and instrumentalities disclosed.

[0007] Figure 1 is a diagram depicting an exemplary interferometer configuration for

obtaining a wavefront of a lens.

[0008] Figure 2 depicts an image of an exemplary reference wavefront.



[0008] Figure 2 depicts an image of an exemplary reference wavefront.
WO 2008/080074PCT/US2007/088583  [0009] Figure 3 depicts the
W HSHHied optical path difference with unwanted pixels remRfel FERY H088583

positive test lens. [0010] Figure 4 depicts an exemplary image of a test

wW@eehpnFipat g ddpicte tholepictaiandasivical@ah adifieeaucadithaveimndd pixels

transmitted through a test lens. [0012] Figure 6 shows a measured
removﬁé%@%ﬁpgﬁlgvae%gégfésd wavefront for a calibration lens.

[0010] Figure 4 depicts an exemplary image of a test wavefront.

[0011] Figure 5 depicts an estimate of a measured wavefront transmitted through a test

lens.

[0012] Figure 6 shows a measured wavefront and a modeled wavefront for a calibration

lens.

[0013] Figure 7 depicts a difference wavefront of the difference between the measured

wavefront and the modeled wavefront.
[0014] Figure 8 shows a Zernike surface and image thereof.
[0015] Figure 9 shows a localized defect of a tested lens.
[0016] Figure 10 shows a region in which fringes are slightly flattened.

[0017] Figure 11 shows defects indicative of possible stress or other alterations in the

periphery of the lens.

[0018] Figure 12 shows plots of spherical aberration versus frequency for four different

lenses.
[0019] Figure 13 shows the thickness of toric lenses.
[0020] Figure 14 is a cross-sectional view of the cuvette.

[0021] Figure 15 is an illustration of an expanded cross-sectional view of a portion of

the cuvette.
[0022] Figure 16 depicts an exemplary coupling mechanism.

[0023] Figure 17 is a top view of an illustration of a cuvette positioning mechanism.



[0013] Figure 7 depicts a difference wavefront of the difference between
the measured wavefront and the modeled wavefront. [0014] Figure 8

WQRMEIN Y drnike surface and image thereof. [0015] Figure 9 $KAWS07/088583
localized defect of a tested lens. [0016] Figure 10 shows a region in which

friog24) areighghtly fledtenrdiratidOOL pd&igniral fldgshmupolaireis kaligative
of possible stress or other alterations in the periphery of the lens. [0018]

Fi 12 shows plots of spherical aberration versus frequency for four
HASH GRS YO BAHETIE TS & ess of toric lenses.
[0020] Figure 14 is a cross-sectional view of the cuvette. [0021] Figure

1pRen ilkigiraiRm iohdtvoexpapced cf aseaatiirnaboview fof alRailigriektias of an

interfeTOMeiSr cORaatin for SBiShins 4 wavHoRl P2 2HPling mechanism.

[0027] Figure 21 depicts an example target lens used in the alignment of detectors.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0028] The present invention involves obtaining information utilized to evaluate a wide
range of ophthalmic lens types by measuring the transmitted wavefront of the lens. In certain
embodiments, a Mach-Zehnder interferometer is used with the lenses submersed in saline
solution and mounted in a cuvette, or water cell, that circulates fresh saline solution. Testing
lenses in a saline solution is believed to mitigate dehydration of the lens, which can change the
lens’ index of refraction. Removal of induced aberrations can be achieved, for example, by
reverse raytracing, wherein the wavefront at the detector is traced back to a location
immediately behind the lens. Reverse raytracing facilitates the generation of theoretical

wavefronts, which can be used to evaluate performance at the transmitted wavefront level.

[0029] Example type of lenses that can be evaluated include hard contact lenses, hard
refractive contact lenses, hard diffractive contact lenses, hard hybrid refractive/diffractive contact
lenses, soft contact lenses, soft refractive contact lenses, soft diffractive contact lenses, soft
hybrid refractive/diffractive contact lenses, hard contact lenses comprising an active
pharmaceutical, soft contact lenses comprising an active pharmaceutical, single vision lenses,
toric lenses, bifocal contact lenses, multifocal lenses, cosmetically tinted lenses, freeform lenses,
an intraocular lenses, intraocular refractive lenses, an intraocular diffractive lenses, intraocular
hybrid refractive/diffractive lenses, accommodating lenses, spectacle lenses, refractive spectacle
lenses, diffractive spectacle lenses, and hybrid refractive/diffractive spectacle lenses, composite

lenses comprising multiple and embedded materials, photochromic lenses, and molds used in the
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[0023] Figure 17 is a top view of an illustration of a cuvette positioning
mechanism. WO 2008/080074PCT/US2007/088583 [0024] Figure 18 is
WQRNREETIbN of positional flags and positional sensors. [002FFGHErYs8s83
is a diagram of an enclosed cuvette. [0026] Figure 20 is a flow
fabricstiagrefthefafidraxantjplecpreasss Miatigbinghdetactar shaf a:miﬂ;ﬂaasfmmsaﬂe@uld not
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E)resent invention involves obtaining information utilized to evaluate a wide
range of ophthalmic lens types by measuring the transmitted wavefront of
the lens. In certain embodiments, a Mach-Zehnder interferometer is used
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lens 1@ Ctﬂle Qg'ﬁlrma%cg %tlcal o%cfﬁ Co%%%ta ?nSF (%H‘IGD io@a%%g etﬁt/ e 1s S ht into two
harmaceu cal single vis enses, toric lenses, bifocal tonta
beamsmmmgochbdtﬂnsplﬁtﬁommﬁllylﬂ remelnmmﬁ;aﬁﬁeqﬁhtmrlsmsmcaﬂ type of mirror
int es, intraocular refractive | s, an intraocular diffractive
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18, Oy g T e e E e e e B Gged oward the
mirrod@fses, and molds used in the

analy

[0031] The beam directed toward the mirror 20 is reflected by that mirror through the
reference arm 36. This beam is referred to as the reference beam. The beam directed toward the
mirror 40 is also reflected by the mirror 20 through the vertical test arm 30. This beam is
referred to as the test beam. The test beam passes through the cuvette 28 and test lens contained
therein. Concurrently, the reference beam passes through air, or any appropriate gas, of the
reference arm 36. Using another beam splitter 24, the reference beam and test beam are
recombined, and interference between the two beams occurs. Two beams emanate from the
beam splitter 24. One beam, directed toward imaging lens 42, is indicative of a portion of the
test beam that is transmitted through the beam splitter 24 combined with a portion of the
reference beam that is reflected from the beam splitter 24. The other beam, directed toward the

imaging lens 32, is indicative of a portion of the test beam that is reflected from the beam splitter



WO 2008/080074PCT/US2007/088583 fabrication of the aforementioned
lenses. It is to be understood that example lenses should not be limited to
WM™ g list of example lenses. Those of skill in the art RATTYE&IR7/088583

recognize that other types of lenses are applicable and appropriate for
24 corebaled@tiath \adrapsmitire rafevaiteeanadysiss tranfaQ86J Higrghlis Beam splitter
4 diagram depicting an exemplary interferometer configuration 12 for
" obtaining a wavefront of a lens. The interferometer configuration 12
comprises two beam splitters 18, 24 and four mirrors 20, 22, 26, 40 for
s{eeBny beheriateffighichoduightifen dierendeaymdhatinhidieg/rRiticat estcorded
. arm 30. The cuvette 28 is positioned in the vertical test arm 30, and the
USINE et éf‘w (.fst‘fetSaH?eelE%éé&aﬁr%"B‘rgElé% TABRIGOERE DPAShS TR Endich 2 8
chargdredriglaede)idh@i{(gb) saurce, 24 osdbrasneaataseas torexdenpia)qiotiveas(@MOS)
camerg,o ab glrlgrn tet?lerlaéytl%f l@@icgﬁﬁﬁg,ngreﬂll% m?ea%J regalrr;l Ligltsf E:lgaqgépé ?E g Ipeferred to
an exerﬁpla embodiment, Sohérence of té"8Burce 14 grea ertnan
as the Hrieaxpeatedadiffékeimaginoleca oathl aisthbes efthikerbéene spktairdBind the
. ath and the vertical test arm 30 path. Light leaving the source 14 is
sciencp RS 0 RS (1St b BN SRS, e O IR B fesprded by the
scienchghtemaiatiog froes the coliga afify: lens feteissphit tnto Avtbeleamsdisings a
beam splitter 18 at 45. In essence, a beam splitter is a special type of

irrgn,ywherein 50%.o0f the light is reflecgted, .and the other,50% j
o e L N S RO B R R g camen
38, widolimattiegddre 16tis dineging ceiacthe hharasplistéR t8n mwgrdsthangippropriate

type of AT NE giher A%t e colimated gkt heam s ditecledtoward e e
YPE Omifi-or 20, fobS1f ¥heBéam directed toward the mirror 20'1s Tetlecte

semicdyydtiaomEFMOBroaghrthe cbfepenogearion 3B videisHEanvishretéreetbt@smnple. The
. the reference beam. The beam directed toward the mirror 40 is al
et A8 S0 Ao 0 LA SRR A0 DAL o e boa
splitteref@frechtthascfheetestanmdl . afitl ehteEghediat passesititralgncinghcheditem splitter 24
from tﬁg t%g}da}%lsg& rﬁtﬁ?znatggr]legf meert%g'cgoggausrﬁn%ﬁ’ trhoe {(?Jse {\?v%c\felek%?ag?ljhe lens under
passes through air, or any approprlaf]é1 gas, of &reference arm 36, sing
test. Innotererrhglany spiitodiBdntitberefer@ngedeam Bnd testdedimedmagnification level
ecombined, .and interfeyence hetween the two beams occurs. Two beam
e Bt St 21 One e Sfetoc Iowad imigig. ™ e
imagingrsui2ras fnaic atied iofthepbriioricofainbciesilbegnmitratisitrents muitted] as setting the
hrough th am splitter 24 combined. with tjon of the reference
L A e e
sees thewardadh®itragiddghenstB2] kirdiddhieecst larporiibiy pfahilte shdbeaammitrpatial
resolul?ohe&%gle&%?miﬁ%et}peeégﬁ&Rﬂﬁgﬁr v&%@f&%@%{tﬁ%@qg %?6%1/U520Q7/088583
24 combined with*a portion of the reference beam that is transmitted
through the beam splitter 24. [0032] The interference of the beam
dif3¢H tdhverdtehisiomagiing defigB@2tiond oddednesinglizcamilerat®4. That is, there
GRATIERR AhERD,SRMBUSE A0 ARPIRRHRIS RS AL ERIFIRo SRR Rove signal
e noé%g}ge c:oup{i(ladr deﬂ\}lcge ?CCD caﬁwera, a con%pleme%(%aryo cHove sigha
attributabta ko sidénsefersondecton MO BN damélalizathagferin]egtims deviddikely require
the de%%?bfq{uﬁlﬁ%éﬂf& for e%’éﬁ%%'seq}&?aﬁﬁ g 2 Bﬂgéeorf?&éq é*}ﬁaﬁ%e{ﬂ%?

mera. The imaging lens 321s placed between the beam splitter 24 an
impra¢Heablteoes wagrie ra B tovineéi gueatewt lemgontty thlecainteas thisasletign factors of

the int%%&%f[)%%&?%&ﬁﬁ%{gggogylE?GF'?QE REEGANGLAS SOSAPIISERIRE-UMAE Prured by the

e interference pattern at the lens under test.
imaging optics (e.g., science camera 34 and imaging camera 38), the parameters of the test

wavefront, imaging lens, and detector are matched. Second, the interference incident on the
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[0033] The beam that is directed toward the imaging lens 42 is collected
by the camera 38, which is referred to as the imaging camera. The
WQAMEPRMWBIcan comprise any appropriate type of camera, sud¢%3/§2007/088583
charge coupled device (CCD) camera, a complementary
detectonetataideisemoadktai(Cvib&)icrmethe thehfigacdneciies gdeviashibited from

CID), or the like, for example. The light collected by the imaging camera )
chang g 1 b e G LA Rkt RO LR SIS SbRap g lacrcy is less
than tibéNrefiie ficeain 2 ahd teecbght thedisttanamnitietdiioagh) ibe/dbeamnub-Nyquist
interfe?grlliltg ! 24{ 1’(135?8 tsh eartse Str?'glmc%gielr{y"éattil n O(I H)] ?etsvgf) g a{Q rlalsl r?:' 3§lc interference
prowc{ésvtvwo Viewa st theYereThudr test“Th an eernp ary & oéc]filme%t,
generdivd bpagihgrianie tends-imiHetdiafigdixedmaiirticationdesebiiat @llowsdied at the
detectﬁlgrpfas %%‘E%E“de troaa?égotl?n§ oega?edirrl %gég Ellﬂ)%{eart]ggs Igér/l %h%qgte ; .eer%t' IeF?’%el% imaging
rom the imaging camera 38 are Used in the diameter and circularity

optics mEaslirekmé ntscasmel [pashdatting thhplafeaneatohthé anbiysisrap@dtureyefronts
wit 'rhlhe g]gical one.of the test I?ns The science camiega 34 sees the

I'CSU.ltS 1n gi renﬁ CI’I’?%OHS 1n, ca wave I'tO{ht én ﬂ(em . calibration %I:'OCCSS fOI'

central portion of the ‘optical zone of the testlens: This provides maximum
removpatial nehalediaherwhgéonnBakucinbethbeltansmitted wavefront of the test

lens. [0034] The interferometer configuration 12 does not utilize null

optics-, That is, there are no,devices added or.removed from the,. . .

R e A e B SR R e l3 ygitized ane
recordiettefeigivad bt dnfigsipatiors 2. t ghpative the nuth opticsiwonkdioelior the tested
optic qﬁﬁ@‘fé%es the, design %fh%“rﬂe%%’ﬂfesdfggr%%&'@t' NS Be,and &ﬂa Wide, range of e

ens types makes'this impracticable. Testing In a non-nu nfiguration
charadteings snibthéay st degsicthneb adesighdactorscafcidarititertmaomatackness, defects, and

qonfi uratioq.lz. First, because the wavefront is collected and captured
ophthabmﬁ;| rescription. . . . .
y |magl|3ng optics (e.g., science camera 34 and imaging camera 38),

the parameters of the test wavefront, imaging lens, and detector are
nf@636dd. I8 econdt nipkuintarfeodimenin ddentrom trielodd@d at the top of the reference

008/080074PCT/US2007/088583 detector is resolved, In an exemplar
o S P T PR R RS M R ptemence

by usiphasg ippmprathentprifl)spen pixédr tremeble esdringdhat thefateg@b[ZriTi; <] Os),
f ency is less than.the Nyqulist frequency for the detector..In an__ . .

P B Rt e o i

embodipaade therayrcainidra, dslytiived dompsotve dttechightdrguepcyfmtade@ncairror.

The PESISIASS BY.ARRNTIGRIN SRR SQRNRHEALRN LI E eSO iror 38
reconstructed at the detector Is calibrated to account for the induced

This padsbreationbby thefinnaife ropoededsnierinnaingasistics AT baikeokd plterns is recorded.

Deterrfitl EH!‘%%%E#‘ cﬁFéXYF%%”oFlﬁerr?E%rs%%%‘fﬁﬁ%ﬂl%%E"Eﬁet%%‘o?g{}?tg%f"i’ﬁ%’ ?*%B%Iﬂhe test
results in different aberration's in each wavefront. An exem lary calibration

optic’ ppovass for exmoypingithe siatadetibemations sl desodized belows. would be

... ..[003 | : ' inte
s AT s H e o SRS Wy emoves
this ambiggihitted wavefront for the tested optic (the lens under test). The

measured transmitted wavefront is analyzed to determine characteristics

0 st ' its di r, Ci Ity i ickn

SRS Sl B8 AR B I P o
lenses drabodifeetringthaderthei38ro cateshqiehecsopeofthm ietenenierantdeorientation
withindBOPERER 3 PRAS SV IIOG CARARI Y. TRRiPNASS ShIlthY S3PARIMEaBE zontal

implemented by using any appropriate material such as, for example, lead
positigtifgp9atddiconate F3p[exvio B3P 2G, idameramigachatatiedlly as shown in
Figure PMRISIRG (RHARICILG AL RIEGRS S RLORSIIER LAl BAAPAHIT &AL ens

the mirror 38 is a dynamic'component attached to the top reference arm

mirror. The PZT material provides a small (fraction of a wavelength)

translation to the top mirror 38. Thig produces a phase shift in the

recorded interference pattern. A series of patterns is recorded.

Determination of the direction of the phase shift removes the ambiguity of

the sign of the test optic's power. For example, in a static interferometer, a

+1 D and a -1 D lens would be indistinguishable. Utilizing the mirror 38

with a phase-shifting capability, however, removes this ambiguity.
TNN2R71 Ac chnwn in Eiciirae 1 the tact arm 20 ice varticeallyr ariented T



WO 2008/080074PCT/US2007/088583 placed between the periscope
mirrors 26, 40. The interferometer configuration 12 preserves equal test
W AP8(8${¥Hs for the reference arm 36 and the test arm 30 whit€ HESAAN088583
an enclosure, cuvette 28, over the lens under test. As described in more
placeddgiBilcbeltiw piresaopretierBsovidesTadzaelyeighic tighioafigianioent preserves

rotec s.the om the saline sglution used w ses, and
cqul [ ey i T BB CBIGHE o Sorob T Hergp gpelosure
cuvettmlma@i g lemsasm 3 snnd 49 aksadpabie mbm&ﬂmhgeaik@rﬂsu bstentid@/provides a
| a} F ed Wavefrortmts Tthe nHlerferom ter Ctﬁnf' ratioi; 2is caﬁo the tﬁf 1
nearyies (Y OSIVE Rl HeghVe TBRSE S WA HEgRivE TERL Y V! the lenses
and blm&saﬁe@yaéﬁarﬂbmlemmaﬂm teghdarerges, and thus the distance from
the lens under test to the imaging lens is taken into account. The power of
t gi s determipes the m nlflc t which the front is
S e o R P ) oS30 i 1 o
substaaﬁaﬂyl ralltex@asmrevﬂaaéﬁdmteespb@inxerfemﬂmmaffgmpmptmte kapulsiged testing
both po%lt]ﬁ’% gcsp%%%téao ersgs;ﬁepglttohe%gt}ri% nl%ﬁyplizia 8.3V8 fr%]t [3%1 %J"ﬁ)%llljs linder test
dlvergﬁemdnhythﬁMeeﬁom&IKﬂMmgfyiehhesnzethﬂ thpigihgdethaspidels toto account.
The pfSaTRgeRd e considered (o,nsie hat the tertarometar.confiauralion . yeq
p?t‘ﬁ wil proper% §soR/e| fenerence. The'size ot the P pixe 0be imag 34 '5Amas
Accordmgi;judnmpowwnefalﬁzlraaging deimagi2g £amerke88n® cooodimatechwith tﬂhre the
respecSE AT (B0 iOND e A AR ocaala Lalo: SR e
P erture e |maPéj gﬂlens g Imaging enslnlezr respectlvel1 Eing
camera'Bé.worklng f-number, along with wavelength, gives the minimum feature
size that can be produced by the lens under test. This is matched with the
p that neither s is limiting the resolu io n of
B ot b b e i e e r e D DR o
frequetiat d:ﬁehwdcmn@lf nﬁlmbahnglkﬁsthﬂtmmuhpltdzh@fmhfgplﬁthtorboﬁrﬂ@ed are
consi fr:rr] acg{o Ss){lsrt t attth h%ﬁpe]romemegggﬂ sy %)IY l%?os qu?fr:st e[%fé m?erference
eferred 10 as est lens or optic, IS immerse |n a sbl on;such as a
The sisahxﬁehsqiutabmo haitimmyged ouwbtttecchyamBéragdh@tﬁmamqmmera 38 1s
ion..the dynamic ange terferom ter 12 | sed. This is
coord 0 Y B e A I B S TR RO Rl st
apertuoq:)tﬂf altdlmmgmgilenm&li’nglmédlumglngécmf mwmhbreﬁ)qswmng f-number,
along URRS) Il% tcm%' A0 O%flntrﬁ IH&W%rfte U rllzget‘h%?ggn t%\% B Cciit[?ré Mens under
partlcu ar interlerometer. This upper Imit IS correlate i such
test. Tﬁ’assasrmmh@isvpmehsmecqb isiet spabigecdher smstgingslEns tdigrietegsalbion of the
other. tlﬁlet%éllng R f%@rf‘%{%ﬁjer‘h&ﬂ?f’é’ #hH € more co mon teym “f-number” in that the
2008/080074PCTIUS2007/088583 In the transmltt wavefront is
workingdunadbehéretyyimtersasing the dygaifietramgé e theaiterfortenster 12.
In an exemplary embodiment, a highly sensitive camera with both high
PisBAESLY AORAOE RS GRIARS RIS UreH IRGANIRGIIRN B tons or opric
immersion to provide a test be an accepta le level of sensitivity
is imnggme dymarsitutamg enormbisihigethel seomsitivithi o titerfattn?SirByithioher sing the test
tens i STEASELAMIAMIGANAEOl D AIBIONAIRHAGS AMBRIEEA FRIUE I e
testing over a wide range of powers, designs, and materials.
decreag/gnthatéi frescimeniarsibiadti vsoludionbétowev dre thet batie pulvbe oftipandigtg medium.
In tenh‘%rb%g il il By %@%Fdﬁé%ffﬁﬁ??%‘?tﬂé‘ﬁﬁ{é‘én\(véﬁ%\l\?‘ef%a{l%'a}?ﬁé curately
fringes ecause the reference wavefront is planar. To record the high
tested ﬁ@cﬂl@n@rtﬁnn@@snm&mmmpiﬁhwmdméns qh@eé@ﬁ@hmthan@ramneters as
pixel scf%nafﬁ?%ﬁéﬂl%r Eﬂﬁ%hﬁ) %h gpd%%%gp FVPHES 81% faLp ﬁ?iéairse“[ﬂtrﬁ%sed the power
emphasized, however, that the implementation of a four mega pixel C
camera is exemplary, and that any appropriate detector can be utilized.
By having enough resolution to I’eS§|V€ the high frequency fringes, the
science camera 34 provides high spatial resolution in the measurement.
To facilitate such a large array, the sensor of the science camera 34
utilizes a full frame architecture. The full frame architecture incorporates
an external shutter in order to properly readout the charge. In an

exemplary embodiment, to provide shuttering, an acoustic-optic (AO)
mndiilatar ic 11icad in conitinetion with tha enatial filtar 11icad for haeam



[0042] As mentioned above, reverse raytracing facilitates the generation
of theoretical wavefronts, which are used to evaluate performance at the
W HSHtiied wavefront. One way to understand how the theor&GdaVS2007/088583
wavefront is generated is to consider what is being detected: the
in the tndastereace preffused mdwedwavefb@rit&téuﬂﬂ@gplamyﬁﬁﬂﬁe teiectdnie.g.,
ence era 34). In accordan e with shlftln interferomet
et G i AP LT T T e e ST T (s hh pel

dens1tpemeejrgé@atwoa1\ta‘eetﬂ®ntm EhadEsi mﬂuwwefmwttmﬁmemtpmtmprw&te a test

avefront qgh te t rt (lens Linder test), and.not at the,science ¢
b s S AL N DA QRIS WaUATBHE Gsgviy of

1nterfe|n)mn]y| mﬂo thevitieids <0 i toniefermifredfikmossi de sirovadefroptaatitiae technique for

testi science cgmera 34 As the E%st Wavefr(?nt %grogftgates through WO
R0\ 01:Y[01:10) ‘375,?5‘@?}1)@}86‘?/ 883 HE 5P optcs §'6f interferometer 12,

aberrations are induced. A calibration process is used to convert this
ire04adl tdstanavielr drt iat iestoicince loaine ko34 vetothdiest getwaatd die test lens

. _the test wavefront at the contact len 0043] A portion of the induc
vt R WA R R R R BT o erence

waveftbetadphdzabé?oaﬁomgi |&em@aﬂm@mnmlﬁﬁag¢mmﬂﬂmwmymnbodlment, the

nitu This allows for the aberr tj treated erturbation
i O VA ARSI e oRemoReotn e I ot
emphadsizhef] ﬂled/ﬁvdhlﬂlaomemngk:dmg{l%@lzdﬂafoﬁt\wga piker€WDrepresa lnstsxemplary,
the original wavefront, and esents the induced aberrations
TS USEi 1 RS A G O HSARAORL B resdfte te
high qumetuyrthaigpe nblestichhe ¢mngm§4emev3delslﬂgh spntm:bren‘dituetmducthd

measu?bn%fr:qlattlolno faCJtT?a\{vas)(ufﬁ S ]% rtd\%f ‘?hefrs]t WaV%Er ntscrletcl:elve dlﬁer tﬁt'hzes a full
aberrations Is to view ren avefronts as s S N conjuga es.

frame emi]ugettas fdrhih&ulbterfecomrbirtsurm aglng)tem%mqhmltemmameprder to

proper hICh 5 mﬁep ane Im?ﬂeactill%;(%l HOWI% 2iaa l%nsol?c %elqultrt]eg]n an, acoustic-
8, and the 'science ca etector 34 While these conjligates
optic (dd))mn@ﬂlda@e iansedhnegejtndthienedtlichs spsididiltea whitibfenbevavefeoning. When

turnedboenln cﬂ?ﬁgeﬁné'rtlth%%s'iﬁ'a”‘%oé‘”deé%“fié’t e A S A ”"t‘hf"“gomy of the
throug imaging system omp leted y the imaging ens 324
incidegtlesdighmdra's fdetent@rr Bdarn is el Th éhdetectddieerf@rbeicéhe modulator is

t t '
e S L ORE RNERSTORA SRS A s
rnodult&terlamd@eaﬁfaﬂtfelte:stm&«vefr@mtquwdfhnd@dighthetweference“erometer. The AO
modul\é\tlt%}[?g (?I%é )tﬁé_ EQFC&%%%%IQlgm,etljl%staﬁ{l%@trlﬁgr 38{191%386%9 occur concurrently.

mathematica

[0042] As mentioned above, reverse raytracing facilitates the generation of theoretical
wavefronts, which are used to evaluate performance at the transmitted wavefront. One way to
understand how the theoretical wavefront is generated is to consider what is being detected: the
interference produced by two wavefronts in the plane of the detector (e.g., science camera 34).
In accordance with phase shifting interferometry (PSI), the interference reveals the relative
optical path difference (OPD) between the two wavefronts. The desired wavefront, however, is
the test wavefront at the test part (lens under test), and not at the science camera 34. To obtain
the desired wavefront, a known reference wavefront is used in conjunction with the OPD to infer

the unknown test wavefront at the science camera 34. As the test wavefront propagates through
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OPDT=Img(WT) -Img{WRI =(WT-FAIWTD-(WR+ AIWRI)(2)  [0045] An
inverse operation to the imaging process, reverse raytracing, can be used
WQHiste¥tiiide the wavefront at the lens. When the prescriptionP&fl{lj§2007/088583
interferometer is known, the system that generated the aberrations is not
the opdddlatknkbaferbuictailiey, abeotieitivmef apticadthat cdtbhei snqdetess Ehsed to convert

this i ?mdgltis the to Itkgat %r:abl.es an invers 4o.perati\li?fntto Ima m&a glartnetly front at
18 InRUEPSE Y Haing! bt r&iaise PAYIPACTg N IRE WAl BRI S ThE st Wavetront a

the coplantéetypically the plane WO 2008/080074PCT/US2007/088583

immediately following the test optic, is produced from the OPD and

reference wavefront ag the detector by tracing rays backwards through the

S T S e R B R A o R cradiont
Howetlee thtefitesainetenlight ickicel abeonititast plampactdl dateatdr {sciencefahmetaefront’s

.34 th@ra are traced from detector (science came a€4 to test plane.
maeni g o 5 R 3y P TLTSa BpBIaba L ol tront.
Mathematieehaticakyaativ 1of gl QM it Wahgfiiong iR DeEimiild/Edbt€3) as:

[0046] Equation 3 illustrates one means for implementing the process of

reverse raytracing. With rg{ﬁ ence to Z interferometer 12, rays are

traced along the refergrrr%g a?m_&gftrér 8\; the imaging optics 32 and(l)

onto the detector, science camera 34. This is the image of WR (ImgIWO).
where WP prisd¢hsniadsediol thevedys) tchan i otpiheiitpdsitioduend @rgletions. The
notati(%APt X&J Ollsnt’sgqet(%lrpn ce%%ftlgl\gt g ?nlﬁgc% tgtl)g?rgti-orr?se a?%s(%a%g?rgﬁt?getﬁ%ﬁggnt. The

ack tothetest plane.”At the test plane the rays afe converied to &

imagingdeefrddis whrichusct\of Théhedestihaheroitibves oia at 4e $b wavetrodi \dient
wavefrToﬁ‘%ﬁs oene éﬂff‘e}fg St B%%“r'gﬁ&%‘ T POVISS ¢ 86?[&Pe‘%9&f3$%?§%reo%%”ase§ﬁ'i¥% aie

IS that'a model of the interferometer is used 10 provide the correction. The
conjugmedefand thggatesaldntbefereniatan ean diffewgiCoteectBiguer tholespilage, which is

the p1a:£§i%‘ﬁ%%5§%1bef‘£ﬁr s thes%“féﬁé‘ié%‘@” IPMeier.eqn he achigved

wing the té ed 1n the ¢ e 28, and the science camera’s
rougha pro%ess?(noﬁn as reverse optimiza 6. The modelis Vertied
detecturad theWihalgrilitcation jotites oaginchierzs’ saogrbgate so Gnlietnordistanites a
.cc_are not known from a prescription. the distance fro e top of the cyvett
aitter g B B L A e PR LS Y e
throu ghigtecton soesycteoanvaral 34d lbyatie chhdbesel tno3distahttessainthe abgects detector
34 and image distances for the imaging lens 32. Because the imaging lens is
" known, knowledge of the magnification between the conjugate planes
provides enough information to uniquely determine the two distances. A
pH9ddA| rd)ie aleeeisadsatttEe qpdateatirennoget givethd e fassicedpameen images of
two w@%ﬁ%ﬁgi‘#{%&‘ DAY ¢ i%oé‘?)leﬁ' gﬂi% %PB%@%&‘%“&%“arﬁ?Qetween the
Igure Sillustrate various wavefronts. Figure 2 depicts an image of an
imageafghepiatywafefemte Wanafdanta W Rf4He Tifertest optic46nis(8 r) at the detector
planc RIFRSSRAVGXHIASS (515, A e gt units are waves (5435 nm). The
reference wavefront, ,441S's DWH as having a considerable amount
of power, as opposed to being flat. This is because the reference
wavefrofPIMR; idg Bivihe- detetok,) the Waiens ¢ Wain erd\gd+ HelsVer }) (2)
considerable amount of power. As depicted in the interferometer 12 of
Fi 1, .collima light in referen rm. 36 will produce a
oA E ORI e (R SRR TR R con be wsed 0
determine the wavefront at the lens. When the prescription of the interferometer is known, the

system that generated the aberrations is not a black box, but rather a collection of optics that can
be modeled. The model is the tool that enables an inverse operation to imaging, namely reverse

raytracing. With reverse raytracing, the wavefront at the test plane, typically the plane
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WO 2008/080074PCT/US2007/088583 reference wavefront, WR, 44,
because the imaging lens has as its conjugates the test plane and
WQgsPOEIgure 3 depicts OPDT 48 with unwanted pixels, refeBaisapy/088583
distortion, removed from the positive test lens 50. Figure 4 depicts an
immedixemially wihaoh ofeat testi vy ay piodnteWTop2 thene IDeasLirefdERD W AR fidont at the

added to. the image.of WR 44 to produce the image of WT 52. The images
et N o A B AoA B GBLT i lmgh 188 ch A b (el Dackvards
becauggndidarabie thmalterfthaneidhis waveticrfioBaestsam podiivetde stdzmse camera
EquatikaféPentes\itaxeteonie figua iseletiytra onachisrapipliigl 46: the image of the test

wavefront WT 52, resulting in the estimate of the measured wavefront

transmitted through the test lens IV T 54 as depicted in Fi%ure 5.

[0048] Utliizmdmie iMarferbinistet 1 2 d REDartolRgeriination with ()

reverse raytracing, comparisons can be made between a test lens and a
Nj0ges |ensqiriguresfishewe adneardsdoraypionhhaat proadelsteverse

wavefront 58 for the calibration lens. Comparisons can be made between

raytraging mWA SEG ERCP o AR CUSHEEr IRBRIER bMEL BV IIACT S Mk D¢ isappee arm 36,

througtaifiGatiom dapexampladiamestablistasoRpadsahetwee MMRaswedmage of Wx
data and modeled data, a calibration part is used. In_an exemplary

(Ime {¥fRbbdithet SHARGIETHIRGIALS I8 snshuLL araBhaan pansle. At this

point, B aftess MuclaadésiaxinedNtEhéhicknasshand sacius el elivateseige. At the
measured independently, providing a completeﬁgf)rescription for the lens.

test plang Hee AT e praveriptishior iNeftest pakcie Prastiptivimataed the original test
waveflOIRNRIOMRISeRabIES the AeRGAR paecirled MavelMALiheRAMEIs that a

location as the measured wavefront. With two wavefronts at the same

model| gE s tefifRremsisidra srdre Rvidssthe cartfarandsvarsrbiitt s perual
interfeeOMREERH DY FPPYRHRACING HhginadelrdWavE U P MARE the actual

' measured. 0049] Figure 7 depicts a difference wavefront 60 of the '
interfeppRpis CaoohA FHERgh ARrOFavERRMY BASHRYE PREFUFSHON. The model is

verifielaYLtHRh g ifibisigieranced phiecah99%:0f hEl¢iarpetRiatiiare not
two wavefronts to avoid edge effects. The naise in the difference

knowy froRfopHesriRfiRnidhs EbABRSLHM Brer SRaE tsebistits 1R éodbp dmnging frns 32 and
the disidbe e iRAGAWAMElEANBEQe THedBRIS NN eiftrigBReWaYR EaBE Gthese two

can be alleviated in any appropriate manner. For exan%%e%a Zemike

distanges) b0 WEH BB bt s e diffrdiice aave At qH@aging lens is
know1XiSSwHRAH T PRlynomiala@ss kawenththeoateARpieabioprolidemikeugh

polynomials is known to cancel distortion. In an exemplary embodiment, a

informationda Hmﬂ@eg Gg@ar?glpe%%qﬁ%a% A paraxial raytiace is used to update the
modelZ90&IARO AP M IRANTTREESB Inspatiahfeaguency noise, and the

Zernike coefficients are used to compute aberration information about the

wavefront. ) ) ) ) ) .
[0047] Figure 2, Figure 3, Figure 4, and Figure 5 illustrate various wavefronts. Figure

2 depicts an image of an exemplary reference wavefront, Wg 44. The test optic 46 is a plano-
convex glass lens, and the height units are waves (543.5 nm). The reference wavefront, Wg, 44,
is shown as having a considerable amount of power, as opposed to being flat. This is because the
reference wavefront, Wg, 44, at the detector, the science camera 34, has a considerable amount
of power. As depicted in the interferometer 12 of Figure 1, the collimated light in the reference

arm 36 will produce a diverging wavefront at the science camera 34. This is an image of the

-11 -



[0050] Figure 8 show a Zemike surface 62 and image 64 thereof, after
application of 36-term Zernike polynomials fit to the difference wavefront
W@R00R809 Enike surface 62 illustrates that defocus is the donR&dY B/ (38583
the comparison between measured and modeled wavefronts. Not to be
referelﬁi@ﬂviﬁvamtl%ﬂ@rém elwyadté&}wmugiﬂgi Hatadifercongug4oenke lik plane and
this is most likely d dISC anc |nd of refractlon or the test
dete“?énf anffné ?r/t lﬁ?ﬂﬁs §a‘ﬁht Nt tﬁ 3 SR OIHRE VST S08 hgnoved from
the pomiueaausledsm(lh@fgmd@ ddpiag hhe:ia:m]ﬁeyowfgelemséwm@efront Wr 52, The
ce, the e |s jmeasure 9 d|o ters., In alr this differe
measulg eéme } b%%ﬁc]ieop ers U%iRG A t ﬁ ens e‘fet renﬁ:\ngn%ocvﬁel? 1mages
of WTGQ’)abé Wﬂléﬂffﬁatd)ﬁmﬁmie tieimiydnitndext Rh@cﬂlf&reﬁméeﬁfbﬁ Omdller than either
f Pt along with. theﬁgS SCI’I tion ofdt e I ve uncertai fO[ ¢
Wavertigd er%lﬁscee iRIAdex o 25iiee 10 Or m\PaFuesea{Féa ﬁr?en}ffy ©s
waveﬂmn\hnsta) lan gmmtmltalmy @framm O@@iagmﬂmmphahthbtmme mrage of the
can be trlbut d to the dscre anc au5|b 0051] |
refere g R Phs i B s e e oS T RS e ol g o 52
resumﬁ@aﬁaﬁteéﬁnﬁata@ﬁ ﬂw@@mmev&wﬁ deipeiable (hongkamepist lens W r 54 as
) mterferogra of Figure 9 shows a localized defect 84 of a lens under test.
depicteq, i FigFS mitted wavefront determination utilizing the interferometer 12
provides ability to detect defects in optical performance that cause

dpooaspnainlirie dighy pediratrikepidamal wavagtandetdhainavelengiitatrse
light used. Further, transmitted wavefront determination utjlizing the
raytragige OMRATSPIS SR “p??ﬂiiﬁié"‘t}%e%@ﬁf: SRASRY %ﬂﬁegﬁ&%‘l‘re 6 shows a
measueeiagidainat Feontarcdenkas] Wmﬁﬂmhal&dlﬂxbﬁlﬁﬁﬂeakiomﬁnparlsons can
ained. Yet further, regions that devjate from other parts of a lens are
be mai Bethsin o R MO S gt S SR FAERor SRR gH
verifidtfijigesxaneptig My fattrsied cM@dﬁg@@rb&&vaaﬁmmeccbafmﬁarmedeled data, a
asadefecté defect 84 fFI %? but WI|| roduce a different optical
calibrafipn par, s SC%&%PSFES argp %]é’rﬁ‘a? N SPHYS’W%L% Shshitsg 5 @
calibratiavgfientRigienswnatiorh latqllmmg;tbenmatetﬂmlamtearna&aaiﬁe caonudeiaat are
information on OSSIb|e stress or other alterations.in the enz% oft
a8 TOEPRG BEE S R IS P ELC TR o e A b e
prescrizofue, éheie whopet, bhespmmeptwmdhelér iﬂgﬁfﬁﬁﬁﬁfta:laélmbﬂdhﬂlhrgeneratlon of a
% ugh.the fld |aI marks 90. The swirl orm align entl rl}frln es
modelg érf’ Bar‘é SRR Y E%%@Saé‘“ %Fﬁ 8akinlE! LHER ss Va‘%?““ at the
same lousabgnane mh;:M@&ﬁQBé%ﬁQ:?ﬁRCﬁ'ﬂlﬁétﬁﬁﬂd 38BB3nt caf0@5mputed by simply
bt V\{ealth oflnfo atlon anb B}ro uced 'f¥ nalyzing the transmitted
subtragit ﬁhor?tls colgfecvt‘]é1 evfg & terfefoMEtEr 2. This information can be
used to discriminate between materials with different levels of additives,
dE0d9k mﬁﬁlgﬁb‘f@mmiamdﬁfsmﬁmmm& @nef kiestffenade bativdbe the
ede td f rent t rlals ore igure 12.shows plats
measugg 9V GO0 Gt ST AL 1 ST L 5 09% of
the dlmtheiBﬂq(aDﬁmm&)vvﬁmus ttvaqumaygﬁ)eﬁ‘@ursdl‘m’heenm;enﬁehe Hethrdeasswavefront
60, o s R U AP g L e ot QLRGeS wietront 60,
The ndliststrafieddiffestatisticavieficand B0whe teinltbhei arekin angl gtprgaidcdediateon For
S rica] aberration for each lens,90 94, and 96 are icted.
exami e e o R TR e SR TR RS he
noise. omamﬂedpmlh/mmtsme &nalysim theraexaMBcdtiertliCKasskaopdbioenstes known

to can&d dls?o% ter med eXe i Stratec{)m FI%U{e jfe ?<“ {0, t‘Ell(s:t:tuls(:’;: St%Sreanrl%Vf: high
spherocy |nder IBnses R é’ne (0 correb ma ism the ey

Figure 13, the thicknesses of three lenses 100 102, and 104 is deplcted.
The darker areas indicate increased thickness compared to lighter areas
for each lens, having a range from,Q.0 mm to 0.500 mm. [0054] As
described above, lenses under tes]t can be placed in a cuvette in which
they are submerged in a solution (e.g., saline solution). Figure 14 is a
cross-sectional view of the cuvette 28 shown in the interferometer 12
depicted in Figure 1. Utilizing the cuvette 28, lenses remain in solution

during testing. Materials used in manufacturing contact lenses include
hv/dronale which are hyiaraceecrnniec Tha lancace ara nlarcrad in tha A1 nvatta



WO 2008/080074PCT/US2007/088583 circulate the test solution, to
prevent the test solution from leaking, and to monitor the temperature of
WM M3ttion. A lens holder contains one, or multiple, testiRgT¢Ef3007/088583
configured to hold a lens submerged in a solution, and which can be
spatiamwaénujthﬁdﬂmﬁvﬁtﬁaﬂhﬁe&@mhﬁau@whﬂemaimaipmg Aberration information
lacement and orientation of the test lenses. A first window is configured
N8W ¥ hterferometer test arm beam to enter a cell with no change in
collimation or in coherence length. A second window is configured to allow
tr[eaw]t am‘gbﬂﬁm}ﬁo\emitztémikﬂ\satﬁac&f@ pabhingéloodghdbe demsapjitication of

chan o0 the e test arm eam Th ters of th
36-eri R RS B S A oA it ¢ S ADTO b L8P
illustransuhie ddietwenrthd Herhiolgiarcisonoved somtmmbﬁmamﬁmlﬂemaedahodeled
ween. the first window and the second WI 9}
waver g B RS S iR Power ke
this is mnowdiﬂxsltywélprtmamsak@mrﬁmhﬂw ofivefitactithfentectanieas amii the surrounding
q ErlcaJ C nnect rs an Sensors rovide verti cal h(? gh e sthatEJ
sahne SO U ?Ir 1n the 1nter crometer varsu ues. use 1 ﬁg ermke
ocator pins and a resilien g sprlng- oa )arm W

coefflcpatm‘/scfes thlsaﬁfﬁélfﬂme tgginstahie toeatarepins; O Hrdioptkety anchr this difference
becom%(sma] Ph’ ei‘iat G C‘é‘{ﬁ}}ﬁéﬁ aplang t%%r%"&lf‘%%%%ﬁo‘.!ve}&' Lside: The . ted to

mechanical finkage i esigned to prowde repeatable
an uncengaye mnantiend Mbrdtitnesaiation. bﬂvdamt@heatmwguethmbhtpescnption of the

mterferomet ithou an(}tt@recondltlo v tte's I|n
e Bisngete o

lens. 2b5 ) EACH 2alRin the Tena Riotder has é”wm atdbss 1o
currentiyl Hmaunmommmhremwleﬁgbbmf(womalwemttwﬂ lﬂmitérd pewnr,carat vanibh
arent to the wavele velengths of the interferometer's

attrlbu&ﬁ’#‘neren gshfeéjo ncgem'llﬂase )\(,r\}% hlaus;{é?ms the surface on which the test

lens is mounted. The window in each cell in the lens holder is coplanar

Witz othenddtiovino caysnp fhet]@na)hdiailmicﬁackm@ﬂim thfen lems, valdlars other

tape all designed foa ra urate a d di for tlon free
chars g R A e A N, I B e o
showsinteifelioadatefts tiBragingloammedadast wffémge, thanemiited ewweﬁaoh dedrinination
utlhzln %Ienﬁtfpr l(rjoer{le {)ergé}(gzs ablp?n% ft:i)egtl ?ef- leljrtll(())n tO low oBrgthnce that cause
iCal Windows In the cuvette are t ansparen fhe wa een or

deviatipavetghgthgho btite mtdrémmiwe@éﬂilmhenewfttlngrwmmgthTbed@Btused Further,
transrrrcialU(P(.‘"?alv%I % u'? Hgt% r ﬂ%)n u 1 eﬁl% Iﬁlt%Pfte%gn;}é tr? ;i:? Q:%Irlent EPu(t:p:%he spherical

wavelength or wavelengt e Mierferometer's coherent |ght source.
power@iampwhest@mgnmqs lerolu Eerstahmel@tsmgmbnduﬂére@wlmei solatian also be

obtaing gl ‘?tﬁ" ?t% ?OJWHJI%XQ}Q;@F}&YS HE'ET%%s%@d%?é&QN@“Q&hown in

about

ereo 080074PCT/US2007 e outer
Figureelibldé@mmf@hémsxettegml §des wﬂlmlaﬁm fmmlgftm‘ﬁ nEghitndlfsteassbuFbe region
68 ma ntc?trBQ e c?e?%nﬁr Q '%ddé?&ff %9 gtl%@fecli]%ép&t%rl 8'9?%% %0 uﬁg&%%% different

O monitor the temperature 0 ést solution USI a temperat pro e
opticaligfierbxagh pl%pmvﬁr@hm@@nSmhert@ahmpmlﬂ@dmpﬁmmltwd wavefront

detenﬂﬁﬁﬁg%nﬁﬁltﬁﬂgﬁ'm&g%%@f @EBA 'JL%HE&%XHS%MQ&WUR 'i')(ggs%]e stress or

external temperature controller to help stabilize the temperature of
other atdraiemsninieeqeratheryrobhelernple tonfiguratigansis @ﬁtlélrgem:ldsul@e@lﬂy,

outs1d£ht‘1’1é38a¥§&ﬁ} 1S EONRUGESL, rog e?%}ggf?@t ‘ﬁlﬁﬂéyﬁ gé?g%%@g‘lg[%%%ﬁ}a{]giﬁ%gthrough

mechanically stable in the pres e test sollt

the fidggisd teeaik BRfidinceeits] amaizn hopariatyiothpdeogssi@Bswsr Sickvasiigagdal marks
90 indFERI3ChIGRS Sy AAGIEAELY m cAARLIGRS AR ar d cifiractive contact
lenses, hard hybrid refractive/diffractive contact lenses, soft contact
lenses, soft refractive contact lenses, soft diffractive contact lenses, soft
hybrid refractive/diffractive contact lenses, hard contact lenses comprising
an active pharmaceutical, soft contact lenses comprising an active
pharmaceutical, single vision lenses, toric lenses, bifocal contact lenses,
multifocal lenses, cosmetically tinted lenses, freeform lenses, an
intraocular lenses, an intraocular refractive lenses, an intraocular
diffractive lenses, intraocular hybrid refractive/diffractive lenses,

accommodating lenses, spectacle lenses, refractive spectacle lenses,
Aiffrartivia ecnacrtacla lancae and hyv/hrid rafractinea/diffractinvia ecnactacla



[0060] Referring to Figure 14, the cuvette 28 is a vessel for holding
contact lenses immersed in solution in such a way that the lenses can be
WPy the interferometer 12. The cuvette 28 is designeBGH/US2007/088583
accommodate multiple lenses. In an exemplary embodiment, the cuvette
20082 hQMxB&l&ﬂﬁE'ﬁlfﬁaﬁ:liﬁkﬁns@dﬁa& ippcelveetbbatan {ealh thetharsuviede
¢ 28, an the ells e mo ile within uvette?28 Lenses, can (e di
wavef it eiss tFor‘téa g”\l/v? fhoms uve I8 SHhPS R FbLO discriminate
betwedefﬁamedlbwifmecimﬂmettelevamysﬁmtermlemdemgng witthiififerkris aigmnts of
referat%M that the ntlr ns und rtest Ie {A vge ? oft
Hathes

aberragﬁ\l}e’tﬁe M Dreferanty aeréV 5 etq%rgt r(%tlca tgfwalf‘ty in re’Pms o) srtexamp le, Figure

12 shqwe‘ptmt; Qddimg %] diticd» 06l goperricatd drantmi(ERHWA ve ot Fheelocation
tion of he lens ref rabﬁ! repeatable lens to I
miling FERET IR SOt 00T 01 D S S RS g power of -
1.00 digpteadlfDs slﬁmnﬂlxemmltstm@htiahmwdf hefnﬁﬁatmetﬁmhiychvmnm\feﬁemanalysm can
be conrgoé{edoa%tﬁfgtﬁgt%ﬁ Be” t?snl% E[Pﬂtc):gl }5{ med ! the SOlu“ clgelwatlon of the
nierfere with measurements ~the bubbies e Nisible in
spherleateﬂemmmrﬂﬂﬁ&’meﬁslmmvm%&mﬂl%&%aeplct@ﬁ%l] The cuvette 28
comprises outer walls 106 and 108. The portion 110, or carousel, in the
"L g1of e, cuvette 28, comprises m %E) ”Eré}%ﬂ%lsl?an' 0btained via
ary empo Hlmen t € carouseﬁ Hees 30'16hs celld ifﬁ
wavef@chmﬂsislfooﬂmmﬂs ohattapered wialisit 1ehfediah badetamionad to dlustrated in
. __lens) channet Jf6 for f|UId ow, a mdow 118 at tg)e botto
Figure T e TRt HRE o I T IR 0 S et iom in he
eye. Iarl“ygpprldpﬂa:tetmmwm bf du&ﬂemptaw(emmﬂdelrﬂé} ikequesrdvdlle darker
e polycarbonate,.Polycarbonate proyide
areas e S T S RS S g from
0.0 mimert) 208 fom.water absorption, which keeps the cuvette 28 dimensionally
stable. [0062] Figure 15 is an illustration of an expanded

ectjonal VI ortion of th vette ht from the
T B R R MR S R IS i,y ey
are suliinecgiohinf amowobh22, garrlireevaititiomn thgong hdhedensssvitichosatestingof the
ens cell 112 and then e 54 the ette. throyg bottom windo
cuvet e e e 1 U G Vs, e
remalﬂabekaidtMﬂdmriﬁ.tﬁmng béttwsels thedap mﬁnh@teﬂsr@dmamllmsamdltheie
wi O Th 124 i intajn throu t
R e e e SR
keeps theai bmdvatsd aurrd&mabkem tamp eﬁmﬁdnhwtndwreﬁr@dwmwdt&hempm&m
| Naiches AGallanhe. A5V RRII SpLition Lo gastly
t test
comp afefélqpthoug egegvéﬁ“(]:eﬁ % t%teree tS‘Leeep(%r:tg gllleﬁer}cesfs 112 ato]herma er test s
positiegdiliotivenn ithis terppriadives thhe tnimdewniae éfth otatmsonlBaepictethisurfaces.
The i X‘?H&‘t&sb'&x% d&mﬁ%’ln%\% %]gstsazﬁ% WRI '&E%%%Q?ﬁeol’i%‘at?&%cg;‘ﬁ coating
I]be implemente e outer windows 120 an 122 are stepped to provide
on thegnthimahedif@@for an 0- ring or gasket to sit and provide a seal around
each window 120, 122. This configuration also allows the windows to be
g pdiardiling it Aldomentraer AR PIRG.OTE JGE FoURURGer
eme. #eemglﬁ%e gqass window 128 ?ré a(?e% stepped, see area 130, eriaces
with apgestige fegireistons wely izt thtonterfisorysteall 2is @@mph:ahae&éimptmglc rnount and
by meSURRUMER A TAHEHIROUCRP B BIEAES (DR RURTRLIR, e
carousel 110 to keep bubbles’in the solution away from the centralportion
interfegpmirsowieiss YSR8N Thd thpelest sidezontral ohd aetirvaien P enseceistefinguter
enclosﬁf&ﬁ'l%tlt@&sa@ﬁ?e QBI{E%&%@%@ tllll’@cll?vrﬁtg] S \Qf@foéﬂr@@&%ﬁ m%d’\fguevenly
sides 114 aid in unloading lenses, as lenses can be slid up the side of the
cells 112 and then removed from the cuvette 28 once outside the cell 112.
Loading and unloading of lenses ¢ N be accomplished through a door
151, or the like, of the cuvette 28. In an exemplary configuration, the door
is attached to an WO 2008/080074PCT/US2007/088583 interlock (see
interlock 188 in Figure 19) that prevents automatic carousel rotation when
the door is open. No special tool is required to work with the lenses, for
example a swab can be used to work with the lenses.



[0064] In order make measurements on multiple lenses with the
interferometer 12 with no user requirements, in an exemplary embodiment
W3 8% bmeter 12 controls the cuvette 28 via automatic inBEXIH§2007/088583
Automatic indexing can be accomplished via any appropriate means. For
circul @xaiBps totudovettep2ss eantianst it lavionmMotar eadng; ee@seo ciid: the

simply feceive signals from the interferometer 12. In a th(fr example ,
tempe Gl Bl T T b SR SRS e e PR (5 aR SLggcontigured
to hol¢anéo! adnteiged in dvelativatitend8vhicthiarebeladire ntithie titefecameterter

12 provides a means for rotation that mates with cuvette 28. This can. .
enclog e R T 1o SRRy S-S0 3 G DR IR B A windony i
configniribto atlthve dikeinan fecomebinatioarthékaai. to enfBOH5¢IFgithendbGEhteetis collimation

. an exemplary, coupling mechanism that.comprises a single motor 132, a .
or in R o o oS ST Aer 198 1A B SRl oo Srieai® exit the
cuvettcafaurgelsiih@ tpdhghubblthe cuthetie Joldiieynh B8hang < antiarediting héattinen beam.
The ce%li!(\?llrestto 8't-\|)-v%eo Pct rwli:I%l bgf%%reba %}}gé ’E(le{ V%a #l(l)%}{eyf\gitﬁgg te%sx’fligb grlens holder

pulleys 136 are fixed components within the interferometer 12. Coupling

mounteddetsvbaiwdhn blodletisttoyad keyat 38 povitigeared bdlt, 42 wheintdidbetween the
fi cu(Yette 2(? i'ls pusheéj inta the interferometer 12. This type of coupling
1rst window, and the .second window, .

provides S|gn|?|cant engagement around the pulley, reducing the

possibility of slippage. The large amount of engagement eases starting

af0S6dppling cuvettekiataiatic Moerstiessesvndbip wyestémdaretailvslade] tiech

. flexgbility of the belt miti S any co d}'n between the motor.a
providg o B T e e e e R nnaggior and
sensorbyidepmoided 8&:tithidelebigngisepsoarsuseloti®spspendedientipar(eg., spring-
loade(&.g r%ar\gHiS Ilr%gir-g esralcﬁnpfﬂ%gegoglo S get?%gt%\rlegtn% %'a-gcr:] isra%fl:ifniyn%f%%nsistently
fictioh and stiction fs%aﬁc ?rlc?lon), &ha hereBy |mp¢ovés posﬁlona
locate dlocuraette in a[pRE6 palsdttrodatidovpeintstycalheimeebained orkagedingesigned to
. the belt 142 and pulley 138 wil]l mate.regardless. The tensioner pulleys
provid B e RS TR e g e
interfenomesen esshobibdpel psysteditisniagdrathie dovaisesithageiltiple cuvettes 28.

To load a cuvette 28 into the interferometer 12, the cuvette 28 is simply

p infpulled-qut the alo doyetail 144 (see Figure 14) of the o

P P e e R o s et b R conimation
or cohprenid ésngéhrtidainstadifitytwhBimtitedCoramtteagd whahtedrantipahent to the wavelength

interferometer 1 ositional,sensars,that contral automatic indexing.
or vy R e B e o BRI AR surtce on
whichthechstriam idmanngsémiany isdyo dirmasit ciikitodationsdfaddee iskbplnar with all

' in [ e radial..

other g B AR e R LR ROYa 0% B A lignea o
allow feuoalmoantr pidsiprotide -fegseaablengiokthatical positichimglbf HErslcoektiedesigned

so tha(tg &?éﬂ%?&ﬁ&%“?%‘&%ﬁﬂ%%ﬁ%f.ar@%? &@%‘8@%&0@% FeROrQEkEH TCASHE tens
Figure 14) provides manual rotation and IS clutched for safety purposes; a
holdedinghtpoist snavbided beallewnsthetioprsclerandaitefecohvetadantsen thecuvette are

transp%%é?%tﬁl%gggﬂ i (t)li]%v§¥§f th-gh'l)? él%tﬂﬁggfe%m&éélsac%ﬂe%%w t¥rce. The

work as pair to provide a spring loaded force which keeps the Cuvette
test sohgipresisatiaaaitiotigh she fovstht BBl fHenaiatroéatbe 18 dienath or
waveléﬂgiﬁ‘é 66 bR IR e 208 LA f"o%‘?cgf‘@&?ﬁﬂﬂ@@&tk%f&é&ﬁ@%%Iude saline

the cuvette 28 to the interferometer. 0068] Automatic indexing Is

solutiqsro\uEarey whleneybrelabgitfiageiagbystes, Fiduiensayidcagttcpsepaisapticals, or a

combill&iSPIRCkeF150. The flags 152 interface with positional sensors 154
attached to the interferometer 12, as shown in Figure 18. As the cuvette
28 rotates, the flags 152 trigger the positional sensors 154, which then
send commands to slow and then stop the cuvette 28. Only three cell
position sensors 152 are labeled in Figure 18 for the sake of simplicity.
The cuvette 28 is slowed to minimiZe disturbing the loaded lenses. Lens
positioning is independent of the mechanism used to rotate the cuvette
28. The motors simply start and stop based off signals from the positional
sensors 154. No counts or other motor settings are used to determine cell

positions. Home position flag 156 is used to initialize alignment of the
rinattae 29 with the intarfarcometar 12



[0069] Figure 19 is a diagram of an enclosed cuvette 28. The enclosed

cuvette 28 provides temperature stability by circulating solution between
WQRARREHE 28 and an external chiller (external chiller not shotTiH 288583

19). The design of the cuvette's interior allows fluid to flow through and

bpI0&8IN dtsolist. ehb»quveifelcorupsisemitiiees elgen endsoiatdl dishaestitals for a

t b 58 tak 160, d 16
sourc B A, B b e A i e AR difgdo monitor the

tempemmb@o‘thBenut/Kdmt@n aelooironenfeading pifdtte thmp@ﬁmiﬂ@édihﬁghmﬁon the

nside th cuvette 28 near. the m asure ent,win e.in ake v
tempeﬁ_aéibr c coni%réses a resistan ure etec or T tha rgﬁq es 1nformat10n
rain provide por g o |on o) CII‘CU roug]ij“i

to an mmeﬁbtéﬁﬁhmhetakaﬂ@ﬁ@%lﬁ&%?ﬂfé@% &bﬁﬂ%ﬁﬁﬁﬁ%&%ﬁepﬁﬂhﬁﬁn in the
WS solution to e?ter the cu ette 28 an the drain portion allows
cuvette %Ih et)éagl ﬁgnc Ur, th Oeul?i £ 89/?:1 Veﬁ (s cu fgr% 1r§ %tbstructed from an
opaquenpot;&od:)mﬁtetlnmexieirr}aitohlhixer:]amﬂcpumﬂabiﬂmgﬂietmmplmitwntbolutlons.
the appropriate fittings. [0070] An interferometer 12 with cuvette 28
p Viable method ds ste ut|I|Z| vefront analysis to
P e S R e A SR A s
contadilerdetehanih mfmmfféh@ﬂiasolamele marndalifractive meraaskisedyharhicybrid
ue to the | m ersion o the Ien s |n sali olution aII for a
refractlvggie iftractive.con act €nses E)COP f fE ract1V ? enses, soft
ange of prescripti i5hs 18 este & Lise of op iCS or

diffracvtheconeankofae mufvhgg)ﬁubrbﬁnﬂcqnmm&oddtneelevisiaiﬁiiialﬂoeihadia:ndtact lenses

stem is able to riety of lenses mcludi sph .
comp R R L APEE L RoGeLe o) Fouliee MO LA paprmccutial,

single teisten lmidh&bmdewedhffdhﬂ presct ﬂnmnsofﬁhblfesallbmses cos[ﬁféﬁﬂ:itlly tinted
lenses, #%“i% s allow dia raiﬁ‘a‘r’ %%eexam%trae At racf"'Q?' LgeleeiolS cular
an |ni1érFerornePer con guration fo aining a wavetront of a lens. In an
diffractixeripisey, ermbodimehybtikrefovtragdiélgctive ienaging: cameral 881ghehses,
spectallé 1%%%5‘0%&59‘3"& Sekane alignediprior fo fesling & '?e”%eé'ﬁlﬁrﬂei;‘m}]
COMPprISEs conver inB e imaging camera’s coordinate sy the
refracgepdtice chiviespss @dle bordindte systapie. To accomplish alignment, an
image point in the imaging camera's 38 is selected and a corresponding

3@ an the %Sndl%t euqﬂérgjfh%‘s%lgng{?‘? ‘é%r?seara\’g,sgel 1% %%n]%{? lenses

scien eca era east, in magnific ion pabi

immedddonthdwamenawdan diffethit tes pactyeahiit tnsr@éms,ng Elmsmarﬁdtometer 12. The

cuvettfr:c?gtigﬁe%{ s %ggodrlﬁ‘i Hgl?ggl %nlléslenses O?l aml%lgodlment the
alignment process, a test 1 target (e atarge ens aVi own

cuvetteeiBremdeopbittdyrisestillzadh leridtastirmevin éocetmmmﬂﬂiplmdnweewtw&yond the
cells a?@ﬁlSB%% @@%%&%ﬁb&%&gn E JI%I‘E%@%% ﬁﬂ)ﬁl&? §0r t}é'&l%%gl ﬂﬁpéle cuvette
8 comprises ten concentric circles. Example image point 1

28, antbpafﬁ@mbify@lomm@icfmchhﬂ mwMgmsmildenmadgw@m)ﬂn It is also

' S 9
preter gl e R LA B FE0IES AIEETHA of eIy arc of
equal geticatopslspimscomined ieogentowity tne adding gdshieenahpotver dirdhestamsmitted
waveffgﬂlze[i‘hy %Q&l@?ﬁ?&%@%dgﬂa& ?ﬁ(@{&? RIRCAN 1@“@ \ég&(ﬁ% iaerr?s to lens and

determined. At step 166, the magnification of the first det ctor (e.g.,
trial-taspimhc dnsermienadydmdeab anieesss Tite mdgfmmalnionuoﬁtw%dmcély is simple and
saigtfREIRAS SRR IR ABICI 25 7516 MARVIRliom ol 08 1ReGaNubbics formed

detector (e.g., the imaging camera 38) is determined at step 1
in the solution should not interfere with measurements. That is, the bubbles should not be visible

in a cell.
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WO 2008/080074PCT/US2007/088583 The magnification of the imaging
camera is referred to herein as mi. At step 170, the location on the x-axis
WQRIHESEEAce camera 34 corresponding to the location of theP%HXi2007/088583
location zero on the imaging camera 38 is determined. This location on
tHeochEXkisTetbevetieDBe @apitya 3dtis veftsredbtandered ThxpoAiostepo, or

172, the locatjon the y-axis.of the science,c ra 34.corresponding to
carousg{ 1o B 1K IR DS SOE Ao S BPE iy TR TRLSTY Eefios aghan eXemplary
embodiatertihedarbhigldddttampn dae3y)-teds af thelsciéiea cainkira Shiprises of a tapered

ferred to herein as yo. The angle of rotational difference between the
walts [ g et B AT e g B A e ARG 748 ac the
bottonT bilangit of retatiotal WitteranceTagdelecieddds HOEimad B:aAicsiapriséGny

using the determined values of mj, ms, x0, yo, and Os.t éocai of the .
appro A A T R SR R S0 SaRiyise
polycddbtiheteoiPebpartdingtdquatiatesnié éotloeinge dameraisdc Mo rhegerveral9/8:

) the values of m1, ms, xa , and Os are utilized to conyert the i in

lighto SRS, B ot A S AR SID e NER KSTIRg ere 26

dimensiystalihy.stablf0073] in an example embodiment, the coordinates in the
coordinate system of the science camera 34 are converted from the

c {nates in the coordinate system of the science camera for a .
o A S B VS e T Y. e Porion o
the cuvetus Z¥s Liglisimo@sthanifmsetona{tt) Y2 enfexs'shie Qwettyi2SohOsghrtiifmepiwindow
120 i/ QA ANLIE ?&ﬁ]ev“iﬁ%”%%if‘[}ax'&’s('é QEAHo0I, he TS WHICHHL Fedting in its lens
corresponding to the X-axis ocation of the cor sponding point in the
cell lihagihtheamerathgscrepresants ghehy-baisolncativlow kA2 science camera
corresponding to the y-axis location of the corresponding point in the

i i mera, ms represents the nificatipn .of the sci mera.
RS AR RN SRIBHRE T igure 15,
betweeepheseptsttihe lonaticlh walthé kaaxishofttipensoiborved Zamidra Shaf gap 124 is
. x-axis, location zero in the iynaging camera 38,,yo represents.the location ..
maind i TR AIE AR ARG R ARLsEe I B eive cens
112 dunnagyintpcamehds88inamde@smelpre semedhecan dhesf act&vionaitdifferbhican each lens
cetl 1 REWERAINS ReiANGe GAMEA A6 and e meaing eAMES 3ten cald XN thereby
an example em%odlment, the mPégn‘Serograms obtained from the science
keepingaaighe aelds thE2int dlying ad st arenc dinbiemghnsoed Sing [thevanmhrent foptches 116
. .amportion of the. lens under test. The interferenc ttern oth th
depice@ RO N NSNORGL. Bk RICJBIERTRPRISIT 8RR %an be
implerRO0@D STHY 4RO THUIBROG7/DS 8583 Lapte stehpEH donpoeiuittionhisnoehidtéet an O-

ring %‘gﬁi}l&_@?&ﬁ%ﬁ&% 'acsggi] B%{[H%i %%mﬁﬁ?g&%]éée?r%%z#]%%(:}é%%%é%mn also

pixe e Interference pattern capture
allowsTthe wiodonetitnbis tigrad tnidentifiedivoetsatigsoviatedthviththhe wdigeodntrefixed

mount{fflé%%cﬁ‘&l%”pﬁ% Iﬁlf&(ﬁ% gséd\%ﬂltgb%g %§q§a%d I 8&,“51% &’Jeg‘Faﬁl'lBsﬁ&ide

ermined. Using any appropriated (e.g., predetermined) mapping
consistaphatini ttiotatengisted celsel] Whichnreprepdans enbedimentofthaniddls window

128 pl%ﬁr&(%%tﬁ?rq H%%lﬁtﬁﬂ?&f@ﬁe“@a%%"s%i ﬁslﬂ‘é;%%% I%'%?e&%ﬂﬁé %lm?on away from the

science camera. The appropriate region of the interference pattern
centrabppitivad bihtheisdiemde Tatter taperadskisd 1d Jeef\eacherBdibhaabintentsing of the

lens, BHIBE 160 FebRG ﬁ?e']%ﬁytltﬁgn nyﬁrr Oft ﬁ(ﬁl‘t]férﬂec%o@aq{ HELaSYSid in unloading
computed for further analysis.
lenses, as lenses can be slid up the side of the cells 112 and then removed from the cuvette 28

once outside the cell 112. Loading and unloading of lenses can be accomplished through a door

151, or the like, of the cuvette 28. In an exemplary configuration, the door is attached to an
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[0075] The various techniques described herein can be implemented in
connection with hardware or software or, where appropriate, with a
WQAMBIAGh of both. Thus, the methods for the use of interfe RfAEIAF 088583
transmitted wavefront testing of lenses, or certain aspects or portions
interlotle(sef nari dake 8B enf Giguaf mpgrarpreadﬁs(hetomaﬁmionsalemb@@hadﬂm the door

5 0 Y RE G CAAEMD SIaTae TSI REFSINC LGB prSgasd be vsed o

work witlehis leaded into and executed by a machine, such as a computer, the
machine becomes an apparatus for the use of interferometry for

Ezﬂ e{d vefro t testin }901: Ienses. 1 %OZ The IP%C{H can t 12 with
rﬁ& ed'i as% &Brﬁag FHRERRENdRG I Rge, F 5t 85%136 ertewl
no usdinedainguege Cambe@ophpiechbsdntempreiethtarguagecal mmb]m&d cuvette 28

with hardélivare im Iementatlot{i)s The m%thods for the hlse of mterferomeﬁt}r}{1ealns

via autgptC IR A BRY e RS OF FERSRSSIBTEARTISE Sradndswrigpra

For exaaipuhicaiione &8 badieddritthexfomo afr prappasaessale thakimpransotitedignals
from ¢ TneeHeo Jagsmyssion 1 ﬁ%‘%@? ShEh.as, g{*?ﬁe%'te‘%n”é%é‘t%vﬁ”” i3c6h WA in the
oug P optlcs orvia any o P form of transmission, wherein, when

interfddmptagtmnmb&eslscmtrel\cenitanrédaadhd ant&atm@lSeﬂeahtedrblyomlmanhlﬁe,
et BBt 0TS, e b et A S ot an be
ppara ustort
accompﬂ;lelmﬂuﬁmﬁamnpwwmsﬁmﬁsrgiiae,obmla\céfmmraektm pfremsesstid/lilen or a
enteg on a general-purpose processor, the program code
ings with the processor to provide a unique apparatus that operates
to invoke the functionality the use of interferometry for transmitted

wWVefbnHigstindoddpivse sn Aseltidnat yoepyngtoregeiech thguesnysestsm single
nectlon Wlt eu r ry fqr transmitt efrgnt testin
mowrﬁ%?éns%s can ﬂéahg}:lﬁ? eigt@oir?l mg{s ik gfah%lr%)waée%glrm%é\%ft@ére o 1 10up
through008/08607 4RI VS0 4088688 withi@GEF Fuvhite e Tbe mbtor 132, gear box
134, dInterfe ?Hy fa(l)nrdt ransslg}{tted ave t te?“ 48 { Ie%s%%thast%m {he interferometer
desdhibed in“Connectio & examp & embodiments of the Various
12. Cﬁgpﬂnag thnsati@mdehstwcbttwﬁhseﬂ %&aﬂdrmbd)bwhelm% whenbbaigedtte 28 is
pushec(l) f];ul:n So"riﬂ‘]e(i‘l (ilgltlifﬂ an.b dle 19 tp K g%ﬁ mg nt engagement around
ments or per ormmg Tﬁggame UnCtions for the tse of
the pultﬂertedumegjﬁlﬁ)pmsaﬂmMMteEjSM@@o Athe&tigg ahlunﬁeﬁ wighgemdetetegstarting
ana s JBGIGL ORORSEIBLE, gaise SLNerBLAmEny 1 IRnSITItRY WAYBITADbE e b
&5t fenses as descrlbeg herein sh not e limited to any singte
mitigagem bmyzzl rmepﬂunglhqtmtm @houmomembn@vﬂned mlmeéndtﬂmbﬂstydpfehn belt dampens
any ba%ﬁf%ﬁjﬂﬂrc %M@éﬁ tﬁe"&%@&eﬂaﬁ'aﬂ ek I@l?gmg‘l ﬁdp&%ﬁgﬁﬁl&g’ no part of
ight

apparatus comprising: a source of co ere
the carousel 110 rides along the bottom of the cuvette 28. This eliminates friction and stiction

comblnap Ob

(static friction), and thereby improves positional accuracy.

[0066] No set rotation point typically is required for loading; the belt 142 and pulley
138 will mate regardless. The tensioner pulleys 136 can be adjusted as needed to keep the
loading forces consistent. The robustness of a belt system is favorable for use with multiple
cuvettes 28. To load a cuvette 28 into the interferometer 12, the cuvette 28 is simply pushed-

in/pulled-out the along a dovetail 144 (see Figure 14) of the cuvette 28. The dovetail 144
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a reference arm that is configured to propagate a first portion of the
coherent light within the reference arm; a vertical test arm that is

WM W¥d4o propagate a second portion of the coherent lighR elBHPIIGHASSS83
within the vertical test arm, wherein an optical path length of the test arm

providsse@uatdbsaibibipdi cetqpadie lengiteaf She ratedenitt aigin@iCensatiadha? ind positional
rg itioned |th|n the vertical test arm and configured to: enclose a lens
senso L‘jﬁ

MhePLLy ﬁuéogﬂ}ﬁdﬂ %\’Hagpropagate the second portion of the

coherent light downward through the lens; a first detector configured to
r¢006d] atfagirm rese Euttqnviavﬁ st moﬂ]@ﬁtmﬁam@ﬁntﬂmed'twp@fsif‘l@ﬁiﬁgtmechanism In

|on of .coher nt!) ga am, the reference arm and the
o xR AT AT LAY gt M kP s whih are
part ofSKGOhﬁﬁGtﬁ@lt@ﬁﬁdﬂﬂﬁ@Hf@@bMdﬁﬁd@t&i ratpesteand Cesabitiahwalsadoock-fitting

tion om |nat|on of the first { .of the CO herent l
doveteg fr){f)l%gta%mg ocafor piis provide reped 3) 1Snee(r:rc1)an 1 CPI’?%IHOO gﬂ% of the cuvette. The
desigmdhmqﬂidgdﬂﬂcm@ ﬁagatamgd?mmthm t€Bh@sprocReArbagpay &igsrin 14) provides
manu ‘%CPartE’S}{‘SEdWétc SEIT ) é%%%‘é‘é%t gioteck Oro‘iﬁg“é’a'vs(%ﬁc?a FRWeet the

paratus in accordance “wit he ‘came

sproclmmmmafmmmta @i deeverztta EM@ﬁcbamJeﬂa:aydmCIﬂleameamr arm 184
and crowder arm 186 work as pair to provide a spring loaded force which keeps the cuvette 28
pressed against the XY locator 146 and the radial locator 148 via a radial force. Thus the two

arms 184 and 186 enable kinematic loading of the cuvette 28 to the interferometer.

[0068] Automatic indexing is provided by the wheel with flags 152 (see Figure 14)
located just below the sprocket 150. The flags 152 interface with positional sensors 154 attached
to the interferometer 12, as shown in Figure 18. As the cuvette 28 rotates, the flags 152 trigger
the positional sensors 154, which then send commands to slow and then stop the cuvette 28.
Only three cell position sensors 152 are labeled in Figure 18 for the sake of simplicity. The
cuvette 28 is slowed to minimize disturbing the loaded lenses. Lens positioning is independent
of the mechanism used to rotate the cuvette 28. The motors simply start and stop based off
signals from the positional sensors 154. No counts or other motor settings are used to determine
cell positions. Home position flag 156 is used to initialize alignment of the cuvette 28 with the

interferometer 12.

[0069] Figure 19 is a diagram of an enclosed cuvette 28. The enclosed cuvette 28
provides temperature stability by circulating solution between the cuvette 28 and an external
chiller (external chiller not shown in Figure 19). The design of the cuvette’s interior allows fluid
to flow through and between cells 112. The cuvette comprises three elements for fluid control: a
temperature probe 158, an intake valve 160, and a drain 162. In addition, an overflow coupling
164 is also provided. The temperature probe 158 provides an electronic reading of the
temperature of the fluid inside the cuvette 28 near the measurement windows. The intake valve

160 and drain 162 provide ports for solution to circulate through the cuvette 28. The intake
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4. An apparatus in accordance with claim 1, wherein the second detector
comprises a camera. 5. An apparatus in accordance with claim 4,

WQHERIBOE camera comprises one of a CCD camera, a CM@SHHATEPZ/088583
and a CID camera. 6. An apparatus in accordance with claim 1, wherein

portiothelltikst aslienin rt(i)SeﬁfHﬂfigel e dte Band ﬂmﬂdaanpatabﬁe dIooes Belwieno exit the
the first portion of the tl ropagatin the refere
cuvetgy T T ARG HOHi O I LA ot TEREH SUALAT G HOH R pump
throughrtube¥ eun Fjedaxati shin ppcopaatchtiidids. claim 1, wherein the first
resolution is greater than the second resolution. 8. An apparatus in

o e A s A P S s el st gastom for

utilizing accefdancamaliitisadais tlcduribeleaampiiisitig @ aallintatipiglenseference wavefront

enablep?ﬁ't'ge ed bet een the spu écut nd the reference arm Wh%fln the

mmat nrgr;n Ielﬁsolg %{) igure o: CONMRALE the EC:c%Heren?llgh p?(r)rblgé%{%ﬁle due to the

immeifsiom dhehsdenres; iandline solution allows for a wide range of prescriptions to be tested
without the use of null optics or other means of removing the bulk power of the lens. This
method and system is applicable to a wide variety of lenses, including spherical lenses. No
assumption is necessary regarding the type of part being tested. All that is needed is the

prescription of the test lens.

[0071] Figure 20 is a flow diagram of an example process for aligning detectors of an
interferometer configuration for obtaining a wavefront of a lens. In an exemplary embodiment,
the cameras (e.g., the imaging camera 38 and the science camera 34) are aligned prior to testing a
lens. Alignment comprises converting the imaging camera’s 38 coordinate system to the science
camera’s 34 coordinate system. To accomplish alignment, an image point in the imaging
camera’s 38 is selected and a corresponding image point is determined in the science camera 34.
The image camera 38 and the science camera 34 differ, at least, in magnification capability.
Also, the cameras can differ in respective shift in x-axis, y-axis, and/or rotation of corresponding

image points.

[0072] In an example alignment process, a test target (e.g., a target lens having known
reference points) is utilized to determine the relationship between the two cameras. Figure 21
shows an example target lens 178. The target lens 178 comprises ten concentric circles.
Example image point 180 has a location of 0 on the x-axis and 1 on the y-axis. This is denoted
as (0,1) in Figure 21. Example image point 182 has a location of -2 on the x-axis and O on the y-
axis. This is denoted as (-2,0) in Figure 21. To calibrate the detectors, points of intersections
with the x and y axes and the circles are utilized. Using the test target, in an example process,
five values are determined. At step 166, the magnification of the first detector (e.g., the science
camera 34) is determined. The magnification of the science camera is referred to herein as ms.

The magnification of the second detector (e.g., the imaging camera 38) is determined at step 168.
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propagate the collimated light. 10. An apparatus in accordance with claim
9, further comprising a first beam splitter positioned between the
WQaNM2MdHens and the reference arm, wherein the first bearRGpif@p(g/088583
configured to: propagate a first portion of the collimate light toward the
The megigifeticDRoNRNchpsopagaiea mﬁéldeﬂaﬂiM@ﬁﬂilemplmaﬁqu@hthe location on
th towar tthe testarm. 11, Ana gg)arat(rs in acc ordance with claim.1
© X4y R BT TS G BRs hiiPrSrBSE bR R, éoﬁ%{oélno SHierdidrishdgn zero on
the 1magmngamd16r$eeasldarwmnﬂbsiﬂm@édcaharmcdmkemdscﬂﬂhe referieacamera 34 is
ferred My 12. An appar ratus | ot or ance Wlthtﬁlalm 11 &ﬁreln the first 4
e erremlr?orelrglgoar?ﬂd’ure stopshlf a p%é)s(fél of & wave en S firs Cf’)é:r ll%fﬁr%?
correstlvadialmated dghionld. the ppparktision aemmhmheemaﬁm@amérh 38 is determined.
This l(\)/\cl:atel(r)%lggrzﬁev&?%xgglrp { Coauﬁé%ega?ngﬂﬂg}% Iearlre Jf4c}1Arrf]:1% %rﬂ?;[ﬁe angle of

accordance m ef comprising a second beam's
rotathnabmﬁfmmwemmhhdeémmmeméﬂohﬂaﬁlﬁwshd@mgtmm B&imldeuerrmned at

rm and th r, in
step 1’}'18 ;ﬁfts% % P rgtgt sec ? er%te??f:t Cl)s T erre% totﬂgresl%caos inlﬁ%’ I%tﬁ; using the
configuréds: recene i rom e reference arm, recelv?e light

deternmi@sidavatues of my, ms, Xo, yo, and Os the location of the center of the target lens measured
in the imaging camera 38 is converted to the corresponding location in the science camera 34.
More generally, the values of my, mg, Xo, Yo, and 85 are utilized to convert the imaging camera’s

38 coordinate system to the science camera’s 34 coordinate system.

[0073] In an example embodiment, the coordinates in the coordinate system of the
science camera 34 are converted from the coordinates in the coordinate system of the science

camera for a corresponding point in accordance with the following formulas.

Xs = (XI *cos es + yI*SiIl es ) 1’1’11/1’1’15 + Xp (4)

ys = (-x1 *sin Os + yr *cos s ) my/ms + yo, (5

where: X, represents an x-axis location in the science camera corresponding to the x-axis
location of the corresponding point in the imaging camera, ys represents the y-axis location in the
science camera corresponding to the y-axis location of the corresponding point in the imaging
camera, mg represents the magnification of the science camera 34, mj represents the
magnification of the imaging camera 38, x, represents the location on the x-axis of the science
camera 34 of the x-axis location zero in the imaging camera 38, yo represents the location on the
y-axis of the science camera 34 of the y-axis location zero in the imaging camera 38, and s
represents the angle of rotational difference between the science camera 38 and the imaging

camera 34.

[0074] In an example embodiment, the interferograms obtained from the science
camera and the imaging camera are combined into a single wavefront for a portion of the lens

under test. The interference patterns at both the science camera and the imaging camera are
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combine at least a portion of the received light from the reference arm
with at least a portion of the received light from the test arm; provide a first

W ttiEPs the combined light to the first detector; and provideP4 $8E3407/088583
portion of the combined light to the second detector. 15. An apparatus in

capturadCdThkaﬁﬁﬁlN‘]{iiﬂb@&ﬂmbirﬁ)dwﬁﬁef c@mpﬁjgimg amiragiigrlpnsngombighoddlation
It to: reC(Tve the fl ]i?etn of the blnedtllght from t g?ﬁ e{g:ond beam Th
eSS it ‘fSéu%‘*tﬁ oﬂ}ﬁé‘?ﬁS SR GPHECLIMABINES RYHT oW tR&mera. The
modulfatﬁhdstemdmrm»r@tﬂaa&aaw&ummtb&mhedgnmlﬁlmeddtg;htmmamiﬁ@ is fit to the
ond bea Iltte foc s the received sec ortion of the
e RN U 1 Soe RGP A A AR e -

predetaﬂﬁﬁ’rdﬁrtﬁepmﬁg elpumidn whedeterthintens isea, ediithctel@rsenis/thAenter of the lens

a8 ca a{)ggrg tl.gﬁeln accgrdc%nce Eyvitsh clalm 1, v&qlerelnetrhoe It ns com rlseseroan
P Ycontan ?en% ard relina%%e con?acetnlens a ractive

appromdnt&aﬁglﬂnsqfamamddrmmmmme@fﬁmdth/ﬁthemmdensmmoﬁt wakitadto leave

lens softr frfx tiv conﬁllct lens saftdlff ctlvefcigntact lens, a soft
the reg_} B béa %ef e trans e wave ]tS I%SOH of mferest is
ri re rac ive actlve contact lens, a har conta lerys comprising an

compwetiferghethmagedical, a soft contact lens comprising an active
pharmaceutical a single vision lens, a toric lens, a bifocal contact lens, a

';trqlﬁgﬁ Q%a"r"&?ss{“&%%%ﬂ Y linted lons adreeto dé“ ens. an it 6}8%%1?£ecuon with
I raocular refracti ens an intraocular ditfractive lens,
hardwm’eraosufavhym]rdwhﬁm&tp;&bj:ﬁmtwﬁhermqrahlmmxmmﬁbdatlriﬂll&nﬁmmethods for

e usSBERSIE 1% fefiacive sosadelons. aIRGING ShocadlE et o

rac IV ractive spectacle ens, ac osite I’ens comprli
portiopduhelitp Dt emtble dedfonatefiaisgand eoghotechrsmictiens) drﬁb@diedum tangible
media %ﬁgﬂ%saﬁgﬁ)r?t R SD rﬁTﬁOMs hard drives, or any other machine-readable storage
medium, wherein, when the program code is loaded into and executed by a machine, such as a
computer, the machine becomes an apparatus for the use of interferometry for transmitted

wavefront testing of lenses.

[0076] The program(s) can be implemented in assembly or machine language, if
desired. In any case, the language can be a compiled or interpreted language, and combined with
hardware implementations. The methods for the use of interferometry for transmitted wavefront
testing of lenses also can be practiced via communications embodied in the form of program
code that is transmitted over some transmission medium, such as over electrical wiring or
cabling, through fiber optics, or via any other form of transmission, wherein, when the program
code is received and loaded into and executed by a machine, such as an EPROM, a gate array, a
programmable logic device (PLD), a client computer, or the like, the machine becomes an
apparatus for the use of interferometry for transmitted wavefront testing of lenses. When
implemented on a general-purpose processor, the program code combines with the processor to
provide a unique apparatus that operates to invoke the functionality the use of interferometry for
transmitted wavefront testing of lenses. Additionally, any storage techniques used in connection
with the use of interferometry for transmitted wavefront testing of lenses can invariably be a

combination of hardware and software.
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collimated coherent beam of light and a second collimated coherent beam
of 0@tn] winaiginththestrst cadifeaied € harenhbhaamdof ighfréatmsting of lenses has

easurement reference arm that is essentially optically unaltered from the
been QS RO GO EA G A RSB SRR Lree. 1 5 to be
underctobe reit dibansiofilighinibodisnartestaarbe; wedptiaal difitatiengtn dhtliti@st can be
arm is essentially equal to an optical path length of the reference arm; and
made TR SOy O TRSE G TURE U4 Qe ign
interfeaotnteitéoinadrisnpiosidi onedivaiio i diegte slayes anichoanfguiren gahertiose
Therefy TR SHEME LA D, 2 solution in 8 manner which mitigatcs.optical effeelse
U€ To gravity; and propagate the second collimated coherent beam o
hereinliglonttbnmwadihiitedug uay eingl @cpliasimead tat onthonfiguriecbtocatietral in breadth
and s giclzgl @Qgﬁgno% oni%lot{lghéa fir%hgglcl:ip%tled coherent beam of light and the
Second coliimated coneréhtbeam oﬂlgﬁt; a second beam divider
configured to provide a first combined beam and a second combined
beam by combining the first collimated coherent beam of light propagating
from the measurement reference arm and the second collimated coherent
beam of light propagating from the test arm, wherein:
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collimated coherent beam of light propagating from the measurement
Wrefere ce arm and the second collimated coherent beam of light
%%SQE% ‘from the test arm; and the second combined beam is
1. indicativesoé sg aoputdniectenprisegattern between the first collimated
coherent beam of light propagating from the measurement reference arm
asguWgeiat Qhese tefmated coherent beam of light propagating from the
a rieS et il ASISRIRIUR W&é@%& Bk fr?éé&HB@ﬂﬁ@ﬁmmin
first field of view, the first interferenCe pattern; and a second detector
thexsfeigneearts; record, at a second resolution and a second field of view,

A o O o R B A R g
dorfwart apiianahesertaet testance whtnetieamop cal/ ipetie lieritil phtkeaest arm is

modulator is configured to_controllably and measurably alter an optical
eqygl fean 0I0t|0<5lf path engtoh of the reference arm; y P

acuvette that is positioned within the vertical test arm and configured to:

enclose alens submersed in a solution; and

propagate the second portion of the coherent light downward through the lens;

afirst detector configured to record, at afirst resolution, afirst portion of a combination
of thefirst portion of the coherent light propagating from the reference arm and the
second portion of the coherent light propagating from the test arm; and

asecond detector configured to record, at a second resolution, a second portion of the
combination of the first portion of the coherent light propagating from the reference arm

and the second portion of the coherent light propagating from the test arm.

2. An apparatus in accordance with claim 1, wherein the first detector comprises a

camera

3. An apparatus in accordance with claim 2, wherein the camera comprises one of a CCD

camera, aCMOS cameraand a CID camera.

4. An apparatus in accordance with claim 1, wherein the second detector comprises a

camera

5. An apparatus in accordance with claim 4, wherein the camera comprises one of a CCD

camera, aCMOS camera, and a CID camera

6. An apparatus in accordance with claim 1, wherein the first detector is configured to
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and the test arm. 22. An apparatus in accordance with claim 18, wherein

R R e SRt e
refetafive bimvhe thinsecoraissosisiiohhedsieht higleorepalet mpilionatad test arm.

coherent beam of light is greater than a cross-sectional area of the lens.
24. An apparatus in accordance with claim 18, wherein the first beam

7. ﬂwgﬁdﬁﬁﬁ'%%ﬁééwm%ﬂ',md%ﬁ@fﬁ%&a G B R8s than
configured to propagate a first portion of the expanded collimated
thessisenRdiesabulionf light toward the reference arm; and configured to
propagate a second portion the expanded collimated coherent beam of
light toward the test arm. 25. An apparatus in accordance with claim 18,
8. whepperdius iat decstiamee wi tinel expanaber doltinatednchtetecior bempriets a
light an%the first beam divider is adjustable to control an amount of light
G %B%%\Q@ %“fdé%@%gmmgf@gﬁ% EMHELEIR of light and an amount of

light allocated to the second collimated coherent beam of light. 26. An

apparatus in accordance with claim 18, wherein: o
9. An apparatus in accordance with claim 1, further comprising a collimating lens

positioned between the source and the reference arm, wherein the collimating lensis
configured to:
collimate the coherent light propagating from the source; and

propagate the collimated light.

10. An apparatus in accordance with claim 9, further comprising afirst beam splitter
positioned between the collimating lens and the reference arm, wherein the first beam
splitter is configured to:

propagate afirst portion of the collimate light toward the reference arm; and

propagate a second portion of the collimated light toward the test arm.
11. An apparatus in accordance with claim 10, further comprising:
afirst mirror positioned at afirst end of the reference arm; and

asecond mirror positioned at a second end of the reference arm.

12. An apparatus in accordance with claim 11, wherein the first mirror is configured to

shift a phase of awavelength of the first portion of the collimated light.

13. An apparatus in accordance with claim 11, wherein the first mirror comprisesaPZT
material.
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at least two mirrors positioned in the measurement reference arm and the
aj least two mlrrors S|t|on in,the fit ar com rises a phase

AR A RGeS v L e RSG5 eprg pliter
posiabned isgvasna reefeeameciighidnHie s el elekdionann beefrsente aneanénd

the second collimated coherent beam of lﬁ@Ft in the test arm. 28. An

the.gg5and RIGA Ol VEIRTSHLRG TeRQRIE PEESY SRIISF A5 FoRE Bifed Padjustment
redéi{féqr(rz]ﬁt HHSIRS Y anbLdmAteEdk 1igft ABrRRRARI U accordance

with claim 18, wherein: the second beam divider is positioned at an
conpiiie et tRoe afneid eneh sorsaceiverdight iaendhe refeience aset \win shicatie

po,gﬁo‘f%ﬂ}?? %9%? h Sfr%%] H}éllr&g 19 receive the first collimated coherent

eam o rom e measurement reference arm; receive the second

pr(mwmaft&vj partierewft the aombfnighti oo the fiestdetaciarpankine at least a
cgﬁ?rtlon of th ecelv%j hg tfr m th reference arm with at least a portion
pr !

ﬂb@ﬂ %%%SS?PM Yce pattern;

provide a flrst portion of the mterference pattern to the first detector; and

provide a second portion of the interference pattern to the second
15 R feapparatus in accordance with claim 14, further comprising an imaging lens

configured to:

receive the first portion of the combined light from the second beam splitter;

focus the received first portion of the combined light toward the first detector;
receive the second portion of the combined light from the second beam splitter; and
focus the received second portion of the combined light toward the second detector.

16. An apparatus in accordance with claim 1, wherein the lensis a contact lens.

17. An apparatus in accordance with claim 1, wherein the lens comprises one of a hard
contact lens, a hard refractive contact lens, a hard diffractive contact lens, a hard hybrid
refractive/diffractive contact lens, a soft contact lens, a soft refractive contact lens, a soft
diffractive contact lens, a soft hybrid refractive/diffractive contact lens, a hard contact
lens comprising an active pharmaceutical, a soft contact lens comprising an active
pharmaceutical, asingle vision lens, atoric lens, abifocal contact lens, amultifocal lens,
acosmetically tinted lens, afreeform lens, an intraocular lens, an intraocular refractive
lens, an intraocular diffractive lens, an intraocular hybrid refractive/diffractive lens, an
accommodating lens, a spectacle lens, arefractive spectacle lens, a diffractive spectacle
lens, a hybrid refractive/diffractive spectacle lens, a composite lens comprising a plurality

of embedded materials, and a photochromic lens.

18. A lenstesting apparatus comprising:
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be combined with the second collimated coherent beam of light incident
thereon.tq form the interference pattern: and gw second collimate
a B DL o R S BB e e e ipeern o
lighpllimated coherent beam of light incident thereon to form the interference
pattern. 31, An apparatus in accordance with claim 18, wherein the first

afiigDean dyiART R gH §sh iRymRY LiEheexprnded 5ol b raatespriierent feam-Qf di gt
indifRhiNFRFERFEIMES PREEERINHRE &I CORERNPOEHL LTI JA 48A % se8ndBollimated

apparatus in accordance with claim 18, wherein the first detector is
colgafigsan eb lghievehasgbiution between 1.0 and 1000.0 microns per

.0 v ield Qf Vi o 0 :
neffig ol eI ER AR R AR AL K s
essirsiatigroptizatiyropaserscinonotiae € G rokdimeted eohdvtheamefr i gimobadihie
camera.configured to detect all wayelengths of the coherent light source.
SO A SO BT ST ES R Mherein he Seuond
on SpIREIYEPTBRYESS R (RGO deasARR SRECACpIGH patiadRReT e
second interference pattern over the entire lens. 35. An apparatus in
ref RS Rt @dith claim 34, wherein the imaging lens for the second

theBLEEIAT iS\RMEGH B d%ed for passing light downward therethrough:

acuvette that is positioned within the test arm and configured to:

enclose alens submersed in a solution in a manner which mitigates optical effects dueto
gravity; and

propagate the second collimated coherent beam of light downward through alens;
aphase modulator configured to alter an optical phase of one of thefirst collimated
coherent beam of light and the second collimated coherent beam of light;

asecond beam divider configured to provide afirst combined beam and a second
combined beam by combining the first collimated coherent beam of light propagating
from the measurement reference arm and the second collimated coherent beam of light
propagating from the test arm, wherein:

the first combined beam propagatesin afirst direction;

the second combined beam propagates in a second direction;

the first combined beam isindicative of an first interference pattern between the first
collimated coherent beam of light propagating from the measurement reference arm and
the second collimated coherent beam of light propagating from the test arm; and

the second combined beam is indicative of a second interference pattern between the first
collimated coherent beam of light propagating from the measurement reference arm and
the second collimated coherent beam of light propagating from the test arm;

afirst detector configured to record, at afirst resolution and afirst field of view, thefirst

interference pattern; and
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claim 18, wherein the second detector is configured to have a resolution
betw 1.0 and.1000 (])(gmicro s per detector pixel an%to have a field. of
A Rl R AT S S b oS o A Bl gnien
thevetbontii metBravbeeifethe second camera comprises one of a CCD
camera, a CMOS camera and a CID camera configured to detect all

wavelengths of the coherent light source. 38. An apparatus in accordance

10Vith SRS ResRiR B ARPARN 85 pRETAIIRY ddestiAb §3nE 408 Of @

hard contact lens, a hard refractive contact lens, a hard diffractive contact
conaprises A eriasametdtactive/diffractive contact lens, a soft contact lens, a

soft refractive contact lens, a soft diffractive contact lens, a soft hybrid

refractive/diffractive contact lens, a hard contact lens comprising an active
20phaipparetiisial accoafaueviéditt das d8mptiesaig the pitaseanooalaradsigbnfijured

a Siﬂ‘i‘e ision lens, aﬁb?ric lens, a bifo aﬂ contact lens, a multifocal lens, a
to ¢ ﬂEYMI R ,yaaﬂge"ilﬁﬁﬂt'lﬁﬁcé), ntraocular lens, an intraocular

refractive lens, an intraocular diffractive lens, an intraocular hybrid

refractive/diffractive lens, an accommodating lens, a spectacle lens, a

21 ésrerRipbatisd Braeter danse W/ ditetab i As pherat)a ealier elieg kenglb et the

e . | e ¢
iy R e
length between the measurement reference arm and the test arm.

22. An apparatus in accordance with claim 18, wherein the collimated coherent beam of
light comprises at least one wavel ength between 350 nm and 1500 nm.

23. An apparatus in accordance with claim 18, wherein a cross-sectional area of the
expanded collimated coherent beam of light is greater than a cross-sectional area of the

lens.

24. An apparatus in accordance with claim 18, wherein the first beam divider is:
positioned between a collimating lens and the reference arm;

configured to propagate afirst portion of the expanded collimated coherent beam of light
toward the reference arm; and

configured to propagate a second portion the expanded collimated coherent beam of light

toward the test arm.

25. An apparatus in accordance with claim 18, wherein the at least one of the expanded
collimated coherent beam of light and the first beam divider is adjustable to control an
amount of light allocated to the first collimated coherent beam of light and an amount of

light allocated to the second collimated coherent beam of light.
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within the vertical test arm, wherein an optical path length of the test arm
is equal to an optical path length of the reference arm; a cuvette that is
positioned within the vertical test arm and configured to: enclose a lens

26sn hasiaetly i mapotitiancandhieraddieieepecond portion of the
coherent light downward through the lens; a first detecto_r_confi%yred to

the BUgSRHT AP iFSHer B3BR AT COARRS SHI BRSO SR Rin BB H QerhieTiip; and
theXREaf idhprreRr e BiIBNbRRIPGIHINY fireldhedRference arm and the

second portion of the coherent light propagating from the test arm; and a
second detector configured to record, at a second resolution, a second

pRrtion of the. inati j iQn.of i
27 B B o SR A e O B koot o
mi porepesitibpbtl propawrtngdnment tetotestesrm dhe threedh st onTpmeinys

positions in the test arm comprises a phase adjustment mirror configured to shift a phase,
respectively, of thefirst collimated coherent beam of light in the measurement reference

arm and the second collimated coherent beam of light in the test arm.

28. An apparatus in accordance with claim 27, wherein the phase adjustment mirror is
adjusted viaaPZT material.

29. An apparatus in accordance with claim 18, wherein:

the second beam divider is positioned at an intersection of the measurement reference
arm and the test arm; and

the second beam divider is configured to:

receive the first collimated coherent beam of light from the measurement reference arm;
receive the second collimated coherent beam of light from the test arm;

combine at least a portion of the received light from the reference arm with at least a
portion of the received light from the test arm to form an interference pattern;

provide afirst portion of the interference pattern to the first detector; and

provide a second portion of the interference pattern to the second detector.

30. An apparatus in accordance with claim 29, wherein beams of light incident upon the
second beam divider are adjustable to control an amount of:

the first collimated coherent beam of light incident thereon to be combined with the
second collimated coherent beam of light incident thereon to form the interference

pattern; and
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detector; determining a y-axis location in the first detector corresponding
to a y-axis, location pf zero in the second.detegtor: determining.a rotatiopal
L e e S G T b e T
firg@offinaie sybeentdicin secgmndrdriecttioon te orve e thtbdccanisizeten,
system of the second detector to the coordinate system of the first

detector in accordance with the determined magnification of the first

3198 PSSR AR APAECONRAECTAGIIFRTDS White SRFAMYGIRIBHEN cliffprises an

. determined X-axis Iocatior_1, the determlned y-axjs location, and the
Imaging fensanda aaone eonjigaicd ifedreagethedira nterheenecpetisraaneeawith

' i ting the coordinate system of the second
o Potlof e pamprise conver
etector 1o

e coordinate system of the first detector in accordance with:
xs" cos 05-Ey s i nOsins-rx0; and

32. An apparatus in accordance with claim 18, wherein the first detector is configured to
have aresolution between 1.0 and 1000.0 microns per detector pixel and to have afield

of view between 0.1 and 100.0 millimeters.

33. An apparatus in accordance with claim 18, wherein the first camera comprises one of
aCCD camera, aCMOS cameraand a CID camera configured to detect all wavelengths

of the coherent light source.

34. An apparatus in accordance with claim 18, wherein the second detector comprises an
imaging lens and a camera configured to image the second interference pattern over the

entirelens.

35. An apparatus in accordance with claim 34, wherein the imaging lens for the second
detector is configured to:

image the second interference pattern onto the second detector;

image an outer edge of the lens; and

image at |least one of areference mark and afiducia on a surface of thelens,
36. An apparatus in accordance with claim 18, wherein the second detector is configured
to have aresolution between 1.0 and 1000.0 microns per detector pixel and to have afield

of view between 0.1 and 100.0 millimeters.

37. An apparatus in accordance with claim 18, wherein the second camera comprises one

of aCCD camera, aCMOS cameraand a CID camera configured to detect all
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detector corresponding to a y-axis location of a corresponding point in the
secon dé}?ﬁtor m ﬁﬁ@;@ients the magnification of the first detector, m1
que% R 8?‘9%) LB the second detector, xo represents the
location on the x-axis of the first detector of the x-axis location zero in the
second detector, yo represents the location on the y-axis of the first

38 R ILABAGH R FEAISABERNGH ST AGHANSERDHBERPIRAERSYS St gured to test
at ISR BPR'YSANG ABSRE Ik tiangY Aefierane R AMa e &R %ve contact

system of first detector and the coordinate system of second detector. 41.
lens, mlareblayieriddetiagtimesliiiacitve poatectiens ¢laaft eaniectierscwsoft refractive

" . . di X ) . .
oo AR E SR o PR e OB ER Ry R
|enspateara contbigiuired tordptisnigdveatredaigiingacd clisefeodright lensrce.
43. A method.in accordance with clajm 39, wherein the second detector
COFiRP 80 AP BT ACEU A A HDIR ISt B A A o A DGR opoet
Ien@,‘%l ﬁﬂﬂ'ﬂi‘?é@aﬂ?%ﬂréﬁﬁ)ﬁﬂ&i@élﬁ/@%éﬁ%?ﬁr@f@m§%‘ﬁf@aéma? ehe an
camera configured to detect all wavelengths of the coherent light source.

intepoCi aineaacl ey enstiayi Bllapryl oh di HHaghye ebem pRidmtgocular hybrid
refractive/diffractive lens, an accommodating lens, a spectacle lens, arefractive spectacle

sacduthen

lens, a diffractive spectacle lens, and a hybrid refractive/diffractive spectacle lens.

39. A method for aligning detectors of alens testing apparatus comprising

asource of coherent light;

areference arm that is configured to propagate afirst portion of the coherent light within
the reference arm;

avertical test arm that is configured to propagate a second portion of the coherent light
downward within the vertical test arm, wherein an optical path length of thetest aimis
equal to an optica path length of the reference arm;

acuvette that is positioned within the vertical test arm and configured to:

enclose alens submersed in a solution; and

propagate the second portion of the coherent light downward through the lens;

afirst detector configured to record,

at afirst resolution,

afirst portion of acombination of thefirst portion of the coherent light propagating from
the reference arm and the second portion of the coherent light propagating from the test
arm; and

asecond detector configured to record, at a second resolution, a second portion of the

combination of the first portion of the coherent light propagating from the reference arm
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forming a measurement reference arm from the first collimated coherent
am of i htﬂ:at is, essentially optically unaltered fr he first collimate
e SRR AR T Uy Lo SrOyH R e e e
coeprieiignt beam of light, wherein an optical path length of the test arm is
essentially equal to an optical path length of the reference arm; vertically

defsraping ameatni eathon s RESHARERYownward therethrough; positioning
det%rﬁ‘\mﬁ{é%\"t‘ﬂ R fisiiss bR SRsagIBG@Eens within the cuvette, wherein

the lens’is submersed in a solution that mitigates optical effects due to
detgraniniy)opan g axasigatiendadbe bl isbriestedconiespending 4eraib khighs | ocation of

zer%qﬁ/%%%om(ﬂé%t e lens; combining a portion of the first collimated
coherent beam Of light propagating from the measurement reference arm
detandi ai paipexd$ oeatses omthe Gillsnddedtcobaresioneiam tofdighakis yaatianiog
from the test arm to provide a first combined beam; combining a portion of
Zaﬁwﬁrﬁ%ﬂ"‘rﬁ%ﬂ: herent beam of light propagating from the

deﬂ@ﬂﬁﬁﬁ@ﬁ\ﬁﬁtf&ﬁr_gﬁ@ﬂ @rﬁ\‘%@e@fém@@ﬁ éb@réﬁ%‘ﬂlﬁ@mrﬁﬂiﬁé'fi rst
coherent beam of light propagating from the test arm to provide a second

delegiaibire & BerNAA eYeiemidhagerms BiRkeRiat @Bfhbined beam in a first
cofE6HGthe coordinate system of the second detector to the coordinate system of the

first detector in accordance with the determined magnification of the first detector, the
determined magnification of the second detector, the determined x-axis location, the

determined y-axis location, and the determined rotational angular difference.

40. A method in accordance with claim 39, further comprise converting the coordinate
system of the second detector to the coordinate system of the first detector in accordance
with:

Xe=(X,*coslcty FsimOc)m /metxg;
and

¥s (=X ¥sinBe+y FeosOgm /mg+vo,

wherein:

Xs represents an x-axis location in the first detector corresponding to an x-axis location of
acorresponding point in the second detector, ys represents a y-axis location in the first
detector corresponding to ay-axis location of a corresponding point in the second
detector, ms represents the magnification of the first detector, m; represents the
magnification of the second detector, X, represents the location on the x-axis of the first
detector of the x-axis location zero in the second detector, yo represents the location on
the y-axis of the first detector of the y-axis|ocation zero in the second detector, and 6

represents the angle of rotational difference between the coordinate system of first
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reference arm and the second collimated coherent beam of light
ropagating from.the test arm; and tae econd combined beam is
deﬁﬁcgﬁ%ﬁe{% %92@&%??8 %%L%Pér?@%oﬂ gé%@é‘tween the first collimated
coherent beam of light propagating from the measurement reference arm
and the second collimated coherent beam of Iigghé%)ro agating from the
I

41tEsMEHAP HLBERFEFNGE W HstlaeedQo Bersiirer ArfPEMSETRIGTHF @

view, the first interference pattern; and recording, at a second detector at
a second resolution and a second field of view, the second interference

42 pAteaeinod B) Aceaksidise W thad aiatc wiagta & iaecaBereonapiss pisiq CCD

e B T A e T G AT T ok ehepy e

colaenttightsowith. claim 46, further comprising modulating phase via a PZT
material. 48. A method in accordance with claim 45, wherein a coherence
length of the expanded collimated coherent beam of light is longer than a

439KfRI8R6E. il RRbERHeathith mwﬂwé*m W@@ﬁdﬁ&@ﬂ@&@ﬁn
and the test arm. 49. A method in accordance with claim 45, wherein the

Cagelmated coherent beam of light comprises at least one wavelength
between 350 nm and 1500 nm.

44. A method in accordance with claim 43, wherein the camera comprise one of aCCD
camera, aCMOS camera and a CID camera configured to detect all wavelengths of the

coherent light source.

45. A method for testing alens, the method comprising:

providing an expanded collimated coherent beam of light;

splitting the expanded collimated coherent beam of light into afirst collimated coherent
beam of light and a second collimated coherent beam of light;

forming a measurement reference arm from the first collimated coherent beam of light
that is essentially optically unatered from thefirst collimated coherent beam of light;
forming atest arm from the second collimated coherent beam of light, wherein an optical
path length of the test arm is essentialy equal to an optical path length of the reference
arm;

vertically orienting the test arm for passing light downward therethrough;

positioning a cuvette within the test arm;

enclosing alenswithin the cuvette, wherein the lens is submersed in a solution that
mitigates optical effects dueto gravity;

propagating the second collimated coherent beam of light downward through the lens;

combining a portion of thefirst collimated coherent beam of light propagating from the
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45, further comprising imaging, via the first detector, the first interference

e R S s A ARG o
prapeyeag flohandtédRpitirtonsepe rdateeitingiXsand to have a field of

view between 0.1 and 100.0 millimeters. 53. A method in accordance with

CoRRiiH@S: RAREYR R tH i QE1EISH SORFH RIS Ol ARF DR Ao the
méaYiarerfrafiaitathinld SRBHEEH BPEHREGMH IR ARG LYrRYSIERGRSOPTight

the coherent light source. 54. A method in accordance with claim 45,

prqpagﬁaa' ngorapY ISMEShaadi tyPrav dﬁ@@@&ﬁﬂﬁtﬁd@@ﬁﬁdrb@ﬁ@,wbﬁﬁni .
o S R A R Al e o v
propdda g e éirat gomhia tetCbeamiera Grntigrectidrionterent tie West elsmigities] deam
S S e GBI R S P e o
li gﬁ!ﬂéﬁ@%ﬁgﬁ%ﬁ e/ ACRArBRRAN FeRPEREEUNR Brl iRy LESIRI RbIMARRS:
coherent beam of light propagating from the test arm; and

the second combined beam isindicative of asecond interference pattern between the first
collimated coherent beam of light propagating from the measurement reference arm and
the second collimated coherent beam of light propagating from the test arm;

recording, at afirst detector at afirst resolution and afirst field of view, the first
interference pattern; and

recording, at a second detector at a second resolution and a second field of view, the

second interference pattern.

46. A method in accordance with claim 45, further comprising phase modulating at |east
one of thefirst collimated coherent beam of light and the second collimated coherent

beam of light.

47. A method in accordance with claim 46, further comprising modulating phase viaa
PZT material.

48. A method in accordance with claim 45, wherein a coherence length of the expanded
collimated coherent beam of light islonger than a differencein optical path length

between the measurement reference arm and the test arm.

49. A method in accordance with claim 45, wherein the collimated coherent beam of light

comprises at |east one wavelength between 350 nm and 1500 nm.
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detector pixel and to have a field of view between 0.1 and 100.0
millimeters. 58. A method in accordance with claim 45, further comprising
testing at least one of a hard contact lens, a hard refractive contact lens, a

50hanghelbdiniisecoriziast wetrscla inedd, yterid refcpoitvesctitrat tue opriigct
lens, a soft contact lens, a soft refractive contact lens, a soft diffractive

expied alliaated sPhRanGaR AL Bl Aot s RGE PR RECtoRAl R Pk ok

lerl€Ns comprising an active pharmaceutical, a soft contact lens comprising
an active pharmaceutical, a single vision lens, a toric lens, a bifocal
contact lens, a multifocal lens, a cosmetically tinted Iens a freeform lens,

Tl R
detentsr, ahedastaclereraca pateacioverspeztingl @deinon afcﬂifcﬁrkirBye spectacle

lens, and a hybrid refractive/diffractive spectacle lens, a composite lens
comprising a plurality of embedded materials, a photochromic lens, a

52MOAABARrETRRIREMENElaRP 4% WIRiRA He APGQIERARR Y ESHFG

wherein the solution comprises at least one of a saline solution, a buffered

a%%ﬁﬁ@@%ﬁﬂéh%@%r%@e@dv%@@? (icECB RAETSIRtesiviRIER g abave afield
68 2091 &@?ﬁﬂﬁ%@epsccordance with claim 45, wherein the
|

rst etector comprises a first camera and the second detector comprises
a second camera, the method further comprising: computlng a modulation

53 R TP B AT e R SO L AR DL GRS AR
Cdittiegriére, dOMiOStanats ailla NRUipseradeitinuie dgental wlalengths of
theeclzlcl)ﬂgree’nt light source.

54. A method in accordance with claim 45, further comprising imaging, viathe second

detector, the second interference pattern over the entire lens.

55. A method in accordance with claim 45, wherein the second detector comprises one of
aCCD camera, aCMOS cameraand a CID camera configured to detect all wavelengths

of the coherent light source.

56. A method in accordance with claim 45, further comprising imaging, viathe second
detector:

the second interference pattern viathe second detector;

an outer edge of the lens; and

at least one of areference mark and afiducia on a surface of the lens.

57. A method in accordance with claim 45, wherein the second detector is configured to

have aresolution between 1.0 and 1000.0 microns per detector pixel and to have afield
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accordance mapped center; and transmitting a wavefront of a
of OISY BB 8§ 0.0 millimeters.

58. A method in accordance with claim 45, further comprising testing at |least one of a
hard contact lens, a hard refractive contact lens, a hard diffractive contact lens, a hard
hybrid refractive/diffractive contact lens, a soft contact lens, a soft refractive contact lens,
asoft diffractive contact lens, a soft hybrid refractive/diffractive contact lens, a hard
contact lens comprising an active pharmaceutical, a soft contact lens comprising an active
pharmaceutical, asingle vision lens, atoric lens, abifocal contact lens, amultifocal lens,
acosmetically tinted lens, afreeform lens, an intraocular lens, an intraocular refractive
lens, an intraocular diffractive lens, an intraocular hybrid refractive/diffractive lens, an
accommodating lens, a spectacle lens, arefractive spectacle lens, a diffractive spectacle
lens, and a hybrid refractive/diffractive spectacle lens, acomposite lens comprising a

plurality of embedded materials, a photochromic lens, amold for fabrication of alens.

59. A method in accordance with claim 45, wherein the solution comprises at |east one of
asaline solution, a buffered saline solution, de-ionized water, and a solution comprising

an active pharmaceutical.

60. A method in accordance with claim 45, wherein the first detector comprises afirst
camera and the second detector comprises a second camera, the method further
comprising:

computing a modulation for the second camera from the second interference pattern;
identifying, from the computed modulation, pixels associated with an edge of the lens;
fitting the identified pixelswith an dllipse;

determining a center of the ellipse;

determining a center of the lens in accordance with the center of the ellipse;

mapping the center of the lensto a center of the first camera;

determining aregion of interest of the first interference pattern in accordance mapped
center; and

transmitting a wavefront of a predetermined region.
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