ASPHERI C FLUI D FI LLED LENS OPTI C BACKGROUND Fi el d [ 0001] Enbodi nent s
of the present invention relate to fluid-filled | enses, in particular
vari abl e fwoizenfoudssed | enses. Related Art [0002] Basi ¢ fROIVUEB201M8SB87
have been known since about 1958, as described in U S Pat. No.

2, 836, 101, incor por at irety. Mre
recent exanpl es may b‘gg?%ﬁqjﬁﬂ{gﬁgﬁﬁﬁﬁfb%mmr able Fluid
Core Fluid dadding Lens in a Mcrofluidic Channel,"” Tang et alL, Lab
Chi p, 2008, vol. 8, p. 395, and in WPO publication W2008/ 063442,
each of which is incorporated heys I@Gﬁb&ﬁ\%ere”ce inits entirety.
These applications of fluid Ienses are directed towards photonics,
digital tel ephone and canera technol ogy, and m croel ectronics.

[ 0003] FI ui d Higdses have al so been proposed for ophthal nic
applications. (See, e.g., US. Pat. No. 7,085,065, incorporated

her ei n [0901] ef er e Bododimdntssofeihe ipreseyt. 1)1V¢nﬁloalrtlat§atgef§11d*ﬁﬁéd davemimges of

01 NS gyt ey M AN, ange, ebilTty (o provtde

ness, anhd | ow cost-have to be bal anced
against limtations in aperture size, tendency to |eak, and
consi st ency ReftqaeAftor mance. The ' 065 patent, for exanple, has
di scl osed several inprovenents and enbodi nents directed towards
ef f ect i[0@02¢ont ai Baentlugf lehépe hevaibabni knowheinck Labrdltlléﬁ& anebEibQ@éd in

opht hal m ¢ i i - .Rower ad ment. in.f been
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el ectrowet t irfi@nt By | ing bk Gouref mU"]]))Frﬁﬁ@cmﬂI? Rdwmlﬂi@eablaﬁﬂmbyiore
utilizing swelling forces . in a cross-linked ﬁ@ yner upon. intraoduction

of a swelli ﬁ@ué&é&ﬂdlﬁgoutnﬁén r dfigrofindiiChanely’ Tangd eerLal 6843498 al |
cases, therg.,arge Rs YLl 11§€WHJO Bhﬁl&aﬁ&ﬁwozoo@mmt ehdnUbOwhih $s

technol ogy that heed’to be overcome to optim ze the commerci al appeal
of this techmoimgted Eorinelxamftrencet indtst ¢ritickyie Sheest afpliostpng efdlsd | s
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di ameter.
technology, and microelectronics.

[0003] Fluid lenses have also been proposed for ophthalmic applications.
(See, e.g., U.S. Pat. No. 7,085,065, incorporated herein by reference in its
entirety.) In all cases, the advantages of fluid lenses—including a wide
dynamic range, ability to provide adaptive correction, robustness, and low
cost—have to be balanced against limitations in aperture size, tendency to
leak, and consistency in performance. The '065 patent, for example, has
disclosed several improvements and embodiments directed towards effective
containment of the fluid in the fluid lens to be used in ophthalmic applications.
Power adjustment in fluid lenses has been effected by injecting additional
fluid into a lens cavity, by electrowetting, by application of ultrasonic impulse,
and by utilizing swelling forces in a cross-linked polymer upon iniroduction of
a swelling agent to the lens fluid, such as water.

{0004} In all cases, there are several key limitations in current fluid lens
technology that need to be overcome to optimize the commercial appeal of this
technology. For example, the thickness of fluid lenses is generally greater

than conventional lenses of the same power and diameter. Additionally, it is



-2- not currently possible to provide a variation of spherical power
as well as astigmatismacross the lens optic using fluid |ens

t echnol ogywoMoriu@set currently possible to nake fl ui ddcansesiiosessiny
desi red shape other than a round shape because of conplications

i ntroduced in non-uniform expansi on of non-round fluid | enses. BRI EF
SUMMARY [ 0005] I n an enbodi mrent of the present invention, a non-round
fluid Il ens assenbly includes a non-round rigid |lens and a flexible
menbrane attached to the non-round rigid | ens, such that a cavity is
fornmed between the non-round rigid lens and the flexible nenbrane. A
reservoir i mof bwiatly gressibledatirovidee tverietien ebspheyic| ioes a8 falluisd to be

transferred_i.nt o .and e Vit : o} t -1 cal
power of t hélSt%nhaitl I %‘%égsa@éelr%% ?/i.& iacI Hglg%%glﬁ(ggﬁ#n%g@[%% rgﬁ{ qghﬂr face
of the non- comadlyrpogdible temaké Suid dgler ineny Aekdiiet islbapalother tran a round
alternati velﬁa&ﬁ t hi ckpess of .t he fldEX%fE e nmenbrane ]erjrqn}% befcont our ed
So that it CHRAGESSRADEPTRCA QE NS EoHh S SRR FioR O HOm
transf erred fhghwrenehdrs. cavity and the reservoir. 10006] Additional ly
or alternatively, the flexible nmenbrane nmay have an "inset" portion
that is nore flexible than other portions of the flexible menbrane,
such that transfer of the fluid between the cavity and the reservoir
causes the shape of the inset Borti gn to change in a spherical manner
wi t hout substantially changing Bélf:li bYMBRY: he f1exibl e menbrane
other than the inset portions. In an enbodi nent, the inset portion is
el i ptijgas)i n shapen ehlRdinfHef BNy bregdht MRyentien,COnbRUnRd Swdtibat it
changes shape in a spheric nmanner when fluid js transferred between
the cavity assemplyaneladesramgnrrounddgiddsnggnd adlexdie mrERRIG8HACPEHD0 n t he

flexible m3%rﬁ%q-gﬁ'ﬁdoggfgtlﬁ%sp%‘ﬁrtﬁéirhdcalvﬁy% fﬁ)?mgd bet@ﬁeﬁfﬁ@lnbﬁj?@lﬁﬁd’

rect angul ar - shape shaped lens that may be preferred by a
wear er) to higidwenn awhitheefleriblatragmbrang. t heresetvemtiadhisd edmpmunicgiiag-fil | ed

lens. WO 2011/.046959PCT/ US20. 52367. - 3. [ 0007 r_.enbodi nents,
feat ures, ahvdtjﬁég?/%ﬁftgéi@wf‘na %%“hdgg"g“’re gléagsr’lff H?dnl\}lgon%%odnﬁ%géhg\%@}'%sgt he
structure ampslclopgs el hicsifpotvaeof/iie ifiits leasrbadinbiyntia aafentbodinpngsent

i nvention, are described in detail belowwith refere .to.the
acconpanyi ngroay é\}\ﬁf‘i’iﬁsF’fe e PR PREERIIET &QSGF—' BRrA ‘%ﬁ%‘?rﬁpﬁﬁES

[ 0008] The agRANRARYK] BehibRW dtdBe NAIHIE MhedtRareNAl RROoAtoRekdRS Rtk and
forma part of the specification, illustrate the present invention

and, toget hehanges bhaphendeseheripthaomer When HBYd de tpasfereede Rgsvash thehe

principles gfvi{yt;]%di&%vrg&wqp and to enable a person skilled in the
perti nent art Vo' hake “and use the invention.

[0006] Additionally or alternatively, the flexible membrane may have an
"inset" portion that is more flexible than other portions of the flexible
membrane, such that transfer of the fluid between the cavity and the reservoir
causes the shape of the inset portion to change in a spherical manner without
substantially changing portions of the flexible membrane other than the inset
portions. In an embodiment, the inset portion is elliptical in shape. The inset
portion may be contoured so that it changes shape in a spheric manner when
fluid is transferred between the cavity and the reservoir. Including such an
inset portion in the flexible membrane allows a non-round lens (c.g., an oval-
shaped, rectangular-shaped, or other-shaped lens that may be preferred by a

wearer) to be worn while maintaining the advantages of a fluid-filled lens.



[0009]FIG 1 is a diagramof an exenplary fluid-filled | ens assenbly,
according to an enbodi nent of the present invention. [0010]FIG 2
shows the wearbatimess of astigmati smas a function of eceoeniuszeiohy2sén a
fluid-filled |l ens assenbly without correction to a front |ens
surface. [0011]] FIG 3 shows the variation of astigmatismas a
function of eccentricity in a fluid-fjlled | ens assenbly having a
toric front |lens surface correction,{%ccording to an enbodi nent of
the present invention. [0012]FIG 4 illustrates deformation of a
flexible menbrane in a fluid |l ens, according to an enbodi mnent of the
pr esent[090ftent i offurth@0 e8jbEdigsntssalenutend @8, BAvanfagss r ¢ft dhe oMEBOY ed

fl exi bl e menbr apes,. _a i ' t

i nventi on. fﬁﬁTﬁ?ﬁF&ggﬁ%égfQgPﬁﬁgggggéﬁgﬁﬂgggﬁ%vﬁggséﬁﬁ?%@%ggffinset
ina fluid ltehpraasdmdnyionaseoddirigdtio dumikbtlodi wihtreffentdhdo phesent

I nvention. [0015]FIGS., 8a,b illustrate deformation of a flexible
merbr ane i n 2&CHPRYNE SR N ccording to an embodi ment of the present
i nvention [0016] The present invention will be described with

reference to the acconpanyi ng drawi ngs. The drawi ng in which an
element first appears is typically indicated by the leftnost digit(s)
in the correspondi BRIRRDESEREEITOMNDEITHE DRAWINGS/FIGURES

[0008] The accompanying drawings, which are incorporated herein and form a
part of the specification, illustrate the present invention and, together with the
description, further serve to explain the principles of the invention and to
enable a person skilled in the pertinent art to make and use the invention.

[0009] FIG. 1 is a diagram of an exemplary fluid-filled lens assembly,
according to an embodiment of the present invention.

[0010] FIG. 2 shows the variation of astigmatism as a function of eccentricity
in a fluid-filled lens assembly without correction to a front lens surface.

[0011] FIG. 3 shows the variation of astigmatism as a function of eccentricity
in a fluid-filled lens assembly having a toric front lens surface correction,
according to an embodiment of the present invention.

[0012] FIG. 4 illustrates deformation of a flexible membrane in a fluid lens,
according to an embodiment of the present invention.

[0013] FIGS. 5a,b and 6a,b illustrate contoured flexible membranes, according
to embodiments of the present invention.

[0014] FIGS. 7a,b illustrate an exemplary elliptical inset in a fluid lens
assembly, according to an embodiment of the present invention.

[0015] FIGS. 8a,b illustrate deformation of a flexible membrane in a fluid
lens, according to an embodiment of the present invention

[0016] The present invention will be described with reference to the
accompanying drawings. The drawing in which an element first appears is
typically indicated by the leftmost digit(s) in the corresponding reference

numnber.



-4- DETAI LED DESCRI PTI ON [0017] Whi | e specific configurations and
arrangenents are discussed, it should be understood that this is done
for illustwetzommagsys poses only. A person skilled in theqrarszinsesisear t
will recognize that other configurations and arrangenents can be used
wi t hout departing fromthe spirit and scope of the present invention.
It will be apparent to a person skilled in the pertinent art that
this invention can al so be enpl oyed A a vari ety of other
applications. [0018] It is noted that references in the specification
to "one enbodi ment”, "an enbodi nent”, "an exanpl e enbodi nent”, etc.,

i ndi cate that the enbodi ment described may include a particul ar
feature, structure, or characteristic, but every enbodi nent may not
necessarily include the particul ar f eat ur e structure, or

characteristic. Noreover, sUSBTAHFERBESGREHON necessarily referring

to the sane enbodi nent Further when a particular feature, structure,

or chargiAri sti Gyhik @ﬁe%‘?ﬁd ReREdRueABNAat h@dhoWbits aste elbadidaent , it
woul d be wi thin the know edge of one skilled in the art to ef f ect

such f eat ur ehoud bevedarsoadpthatcthigrindensfpsillugrative pyRasOnbh APEECHt her
e ot o .
embodi ment s }gﬁr%& Hﬁrth%r yﬁen'? 3@1 eﬂeg?%?ﬁ'af% r[&%gﬂﬂﬂ?ﬁm and

linmitations previ SuRT Y- Avai | ens”t'echnol ogy
descri bed i artihenBatkgndended edthbwniepirting frrqrsrythbesplmmrodrecbpby)f the
constructing_an

aspheric fluyjd lens. Previous
al ways been%r'%E‘?'fdn%?%ghaﬁteWHLE%E%Dahegt Ee? HBra"%)J“Ll‘f ed! ¢18 pgﬁlﬁlg{ﬁr Uet an
aspheri c fl yhf ilieRSentionGan dlsé bt eabloaéEia aaarieyipiher spplisgivasi ¢ fluid
| ens 100 according to an enbodi ment of the present invention, Fluid

| ens 1080%8hcl udedt ianpiedihat refsprees iy thagrscifigaliondo f prearBiod Btk "Eur f ace
104, and a fol. 4}, ]p{e'n{”l h 46)&%1&2&‘1?5%11@&6 Jt@rfﬁﬁgai%%ﬁ{’ﬁﬁ@ ehfb8flineatr f ace

102 and bacK surtface’ 1 ront surface may be provided by
a rigid opt |deai1bbd3m@ylmsludadepa)‘tlvulﬂofea@mrﬁfﬂl@mregI0as>§al@¢tep$t§sf0ll‘t

Fl exi bl e back surf 104 rra f | exi bl e
nenbr ane 1167%t’r 8?’@?1%5‘6?3 éﬁ'a g\‘é’& ﬁg m% d?.%?d ?H(%Iglfeﬁquﬁ‘s 108.
The fluid | ensctiel msobhatéﬂeamsl/ M6%9@9Eﬁ¢usaaﬁ@és05@sﬁat nBeesdahigyr eby is

connected via a channel 112 t reseryoir 114 |i ned or, ot
formed fromSEEREaly E1casTBHET q@% né‘ﬂﬂ“&r MRER Fh BRI cg]ﬁ't‘r& ns

excess flui Qyydehidi g LaRR1HG: ﬁr&sérﬁ)%@rix\{%mw&t% #ABeh kebolipim, & seal ed
unit. An actuator 116 is operable to squeeze or expand the def or mabl e

menbr ane i nsvoddl behwithindls ksivrledgs of cangfiBed in|the at keeligsbrrchdedvigoi r 114
and fluid | %ﬁ"& h%r%o?lt %Ha?a%ge?&sﬁ@ﬁp%ﬁlg&foé Wlﬁfgﬁlglt %b&d%ﬁeﬂ?%h@fﬁer I)IO r

exanpl e and Wt Ion uator, a syringe-type
act uat or, omobBexpliaitlydedcdidtdr. | n enbodi nents, neither, either, or

both of rigid optical lens 108 and fl exi have
opt 1 cal0Ofsher . o Jumitafipss OgdﬁﬁEB‘fSilhé"aflg‘ﬂFdﬁm R N O
114, may be dB&ﬁ%@cﬂm {18 ' BRKATAEsectibn beeys T faRved baRosEHES S

frarre or tenple pieces of an eyeglass franme. [0020] Throughout this

di scl osur e, 2paephees fnidileng drpapus Hud @q%qsymvwlwpyso‘@eegg@al {18 SHAPECr i be
the assenbl ¥¥1]9£ b, infath af d Qidd tt)et':'aﬁstljag?ﬂ ékaﬁéﬂcbfll e F?@el 3 Quaténd the

i ntervening uid transfer system erm ens" wll| be used
to denote the ddemplbiry a;pé]renarihud hanst 100 &morfdatgew 410 2méndineny of dlet ai ni ng

non-round T P EveRe T reCEipdugrtiae ol b SR eny
back surface 104, and a fluid filling the cavity 106 formed between front
surface 102 and back surface 104, Rigid front surface 102 may be provided
by a rigid optical lens 108 made of, for example, glass or plastic. Flexible
back surface 104 may be provided by, for example, a flexible membrane 110

stretched flat over the edge of rigid optical lens 108. The fluid lens formed



defl ections of the flexible nmenbrane along its short and | ong axes,
and thus produces a non-spherical deflection of the nenbrane.

Non-r ound fbounduerses of enbodi nents of the present | nanis2emes2367
therefore correct for the astigmatismcreated by this deflection. In
one enbodi nent, the front surface of the rigid front I ens corrects
for the astigmati smcaused by the fluid. Additionally or
alternatively, a thickness of the f1eXi bl e nmenbrane may be contoured
so as to effect a spherical deflection of the nmenbrane in response to
fluid pressures. In an enbodi nent, the flexible nenbrane includes an
i nset porti dherelnais qosmttﬂdevu’l Iae;hmluieélthma mshlefplf[idﬁ'thUOﬁIQT otherwiee

flexible nme €. t tt ansf% bld memg ane con %Q e'}[{ cavi ty
and the res P%Elr ?:‘Hl}%‘ al} ﬁ@s e RGP FRESt portion ahge in
a spherical fRONEALIM EROUGD Shbsésafvbiral 1I4yto<gétaagfdmg ap@éaﬂd:cbnﬁlt ofAﬂ he

fl exi bl e menbrane other than the inset porti og %stfg i zation
of the frontacluains 1601 XPATHPIc o SqUeRes. o g sih |dgfarmpbifs e aﬂ?my be

rendered aspheid fe Q¥seRo@Mb Qfaﬂﬁe@ﬂm@%@ﬂ@é'eh GesbF@f1164ran@ifehld (89 3%00 Si nce
front lens 108 is in contact with luid at its back surface 102,

t he inpact dhroagidichgnreb pgar i @XC@W—QTeI:lﬁ @Wt be. e kexempfoagad DOhOSE £ r ont
L one 08 W iRl § TGS of BRbliACkhnfor BTl ol I A

relatlveto]{nll‘}e Pt ac velndex lens nateri

t he change iembbbigndaby akitesscitier,fardth bémgidl 6@icakeded 08 engritexibde an
aspheric correct| on thr bac.k surface, 102 be express as: d-d
P B s v e et SoPRe. CHANE! A i delibe FRElias of
the front |qog (bgeivond11n PEOYE UBuRdPRrtdxambRl it iRNGeR pidccoptt iical
power at that point, di is the change |n th| ckness that woul d be

necessar y i feyegiess filamiedr hemeplopiseesait 21 CYRglass iEe refractive i ndex of
the fr %déens "?L'th gﬁ%ﬁtt%gfgglo&ﬁe theiehR %ﬁtlén\é%séeﬁﬁ!@( Wil JehiRed ! ui d.

For ex ens ‘made of ~ Pol ycar bonat e of bi sphenol
A and the f ltoiidesciibe el dsemmidy of kgidt ey leis 108, flexgidle arsintnang k101 a

resul ting ind edual, tg L1 84 bl other, qrds.ogqelatiyaly, | fige

vari ation | qwred O provi e an asp eric

correction, dehoth fat flGQNERE bh@hd SvoaahdRckst 02baak 08 ubhiatengl B2 find f r ont
| ens 108. [0023]Lens t hi ckness may. be reduced by addi ng an aspheric
correction tad @W%@lﬁ%ﬁgﬁﬁ%@@%gu@fleﬁsr ont lens 108, front surface

118 be'[ﬂ%n Con%ﬁ%n% hia il -lerds @@ tfS %P&Edr@ oS a6ld hséOditerRnt

surfac eint formof rotationally symretrical aspheric
correction, dﬁﬁmﬂl@m nfjtheHEexihle meodrat along i shersnd Oengfisspyyi Bas  or

2y 00 f Rl BT g g R R DR B 1 ke 2
hyper bol oi dalf emboginiestse gied preeent ﬁivmtm(nEherefB)e dorfctHor HeraBtigmays)
created by this deflection. In one embodiment, the front surface of the rigid
front lens corrects for the astigmatism caused by the fluid. Additionally or
alternatively, a thickness of the flexible membrane may be contoured so as to
effect a spherical deflection of the membrane in response to fluid pressures. In
an embodiment, the flexible membrane includes an inset portion that is more
flexible than other portions of the flexible membrane, such that transfer of the
fluid between the cavity and the reservoir causes the shape of the inset portion

to change in a spherical manner without substantially changing portions of the

flexible membrane other than the inset portions.



[0024] Rotationally symmetric aspheric corrections applied to front
surface 118 of rigid lens 108 provide at |east two benefits. Aspheric
correcti omyorap/esgdesi gned to mnimze spherical aber retiignoprssent
inthe fluid lens that may -7- be especially noticeable for high
spherical powers. Additionally, the plus power of the fluid | ens may
be reduced at hi gh gaze angles, consistent with visual needs of the
wearer. Toric correction of the front®lens [ 0025] Addi tional Iy or
alternatively, other aspheric corrections may be applied to front
surface 118 of rigid | ens 108. For exanple, surface 118 nay be

render ed t odspheaizetionhe teeskérgdarsi sm t her eby added to front surface 118
of rigi ns 10 a t | t .t efdaqt The j |.S; y be
used tc!g?"#ezit rali g‘eﬁfl lrsﬁie%lﬁ%it%?lzlas afg@li tgf%gddsom%%) ﬁéﬁgéﬂéwgﬁﬁ‘g‘s@@d by
about 80% ofprdviding apadpatricofiont €hgitly leng Sihed ont doisrl68 is inmontddtevith

astigmati sm may .al so be used t eptralize_ .t astjgmati sm.geper at ed
on surface 11@45‘6%1 % Ftégf‘%ﬁ ﬂ“%é‘?rgpgﬁ & ﬂfﬁf‘cﬁﬁgﬁcpd?%asgh%ﬁew&eg{‘%bgf | ui d

| ens devi at ¢gcif fipEr @ sialdhe 1h9BPHREsSARGUNGY NG ReitAdtiod indsd bOMat i sm
in their eyes typically wear astigmatic correcting eyegl asses to

achi eve besthefbiig seleting toitly wfiactivgindepiod theoirond dens sppterinl bBrdggshthccabl e,
the directi f . i ti 1180 : b, ogonal
to the asti gﬁaa FCIBLEF gﬁ%klg%gﬁeo fg%/(g%&?llst E]OGEE ag?regggoé} %ﬁ%%y%&ﬁé{g;es. | f
t hi s asti gmebirectiontireqdh lenk figfaoe 003 ey bbyxmaekdédhas: a toric curve to
front surface 118 of rigid | ens 108, theE it is desired to nmake front
toric rigid lenses 108 with the yany "ax at all possibl geangl es
relative to the 0-180 line of rigid l:gns:,108. This would constitute
180 di fferenf whRALiOHeabdaPRRng® thitkSoss SPMLS fioht RACRAYSIRABPrdvidd d | ens
assenbly is not rotationally Symetrical, since it _includes channel
112 at t ached padichlapthpnge Hsoptiod. pore it thefmeintyd: i thejchanggdp fghnesst o
subst anti al t ' : ' i 3 ' added
fo front oulthosufily BgeRIE IR byt NEn R hORRRL ORI SRIG LY
astignatic derfrecidemateqlianded ibthetrbizacheaimeex ofthe [fleid Hér erarapler ange

of magni tudes,.of nat | asti tismis very large,(apptox mately O
t o appr oxi nﬁf g3} lgus E@%bgt IEF(ie, gtg??lﬁﬁa[lrfé‘}i{aﬁ ?ir %gwgﬂgluf aélﬁc#]_%ﬁuggri § (D
for 99% of timeonoslItRdn ANis NESYUindi A)ds Vi58] RBulGeE ef ki to $1.8¢¢ khe

mat ch between the patural astigmatismof the eye and the correcting
asti gmat i smeBET WREs) aselatively ege Yasigtipn pkens Higkness kil Rasteaniresy  apout

25 differ enbé&%fﬁn%ﬁ%c%ﬁe&%n%mgt rcglg‘%cti%ﬁ { AERA 3 BackQAHELLH2t O

cover the - range nentione e. so, the attachnent of channel
114 to ri gi df fremders088] eads to a differentiation between | eft and

Factor BT wo, " heFErias g el ntiudam iiifa e i Pon

surface 118 fioht sur@td] 186rick) &neags, Fennaesthed 1 1 Ob¢in ddetaciowitieaiki on to
99% of the %opul ation requiring visi

ion_gcorrection.. [0027]1.n
enbodi ment i‘le@qp@elbcr eTEsStion pyface {8 may Sé%ﬁ"ﬁlf%‘grt %tz rolauonaqﬂr
symmetrical aspheric correction, rendering the surface of rigid lens 108
ellipsoidal or hyperboloidal. In this case, the surface may be described by Eq.

2, in which the surface is ellipsoidal if p is positive, and hyperboloidal if p 1s

negative:
y2
X = (Eq. 2)
0 —py’)
[(0024] Rotationally symmetric aspheric corrections applied to front surface

118 of rigid lens 108 provide at least two benefits. Aspheric corrections may

be designed to minimize spherical aberration present in the fluid lens that may



substantially reduce the nunber of skus on the front |ens by
designing a rotationally symmetrical |ens blank that may be nol ded or
machi ned iwohbph4swed une. The desired | ens shape nmay thewTas2ewbhsBer
to correspond to the desired shape of the fluid | ens, and the

menbr ane bonded to the outer edge of this shape that has been cut
out. A hole may be drilled into the %lde of the rigid |l ens that has
been cut out to provide a connectionfo the fluid path inside the
channel . A snmall connector or a sleeve may connect the end of the
channel to the hole. [0028] Application of a tonic correction to front
surface 118 befespdciplly mcénsabitﬂ@oromwln liphdrical Bowehs fh@h@ﬁally #Eg¥uenabl es
construction of flui t 0

rect angul ar }jower Oﬁépcehm E‘ezﬁ??%hﬂ% ITB% gn'FﬂIr%h %Qg G%S?n gé%lrt] with

conmer ci al i Zédalbeedusehawvene: round fluid | ens develops astigmatic
error as the fluid lens is inflated to reach a higher plus power.
This is because injection of fluid into a fluid | ens causes an

i ncrease in7Bydee5tRichG {%?ﬁﬁp[eﬂs that is equal in all directions.
This force causes the flexible nmenbrane (su¢ch as nenbrane 110). of the

fluid [@RS] assenﬁldﬁltltoéalb‘tCfréif@ﬁa‘(b‘fe%Gﬂﬁé%@ﬂ?r%?%@m%%\b&rapplﬂ% force
renders, the SHohAGRIRL HREITRANIARCIIR! Fof CRKEC ANhaa] YB ieud | Ui d

| ens a hi gher ower e case of a non-round fluid Iens, the
| ength of t hfmdmedlt@tnﬂllals Tfe asﬂngnmuhhanby aid@d o fromtguefhcei 1d 8 i Figid

di rections tur of th .S _therefor d nt in
di fferent néﬁ;nisgpgﬁgs a B%qs e@%@énﬁﬁb {gﬁglgﬁén P e%etl%ﬁ‘qu ué‘%ﬁ%e d

| east st eep i@ ngal daegﬂn@mesf theRyd, ossassed by abbweaddss bdiha ppprlationshhape.
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Long di aneter o
surface 118 of ng1d 1ens 108 to the magnitude of the astigmatic correction

required by the wearer. While the total range of magnitudes of natural
astigmatism is very large (approximately O to approximately 15 diopters, or
more), it is about 6 diopters (D} for 99% of the population requiring vision
correction. Since the match between the natural astigmatism of the eye and
the correcting astigmatism of the lens is required to be to the nearest 0.25D,

about 25 different configurations of the front surface are required to cover the



35.0 mm Short dianmeter of the fluid lens, b 34.0 nm Eccentricity,
0.972 Range of fluid Il ens operation 1.25D to 3.25D Initial
al ong the wonguadésy D. Ta 1.25D Initi al
Db 1.26D Astignmatismin the initial
power along the long axis of the fluid |l ens, DFa 3.25D
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range mentioned above. Also, the attachment of channel 114 to rigid lens 108
leads to a differentiation between left and right lenses, multiplying the total
number of skus by a further factor of two. Therefore, 2,000 different
configurations on front surface 118 of rigid lens 108 may be needed to provide
correction to 99% of the population requiring vision correction.

In an embodiment of the present invention, it is possible to
substantially reduce the number of skus on the front lens by designing a
rotationally symmetrical lens blank that may be molded or machined in high
volume. The desired lens shape may then be cut out to correspond to the
desired shape of the fluid lens, and the membrane bonded to the outer edge of
this shape that has been cut out. A hole may be drilled into the side of the
rigid lens that has been cut out to provide a connection to the fluid path inside
the channel. A small connector or a sleeve may connect the end of the channel
to the hole.

Application of a toric correction to front surface 118 of rigid lens 108
of the fluid lens assembly also enables construction of fluid lenses that are
non-round (e.g., oval or rectangular) in shape. Non-round fluid Ienses have
not been commercialized because a non-round fluid lens develops astigmatic
error as the fluid lens is inflated to reach a higher plus power. This is because
injection of fluid into a fluid lens causes an increase in hydrostatic pressure
that is equal in all directions. This force causes the flexible membrane (such
as membrane 110} of the fluid lens assembly to stretch or bulge outwards.
Moreover, the force renders the surface of the membrane more convex and
gives the fluid lens a higher plus power. In the case of a non-round fluid lens,
the length of the meridians of the membrane are not equal in all directions.
The curvature of the membrane is therefore different in different meridians,
being steepest in the shortest meridian and least steep along the longest
meridian. This leads to a toric shape. In an embodiment, it is possible to
neutralize this inflation-induced astigmatism in the fluid lens by adding an
astigmatic correction fo the front surface of the rigid lens. In this approach,

when the fluid lens is not inflated (i.e., when it is at its lowest plus power), the
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power al ong t heecalg108%4367
state of the fluid lens 0.01D

alb



Fi nal power along the short axis of the fluid |lens, DFb 3.37D
Astigmatismin the final state of the fluid lens 0.12D [0030]1n the
fluid | enswerbndisspent described in Table 1, the rigid |mngud2610m867 of
Pol ycar bonat e of Bi sphenol A, the nenbrane is biaxially oriented

pol yet hyl ene terephthal ate (trade name MYLAR), and the fluid is a
silicone oil -10- of refractive index 1.54. In this case, the degree
of departure fromthe round shape i s%xpressed as the eccentricity,
and the shape becones progressively nore non-round as it departs
father from1.0. The data in Table 1 shows that the slight departure
fromar oun@bns h@q@mbnalsasczau§ﬁdishheombepce)kimgrm e tig@atiseh addeddd yhel ow

amount of a 2 at_the hi nt .of .t.h
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Radius of curvature of the front surface of the rigid lens, R, | 500 mm
Radius of curvature of the back surface of the rigid lens, R, | 500 mm

Long diameter of the fluid lens, a 35.0 mm

Shert diameter of the fluid lens, b 34.0 mm
Eccentricity, a/b 0.972

Range of fluid lens operation 1.25D to 3.25D
Initial power along the long axis, DI, 1.25D

Initial power along the short axis, Dij 1.26D
Astigmatism in the initial state of the fluid lens 0.01D

Final power along the long axis of the fluid lens, DF, 3.25D

Final power along the short axis of the fluid lens, DF} 3.37D
Astigmatism in the final state of the fluid lens 0.12D

[0030] In the fluid lens embodiment described in Table 1, the rigid lens is

made of Polycarbonate of Bisphenol A, the membrane is biaxially oriented

polyethylene terephthalate (trade name MYLAR), and the fluid is a silicone oil



[0033] FIG 3 shows the rate of devel opnent of astigmatismin the
fluid | ens enbodi nent specified in Table 1 with an added astigmatic
correcti onwOizoa/osedsone correction) of 0.125D on the fr audrywasfasssof
the rigid I ens. Line 304, which represents the val ues of astigmatism
at the | owest point of the range, reaches 0.125]) at an eccentricity
of 1.0, in accord with the design intent Line 306, which represents
the val ues of astignatismat the hi glfst point of the range, reaches
the value of 0.50D at an eccentricity of 0.87. Interestingly, the WD
2011/ 046959PCT/ US2010/ 052367 astigmati smof the fluid | ens remains
const ant at cfbefirictiOc kREX d\vodr IhHles wiwe) ’é!.erdagrgeowemdwrﬁ;oratthﬁ'amund
eccentr|C|ty of 0.94. ossi bl round shape
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306, which represents the values of astigmatism at the highest point of the

range, reaches the value of 0.50D at an eccentricity of 0.87. Interestingly, the



[ 0037] The design of a flexible nenbrane with | ocation dependent
stiffness may require conputation of: the mechanical response of the
menbr ane iwoannaMaélsefl uid | ens, the surface geonetry ag@uivsacholy2sthe
menbrane as a result of such deformation or stretching, and the
optical power of a fluid |lens that includes a nmenbrane with the
resulting shape, all as a function of_the volume of fluid injected
into the lens. Furthernore, a nunberlbf iterative conput ati ons nmay be
performed in order to approxinate as closely as possible the actual
shape of the flexible nenbrane and the state of defocus of the
retinal i mgstigmaiducefdhdfuslicrs wmamptcpostart at et BxaRpIver the ydwée

conpl ex conput ati.ons were performed in e t

cystem The i asEan e ar et D o e B o Hegen gt e

sof tware suishgss ofdeReMbdcbntficith b dneadsideuthetdstgmationcarcstiyn sficke t hat
each piece of software |nputs its results into the next e

[0038] As an ORbAFIRee Rl e q&‘fi lgngy | DR MEXIEUt SUHaOrRSRP Fﬁ‘}/“ﬁ%élg%

conput at i ong,deg ey 1gpL dohdistent SR AEval @ERAH %’fnﬁag@%hﬂit?-ex &@ed by
deformation of the fluid nenbrane was nodel ed on oL | ti physics
sof twar e, dexeefespeicthpyovoembof thel prover gingauif|thefuigniensvgsentply. diiput  of
t he COVBOL nndel 1 | Yy The
VBt hvor ks, TRAT shytes tGERA ptple o BT ol RGN e AoditagaodY,

pol ynom al femdtihkisaps withabie appkoseicond or der pol ynom al (quadratic)
was used in order to calculate the best conbination of sphere and
cylinder fit for this surface. This polynom al was then inported into
ZENAX opt i cakodimedebi bpms abtimanembpieduced by ZEMAX Devel opnent
Corporation of Bell evue, WA. The deformation of the fl ui msrréor ane
was callb@ddht ed ad Auidulsat wah @8 fwd lsnsyl1Q0s ey Pat@detsd 3@%\?@@_3‘for an
elliptical fluid,l i i A E ng

di ameter was ll%ﬁ%ﬁ@éﬁ#Pgﬂgﬁg&sﬁgﬁ %ﬁ%iﬁg@ngdéfd %lgt%%aﬁ%ga%%%ﬁ%%ﬁel was
run for a quadmpanted to siticrigelpshapat lage eofbotingenf, anesphetiel laidienstuses. FI G

4 illustrates an exenplary def.ormati radi sn a,f ihle
menbr ane i n2d"FIURE° Egﬁ%m%/%eﬁ%ﬂ(tnesﬁrtgﬁgg? ?%en;ﬁmgslg%brr‘%ur{l%@rg%e Phe
COVBOL sof t walfernpasdkags wernrfimg Mol kheseenbly airedlaria shafeanitaes our s

shown in FIG 4 denpnstrate.that the. deformatjo on- uni.f.orm
t hr oughout tRECHREKLINGITAY SFRAEM AGPaETisaLThapY- é{h?ﬂ?ﬁg?%@ecm%ﬁ%ﬂ) for a

pressure of 2000, Ras ﬁﬁ'irﬁ¥ ﬁ@ {58ed B 11RNEcBBigRAG DI FIRRNGSRAke, @nd can

t
one-di mensi onal scan of the deformation sl%ovyn in FIG 4. FIG 8a
represents bheltgestobymatifforngthengembenp o disrng its dhickness sgross dhe 8p
represents the defpr i | : i i J done
in sweep nnalér?a(‘:g}(t‘%g%?ﬁgbﬁge%% O?r?(ap%w}aegﬁu\g%érsgsﬁ?g ﬂ?gr%:f?ﬁe et gqﬁgn I ng
nmode, gener ahiasihehdBRiddbmnents in all. This data was exported into

MATLAB for the best second order polynomal fjt.to be input,i,nto
ZEMAX. [P§39] Dur i ﬂbe"taﬁ’é’?fi=?{"iatrP?F1°%f€1§é‘%§’HEﬁ‘t‘° herig Sgal%edﬁﬁ 2pg
schene, it wagphsanved it ind GOeF SLAliPREAI 6 Zypefelt dedeadeduat e
accuracy and fidelity to the surface glen,erat ed. by the finer nesh

si ze. Al so, antnfigtien peafitelcami achissedhygléiering e frickBess Pf e HRRgr¥ct ed i n
the second g debs;pe) YARMLAL HERk: b %gff?éétﬁlq%(?%bﬁ%dea%ytﬁﬁt the

surface coul d be adequately represented as a biconi¢ wth
quadr ati ¢ t eppepiiate xomowt of thielsreshonwssitie HEgface 6f thathembriag, asoull t he

o PR A AT AL T 1 o e oo
[0036] Elastic membrane deformation is given by a superposition of
elongation and bending. Stiffness in general is proportional to the modulus of
elasticity. For the elongation part of deformation, it is also proportional to
membrane thickness; the bending part is proportional to the thickness cubed.

One method of adjusting stiffness involves adjusting thickness of the



bi coni ¢ Zerni ke sag +a-x+ct -yy (Eg. 3) Eq. 4 is Eq. 3 after
ignoring x,y cross ternms that provided a satisfactory fit to the

def or mat i owodaiiaeobii s equati on was used to export sur fEAAIS2010/052367
deformati on data i nto ZEMAX [ 0040] Thi s conput ati onal and nodel i ng
approach was used to evaluate different design concepts for a
non-round fluid lens that could be adjusted in power over a diopter
range of 2.0D. The | ower power was asdumed to be 1.25D and the hi gher
power was taken as 3.25D. A further assunption was that a maxi num of
0. 18D of astigmatismnmay be allowed at the | ower power, while a

maxi num of OudQliDarf alasg speiic emniations| Thigkhdse odtthe h@lﬂbragheﬁa)fpbﬁ/ver

rontbr ine i < HPBU PO DI BRORE T RbAo Ao RE R L Fpd TR o

i N response sp&ifid. Ui Ahdtigre@tthod ians depansesueyd ofngrceads b vapdbdy i cal
power. A flexible nenbrane of variable thjckness may b? obtaj ned in
several waydhicknesysueh japdprodglh a2yt dFPosiigB AIPRERT , A5 HApE ?dr Mhad is

used to al t gig§hs, § bhé 'sgssaﬁw%@;ne%at@wamem?rb%n@fa steg&drmm)aane
surface. Such tapés or pads may be cut out of the same polyner film

as that usednangbriof appropripth éhiehness Hong gearisiameridigmer tﬂﬂﬁm Engonded
to the fl eXISlaI £ argl%ro El?éaeplag a ?@é?erxmlluﬁitaﬁo%eoﬁ atlﬂgssh%e Q)"fdﬁe r@Xsspse

containing the fluid lens apparatus, since any shape may be analyzed by a

finite-element-based approach, the effective "long"” and "short" axes identified,
and then the thickness variation applied along those axes. Altematively, a
solution may be derived for stiffness as a function of x,y coordinates of the
membrane, and this matrix of stiffnesses may be produced by deposition of a
relatively stiff coating, such as silicon oxide (S10x).

[0037] The design of a flexible membrane with location dependent stiffness
may require computation of: the mechanical response of the membrane in an
oval fluid lens, the surface geometry acquired by the membrane as a result of
such deformation or stretching, and the optical power of a fluid lens that
includes a membrane with the resulting shape, all as a function of the volume
of fluid injected into the lems. Furthermore, a number of iterative
computations may be performed in order to approximate as closely as possible
the actual shape of the flexible membrane and the state of defocus of the
retinal image produced by such an optic. In one example, these complex
computations were performed using an exemplary software system. The
exemplary software system combined several different software suités, each
with a different function, in a way such that each piece of software inputs its
results into the next system.

[0038] As an example only, the following suite was used in the computations
described in exemplary embodiments herein. The deformation of the fluid
membrane was modeled on COMSOL Multiphysics software, developed by
COMSOL, Inc. of Burlington, MA. The output of the COMSOL model was
exported into MATLAB software, produced by The MathWorks, Inc. of



-15- bonded to the inner surface of the flexible menbrane, in contact
with the fluid (e.g., oil) in order to mnimze the visibility of the
tapes or padithA@spondi ng of these tapes or pads to theEmsatwasmsay
be acconplished using an adhesive. In an enbodi nent, the adhesive has
a refractive index approximtely equal to the refractive index of the
fluid. Alternatively, the tapes or pagds nmay be bonded to the flexible
menbrane by |aser wel ding or ultrasonic welding, or other neans as
woul d be known to those of skill in the art. One or nore such tapes
or pads may be used for this purpose, In an_ enbodjnent, tapes and

pads are notNatigldfoingudertepetRinadest (¥ nohmorial kprhis swasr dntecondat her |
di fferences t ?h'@% gl | &xt DB NRGDr ane
sheet . Techr?%c{(%ﬁefgul or talgfla!h@} eilgigég i &Hgggﬁegaof varty? ng

t hi ckness i nombietiorf mﬁsphmrqnﬂ eylamiﬁtr Wit fdldhms sluifgriet éifhla)mlylmﬁlelh Wigs,

Sa b and oa v PPRSt CABRA ey Bee PR BP S BReTal arptREh ol o6
to deduce tmRvephiheNTsPERGRBE B@Dmu@umsASOT}@Sdetf@mmdnlloattEe tlogl

stifthess of the nmembrane. FIGS. 5a and. 5b il strate t%ﬁgﬁ{jw 504
appl i ed al ofpmbranedvas calealatedag & fanctipy ef s x.yroey F‘F@iPBFQ %ne 506.
FI GS. 6a and, @h; 't1l:£l”tft IB?%?Cthgg’SC&Qélcﬁ Wa‘s% alrRa g @difletyr axes,
respectively, P exi nbr ane 0043] Tabl e 2 shows the
results of anaBjsims, whlletﬁesmlérdmnmt@y Vdaés'ﬁggngl s’Fhwmmilqll vEE@g fg& b and
6a, b, conpar] th pl AR € oin
Table 2 as & ?cg T%‘F@g advgn% %1.@% Soﬁhétfgjg %g{m@p afd I4nfntE ﬁéa?ééix% npl ary
nodel used IeflenTIaMyeieﬁnmhh@ grbmexktméaile@foldlhenbmnmfrm ﬁmdgeqsmeﬁent(e g.,
tape or pad) was the sane s t agtem he fl exi bl e rrenb g@tself
That is, t hEUtERESemRAtd 4B i RIVEIRGF e FETIRAL B8R | ed.
The fi nal ApaadSicss. PG &ﬁﬁcw §R6maR PZ@Weﬁz@ﬁétWﬁaﬁth@fdeMﬁaﬁtﬁled to
compute the astignati smover the entire rang}g spherical powers, as
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polynomial fit to be input into ZEMAX.

[0039] During the initial assessment of this computation scheme, it was
observed that a coarser mesh size provided adequate accuracy and fidelity to
the surface generated by the finer mesh size. Also, it was found that the cross
terms could be neglected in the second order polynomial best fit computed on
MATLAB, so that the surface could be adequately represented as a simpler
biconic with quadratic terms in x and v, as shown in Eqgs. 3 and 4. Eq. 3 is the
Best Fit equation used by MATLAB to fit the deformation data exported from
COMSOL.
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biconic Zernike sag 7,7 (x,y) = = Ty
T2 \2
X . y
1+ [1-{1+xdd — | -[1+x)| =
RECSIORINE

(Eq.3)

Eq. 4 is Eq. 3 after ignoring x,y cross terms that provided a satisfactory fit to

the deformation data. This equation was used to export surface deformation

data into ZEMAX.
2 2
R
bicanic sag 7 (x,7) = GPE" =
x Y v\
1+ J1-{l+k ) — {1+ —
J-e(5) - 0o)Z)
(Eq. 4)
{0040] This computational and modeling approach was used to ecvaluate

different design concepts for a non-round fluid lens that could be adjusted in
power over a diopter range of 2.0D. The lower power was assumed to be
1.25D and the higher power was taken as 3.25D. A further assumption was
that a maximum of 0.18D of astigmatism may be allowed at the lower power,
while a maximum of 0.50D of astigmatism was allowable at the higher power.
[06041] In an embodiment, non-uniform thickness of the flexible membrane is
provided in order to modulate and alter its deformation in response to fluid
injection and consequent increase in spherical power. A flexible membrane of
variable thickness may be obtained in several ways, as described above. In an
embodiment, a tape or pad is used to alter the thickness over certain portions
of the membrane surface. Such tapes or pads may be cut out of the same
polymer film as that used to fabricate the flexible membrane, and then be

bonded to the flexible membrane. For example, the tapes or pads may be
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art. One or more such tapes or pads may be used for this purpose. In an
embodiment, tapes and pads are not used to add thickness to the flexible
membrane; rather, differences in thickness are integral to a single flexible
membrane sheet. Techniques for creating a flexible membrane of varying
thickness include, for example and without limitation, molding, compression
molding, thermal forming, and laser ablation.

[0042] FIGS. 5ab and 6a,b illustrate exemplary designs of tapes and pads
modeled to deduce the optimum shape and contours so as to modulate the
stiffness of the membrane. FIGS. 5a and 5b illustrate tapes 502, 504 applied
along x and y axes, respectively, of a flexible membrane 506. FIGS. 6a and
6b illustrate pads 602, 604 applied along x and y axes, respectively, of a
flexible membrane 606.

[0043] Table 2 shows the results of analysis of the exemplary designs shown
in FIGS. 5a,b and 6a,b, comparing the application of a tape or a pad (referred
to in Table 2 as a reinforcing piece) along x and y axes. In the exemplary
model used in Table 2, the thickness of the reinforcing piece (e.g., tape or pad)
was the same as that of the flexible membrane itself, That is, the thickness
was doubled where reinforcement was applied. The final analysis was
performed on ZEMAX software that was used to compute the astigmatism
over the entire range of spherical powers, as well as the image spot size along
x and y axes. In this analysis, the eccentricity as been assumed to be 0.864,
the optic being 35 mm along the long axis (x axis) and 30.25 mm along the
short axis (y axis). The lowest optical power is 1.25D and the highest optical
power is 3.25D. The front surface of the rigid lens has been provided with a
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toric correction such that the net astigmatism at the lowest power (1.25D) is
0.18D in all cases. Spot size along the x axis is when focused for x; spot size
along the y axis is when focused for y.

Table 2: Modeling of reinforcing piece on flexible membrane in an

elliptical fluid lens
Reinforcing Piece | Astigmatism at | Spot size along x | Spot size along y
3.25D axis, Microns axis, Microns
None 0.73D 10.1 14.2
Pad along x axis 0.61D 9.9 13.2
(Fig 5a)
Pad along vy axis 1.02Db 10.6 16.9
{Fig 5b)
Tape along x axis 0.51D 9.7 12.5
(fig 4a)
Tape along y axis 1.04D 10.4 17.0
(Fig 4b)

[0044]

Next, the effect of increasing reinforcement was examined as a
function of eccentricity. Table 3 shows the rate of build-up of astigmatism as
the thickness of the reinforcing means was increased in an exemplary model.
In this exemplary analysis, the eccentricity was assumed to be 0.864, with the
long diameter being 35.0 mm. The lowest and the highest spherical powers
were assumed to be 1.25D and 3.25D, respectively, with the range of
adjustment being 2.0D. It was also assumed that the front surface of the rigid
optic was provided with toric correction along the appropriate axis, so that the
net astigmatism at the lowest power is held at 0.18D. Astigmatism at the
highest spherical power was computed on ZEMAX, along with the spot size of
the image. The base membrane was assumed to be of unit thickness, so that a
reinforcing piece of 1X thickness doubles the thickness of the membrane
where it was applied. It is expected that the spot size of the image would be
correlated with the point spread function of the retinal image, a critical
measure of the crispness and clarity of the retinal image, and a measure of the

image quality perceived by the wearer. In the example shown in Table 3,
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there was an improvement in image quality as the thickness of the
reinforcement was increased in the fluid lens.

Table 3: Change in astigmatism as a function of reinforcement thickness

Reinforcing Max Spot size along x Spot size along y
Piece Astigmatism at axis, Microns axis, Microns
3.25D

None 0.73D 10.1 14.2

Pad 1X 0.61D 9.5 13.2

Pad 2X 0.37D 7.5 9.4

Pad 3X 0.14D 7.4 8.0

Tape 1X 0.51D 9.7 12.5

Tape 2X 0.35D 9.5 11.4

Tape 3X 0.17D 9.2 10.2

[0045] It was found in this example that the 3X reinforcement enabled the use

of a non-round optic up to eccentricities of 0.80 while staying within the limits
of astigmatism specified for the lowest and the highest spherical powers (sph)
(e.g., 0.18D at 1.25 sph and 0.50D at 3.25D sph). This level of eccentricity is
adequate for most lens designs, since it provides a long axis diameter of 40
mm for a short axis diameter of 32 mm. Further departures from the round
shape (e.g., an eccentricity of 0.7) can be achieved by enhancing the
reinforcement further, for example by using a pad or a tape that is 4X-6X in
thickness.

[0046] It should be noted that the analysis and results presented above
addressed an exemplary paraxial situation assuming a pupil size of 4.0 mm. In
other words, it was applicable to the center of the optic over a moderate field
angle, less than 10 degrees. This analysis may be repeated at different gaze
angles for the whole optic. Such a computation would further optimize the
shape of the membrane, since it would be possible to prescribe reinforcing
schemes that provide the best correction for the whole optic, rather than
providing the best correction at the optical center. In performing this global
optimization, it may be recognized that the optical segments far from the

center are not as important in determining overall visual satisfaction as the
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Fluid lens inset

[0048] In an inset-type design embodiment, the non-round shape of the fluid
lens includes a round or elliptical section centered at the location of the pupil
of the wearer. In such an embodiment, upon putting on the glasses, the center
of the pupil lines up with the center of the inset. With a circular inset, the
active region may be small depending on the shape of the lens frame, because
the vertical diameter of the circular shape must fit within the vertical diameter
of the frame. If the active region of the flexible membrane is too small, it may
be unsuitable for a wearer as the eye movement of a wearer may need a larger
viewing range side-to-side than up-to-down. For example, an average wearer
needs an active area width of about 30-35 mm for comfortable side-to-side eye
movement. An elliptical inset portion aillows for such an active area width,
even when the vertical dimension of the inset is small compared to the active
area width. FIGS. 7a,b illustrate an exemplary elliptical inset 702 in a fluid
lens assembly 704. The inset optic 702 is referred to herein as the active
optical region. The active optical region is designed to inflate to deliver the
desired power range. The specifications of astigmatism at the low and high

end of the power range apply to the active region only. The active region may
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wherein the aspheric front surface at least partially reduces an optical error caused by

fluid located in the cavity,

2. The fluid lens assembly of claim 1, wherein the back surface of the non-round rigid

lens is spherical.

3. The fluid lens assembly of claim 1, wherein a transfer of fluid between the reservoir

and the cavity causes the flexible membrane to change shape aspherically.

4. The fluid lens assembly of claim 3, wherein the aspheric front surface of the rigid lens

substantially counteracts an astigmatism caused by deformation of the flexible membrane.
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5. The fluid lens assembly of claim 1, wherein the flexible membrane is uniform in

thickness.

6. The fluid lens assembly of claim 1, wherein the flexible membrane is not uniform in

thickness.

7. The fluid lens assembly of claim 6, wherein the thickness of the flexible membrane is
contoured so as to cause the flexible membrane to change shape spherically when fluid is

transferred between the reservoir and the cavity.

8. The fluid lens assembly of claim 1, wherein an astigmatism introduced by the aspheric

front surface when a viewer is engaged in a near vision task is less than 0.5 diopters at direct

gaze.

9. The fluid lens assembly of claim 1, wherein the front surface of the rigid lens is toric.



