ASPHERI C FLU D FI LLED LENS OPTI C BACKGROUND Fi el d [ 0001] Enbodi nents of the
present invention relate to fluid-filled lenses, in particular variable
fluid-filweadoliemess. Rel ated Art [0002] Basic fluid | ensesThasr@ohsesnr known
since about 1958, as described in U S. Pat. No. 2,836,101, incorporated

herein by reference in_i ti . | es may be found in
"Dynam cal ly ReconfL@S&ﬁ%ﬁgﬁgﬂaﬂﬁhébpbgéﬁgﬁgﬁ%ﬁgdﬁﬁﬁgBLens i% a

M crofluidic Channel,"” Tang et al., Lab chip, 2008, vol. 8, p. 395 and in
W PO publication W2008/ 063442, each of which is incorporated herein by
reference inits entirety. Theseﬁgﬁgllﬁﬁ}lons of fluid I enses are directed
t owar ds photoni cs, digital tele Naner a t echnol ogy, and

m croel ectronics. [0003]Fluid | enses have al so been proposed for ophthalmc
applicationseggi(See, e.g., U S Pat. No. 7,085,065, incorporated herein by
reference inits entirety.) In all cases, the advantages of fluid

! ensegt pbdyg! udi n%tﬁ‘bd’&lﬂ@n@yﬁaﬂ% ?)rers@rﬂgaﬁverﬁf%'nl refaYe E(pﬂﬁfdoﬂlléiﬁle%%mﬂ ve

correctio robust ness, and | ow cost have to be bal anced agai nst
Iinitatlon$aﬁmuameaMMﬂeﬂsutﬁHaibndmncy to | eak, and consistency in
performance. The '065 patent, for exanple, has disclosed several

i nprovenent 13 % enbodi nents directed towards effective contai nnent of the
fluid int ¥t ﬁg |l ens to be used in ophthalmc appllcatlons Power

adj ust in fl e een .effected tlonal fluid
into é&ﬁgﬁs caV|ZVK’%WHZWB@?ggﬁ@%??ﬁﬁowﬁfugﬁﬁi BaF@ pgmpgrasonlc

i mpul se, aWSb]YatUNb'ZgB@QOﬁ‘i‘ﬁJo'r;bd?Qteiﬁﬁéﬂéﬁﬁbyfbf@feﬁdeQﬁSts.'ehﬂi%@}d Poky Mer upon
introduction of a swelling agent to the lens fluid, such as water. [0004]!In

al | cases, redvet examples eveor b foumg ini TR Yanlionly Recosfigrahte Fluid §orens
ool ogy et Rt 2,08 YRLEATRY £, HR 1P, SOTRGE Fascpeel of
greater thaglconyvensi anain Memeesutdicatifie WD Jpmsan2 aadh difansteis
Additional llr){éorgl)c;[ratlecsl herein by reference in its entirety. These applications of fluid
lenses are directed towards photonics, digital telephone and camera
technology, and microelectronics.
[00603] 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 introduction 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
wel|l as astigmatismacross the lens optic using fluid | ens technol ogy. Nor
is it curwenbiy4pisssi bl e to make fluid | enses in any descras2&loaps6ent her
than a round shape because of conplications introduced in non-uniform
expansion of non-round fluid | enses. BRI EF SUMVARY [ 0005] 1 n an enbodi nent
of the present invention, a non-round fluid | ens assenbly includes a
non-round rigid lens and a fl exible T™énbrane attached to the non-round
rigid lens, such that a cavity is formed between the non-round rigid | ens
and the flexible nmenbrane. A reservoir in fluid communication with the
cavity al | ows carréitlyi godsiblbeo prandd ervagidtipmiod spheticslipovtr ehevallagd ty so as to
change the optical power of .the fluid |ens alsserrb@{.1 | n ap _enbodi nent, a
front surfCEEHHISThacivsh- RO PR dSIPe il SleRg bt ?ggy'Ad&Of i‘onal 1y or

al ternati velyenty é}&'si%@t%%ﬁal&fﬂdiﬁl ol Eti Rl Rl cHRMNLAPS oNBY thRg aGemidur ed so

that it changes 'shape in a spheric manner when fluid is transferred between
t he cavity sham tcheusced@oupilicatiqnoousidaded 11 aeainijorer cdlangppafinged y, t he

fl exi bl e menbr €4 have an "inset" portion that is nore flexible than

ot her portFﬂH@%ﬁP ﬂ%%e%lexible nmenbrane, 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 w thout substantially changing portions of
the flexible menbrane other than the inset portions. In an enbodi nent, the
inset portion is elliptical inggi@psuUMM@aRYSet 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 p réh in the

f1 exi m®®5¥rerrbr ame 43 ehedigenopl lﬂéfuﬁ’éfs?l‘gn@V?fél.O@‘e 2 %‘?11‘6\}‘88- %@B@aﬁ

rect angul ar - r T - t : y a wearer)
B T e e e
2011/ 04695¥RCI1ISR0d QDD 236, 7sucB-thdt COQF ]t s fdrereddrboetinnbatosn-réesat ur es, and
advant ages of (the present invention, as well as. the structure.and operation

of the var gt laswdi hertxide myuabratG s ehfCSERPEN BRid caramirsdiihed in

ggt ?—HE g;k%gg} EF@R&W@%@ he (ARERMRAMD R84 JuAY MYRaviBRIFR DESCRI PTION

to change the optical power of the fluid lens assembly. In an embodiment, a
front surface of the non-round rigid lens is aspheric. ~Additionally or
alternatively, a thickness of the flexible membrane may be contoured so that it
changes shape in a spheric manner when fluid is transferred between the
cavity and the reservoir.

[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 (e.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.



[ 0008] The acconpanyi ng draw ngs, which are incorporated herein and forma
part of the specification, illustrate the present invention and, together
wi t h t he we=eri@sdson, further serve to explain the prinecplusgoiofsidae
invention and to enable a person skilled in the pertinent art to nake and
use the invention. [0009]FIG 1 is a diagramof an exenplary fluid-filled
| ens assenbly, according to an enbodi ment of the present invention.

[0010] FIG 2 shows the variation of asStigmatismas a function of
eccentricity in a fluid-filled |l ens assenbly without correction to a front
| ens surface. [0011]] FIG 3 shows the variation of astigmatismas a
functijopo7f eccenitheci éngbidimants) Ueatufes) | @d |admantagse bl yhehamawgt atoric

front | ens surface cor ection, accordln enmbodi nent th resent
i nvention. 1?‘(?(91&12?@3@’6 asithe piE4qtue aad gt g? ﬁgﬁvﬁlﬁ"%eﬁ% Fys n‘gr ane in a

fluid | ens,th@psbgg gfé@%reﬁ f'ﬁé@&li%% Qdiail MRIN S8aNtetRMENtd ARk

[ 0013] FI GS ustrate contoured fl exi ble nmenbranes,
accordi ng taocmaﬂmxd’mmhtxwir@ﬁ. the present invention. [0014]FIGS. 7a,b
illustrate an exenplary elliptical inset in a fluid |ens assenbly,
according to an enbodi nent of the present invention. [0015]FIGS. 8a,b
illustrate deformation of a flexible nmenbrane in a fluid

BRIEF DESCRIPTION OF THE 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. 7ab 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

number.



| ens, according to an enbodi ment of the present invention [0016] The present
invention will be described with reference to the acconpanyi ng draw ngs.
The drawiwi@ 20n/0ab85¢h an el ement first appears is typicalPCy/usedioostsed by the
| eftmost digit(s) in the corresponding reference nunber. -4- DETAILED
DESCRI PTI ON [0017] Whi | e specific configurations and arrangenents are

di scussed, it should be understood that this is done for illustrative

pur poses onIy A person skilled in t e pertinent art will recognize that

ot her configurations and arrangenents can be used w thout departing from
the 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
enployed in a variety of other applications. [0018] It is noted that
references in the specification to "one enbodi nent”, "an enbodi nent”, "an
exanpl e enbodi nent”, etc., DEIAAE® DBACRIFHEOMDodIi ment descri bed may

i nclude a particular feature, structure or characteristic, but every

enbodi necessari | lude t.he parti c | ar featur tructure,
or ché{@%errst:{%ﬂwgﬂg&co ’@8 H?a@élsagg%ge%efl esd‘sa%{“‘ru 3?/1 rif erring to

the sane e@p&ﬁm@%ae@ébamrhlmr@ R fub @At V@rpumwm st pagdrur e, or
characteristic is described in connection with an enbodl rrent it would be

wi t hi n t he skillowl edge ofrtoret gii Milkdepegnizse that tother eprlegtratiqnshatceat ur e,

structure, or charact eri str n s whet her
or not expl eIy esH} | ebg%? T“g%"i@ dr%ﬁg&l}jig %ro\t{)%{ﬂr@o% %n pr e@r orﬁjﬂﬁl{/- avai | abl e
fluid-fill eeesknmviianol egy Wegpaidaed bpetsbe sBARKGN eindersieeition above may

be removed by constructing an aspheric fluid lens. Previous fluid | enses
have al wayshddein IHV@Q%W e %%?ﬁeem@Pﬁ%nrﬁoV%Eﬂﬂfdﬂﬁr@P%‘iﬁt@Bs const ruct an

aSpheéb(ﬁS lui d lI‘Flg%ot %}rg‘fer%ncgltn ﬁé%cﬁﬁa&&?ﬁploﬁé)ém%%@l@ pCnff uid |ens

100 according to an enb resent 1 nvention. uid lens 100
i ncl udes a ehibgilindot'gnn Feuﬁﬁlpléeerﬂm,lmantf' | @xi bidicdradiat sher émbedii®4t and a
fluid filling the cavity 106 formed between front surface.102 and back

surf ace 1o4iesqu§r1dm>r @rﬁu%eu?f%uiﬁzfeﬁﬁ*&e bYUSHES e BhAIFIEISCGPH opt i cal
lens 108 rr%g%ré/ bf08 kaotgln%t??sls Fﬁ%ﬁ}de Thé:rﬁ‘)l‘ﬁct?flz?r @aqllﬁesurface 104
exa

may be provi e nmenbra 110 stretched fl at
over the edgectofe, rorgnmarmqmemsml IMmszoicﬁB suaﬂnephfrzms chrt emg  fgygssadly - 5- t her eby
is connected via a channel 0 a re rvoir 114 lined or .otherw se forned

fromwith AHCEMNEs{D ?lS@nﬁeF 518t e léeﬁe WA C}Efml%ﬁl?rrs fRAlWEss 1 ui d.

Fluid lens sgrgﬁul%ngr EERSLNG éjd%sctr%ﬁtlﬁ'%[)nﬁééﬁgﬁ il edbbdiident, A0 act uat or
116 is operable fo squeeze or expand the defornable nmenbrane inside the

reservoir twould basfithin the kindwheligae€nne dagbed/ i the att4o @hidetf Suuh (ﬂedt@n,s 100

through channel 112. Acutator. 116 thout
|initationSURCBiR BT SRAASHFATIC 1 %‘VPF‘H%@ %88“&5 H@g@ g Paf” act uat or.
I n enbodi mept syn 1R R8EHbRI t her, or both of rigid optr cal Iens 108 and

flexi bl e menbrane 110 can have optical power. Channel 112, connecting fluid
| ens 1009 0 r esdiheolimitatichs nﬁ;pr@eomswlabkoﬂu@x@m éensi fecknpdoge pi ece of

an eyegl as Sdegcrrl%ng n tthet Eg&lgmlﬁld eefior” above r%%? gle %gnslox];erdaby constructing
an aspheric fluid lens. Previous fluid lenses have always been round in shape,
since no method existed to construct an aspheric fluid lens. FIG. 1 illustrates
an exemplary aspheric fluid lens 100 according to an embodiment of the
present invention. Fluid lens 100 includes a rigid front surface 102, a flexible
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



[ 0020] Thr oughout this disclosure, the term"fluid | ens assenbly” wll be
used to describe the assenbly of rigid front Iens 108, flexible nenbrane
110, and wbeoimi4ersveni ng fluid transfer system The termCTfUSA10/06B6B" W | |
be used to denote the fluid |layer and the two surfaces 102 and 104
containing the fluid and formng the surfaces of the fluid lens. [0021]In
non-round fluid | enses, the pressure of the fluid causes different

defl ections of the flexible menbrane 4l ong its short and | ong axes, and

t hus produces a non-spherical deflection of the nenbrane. Non-round fluid
| enses of enbodi nents of the present invention therefore correct for the
asti gmat i smhatieatsecbnnycttdivia dehdrmet L thto & neseneirisbtinerent pthttvasd r ont
surface of the rigid front lens corrects for the a tti?mat.ism caused by the

fluid. AddifemeitalPy BHh Aptdistipsrifef SO hERIERY Bt (HEIRT EXGBY e nenbr ane
may be Contfﬁ'tﬁ.e. c}ﬁﬁ R3s 1@oeffeefde@oB PNEr {GaheH @S el drdOinit hevqrenbrane in
response to uid pressures. In an enbodiment, the flexible nenbrane

i ncl udes anciuamet 1 goist bperablhaty $@icemsr er ekpaidbibe défammathenergyers ons of t he

flexi ble nmenbrape, such that transfer of the fl.uid be th avity and
the reservdlde §8§6W?}E%Osﬁ%\rbsiergf?ul?ﬁgtweﬁgé?seﬁvooﬂ ?g%a?%ﬁeﬁglﬁﬁse??i a
spherical nRRNeE Wahi@uiisubstaaior al I¢y neanel fgt BRihplensndfwither f | exi bl e
menbrane other "than the inset portions. -6- Aspherization of the front

| ens [ 0022]limitdtiond al s achatth, assytingé-tiyncesduaton ornmideactustder B aspheri ¢
by providing.an.aspheri¢c front (rigi,d).lens. Sin f 2108 is in
contact w te%lbtoﬁgn? %ir@tg?r, ieﬁgerbz(ﬁ)&g’%ghu)ﬁ z]il(,g(lad'S %ié,alﬁ %(las ;[(?rg]p%%(ﬁ ?%3 1biegdi ng

aspheri c CoRgRhON O QaPagke SptidaapeweN2 Chbndel anp, t@mectkBluidl lkendbe
attenuated by the refractive 1ndex of the fluid relative to the refractive

i ndex of tH&Vfteoissery@ing Anirayi b hoyssdety, oxgmlle Harbe Vh Mgre Pnitkness of

front lens d QV] I orrection through back
surface 1on%§§£§§aq§&%¢t§%§[eeo"\{%%?Ogg%%%%ﬁ%E%?n%i) nl - n2 in which d is the

| ocal [oémopge in thhdwkvesthisodisdlbsrd, tonterh ¢ fsidrlenuassedblyd will beiudel a
particular change in optical power_ at that paint, di is the change in

t hi ckness tihdesaibaltie pscrbbeglsagyl frantdens lfq8u%8X‘1E?15?de’é’€F?n§ilﬁp’ ?'H(Pi s the
refractive : : ek afgigRndSwiinge nefd aftive index
of the fl uﬁ%é_‘ﬁﬁééﬂ%gé%ﬁé&?%fe% rg};(}?letnq?eiﬁlse t1 ?gldrr%ae g% P(e)luycar bonat e of
bi sphenol Aleand thh@ufd laiyer sl tieltivoonefacdsl 102t oreinl (il cargaitingIhadidich2 is 1. 54,

resulting in d equal to 11.84 In_other words, a relatively |arge variation
in |ens thisRhiegsangthesupacesedihs B44{dSpr ovi de an aspheric correction, if

t hat ﬁ@éfﬁm ion Ih%og%ﬁxgd Lfg/&icggﬁ{l%es? Uhd 36&sik@% Ofhe fMiAALcali @RI #ERNt [ 0023] Lens

t hi ckness 'may be reduce ng an aspheric correction to a front
surface 118leftctfonsntf the AsxibB8membome asangf ibceholtl Srdbbnggpxiesn andribact with air.

The aspheric correction to f t .sur{ ce 118 may,.be in the florm of
rotational |P§0<§§ﬁ%@_{lf’ﬁl-&_ erigalfrdiecion.g BTN ewal_é'rr?Wél HE 157 ace of
rigid Iens }Q8pehindsobdak pplschyResdRhahdafore borddifs: ®asstghdiRnsur f ace may
be described by Eq. 2, in which the surface is ellipsoidal if pis
positive, andtdilyipettholeflasibni finpne smbedandniethe 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.



2 X=(Egq. 2) ro +(i - py 2 ) [0024]Rotationally symetric aspheric
corrections applied to front surface 118 of rigid |lens 108 provide at | east
two benefwO011A8p%eri ¢ correcti ons may be designed to nPairmS2@09piser i ca
aberration present in the fluid lens that may -7- be especially noticeable
for high spherical powers. Additionally, the plus power of the fluid |Iens
may be reduced at high gaze angles, consistent wth visual needs of the
wearer. Toric correction of the frontlens [ 0025] Addi tionally or
alternatively, other aspheric corrections may be applied to front surface
118 of rigid |l ens 108. For exanple, surface 118 may be rendered toroidal.
The ast i gnafspeanztzher efwe #ddeldnt o front surface 118 of rigid | ens 108 has at

| east benefits. .The astigmati sm may. be used to neutralize the natural
astig&@ﬁ§§n1of_#hzh%§$?mp6%§b§%éhm£;m§b88¥I%@@gSPE?ﬂsa%8ﬁﬁP5fﬂah requiring
Vi sion cor LeakiiaR an hhsheRs IR diSMeARYSiatS RoREets BB s n Bohd @itz e the
astlgnatlsﬁlgenerate on surface 104 of flexible nenbrane 110 when the

shape of t tiee fliidi af itseresk donfhert &, ftho impact iof efldéing [a0QREc OISOl Wavi ng

e e A A T e e S R IR

appl i cabl e nd hgdderngss tPihe bfridioe agdck WTakd Goaess Rbtctibe Indasl, igs to be
orthogonal to the astigmatic axis of the eye of the wearer of the

eyegl asses charfget i theathtilgres PE front rlenst | oh rcgdgsh &y PEBAdH Y AF8PHYE a toni c
curve to front sur frrlghd | nit is desired to make
front tonicgmfrlecgt]ioa‘t %ﬁg%éigﬁgnﬁf%g&fﬁgﬁpgfégggﬁﬁggat all possible angles
relative to the 0-180 |ine of rigid I@p51108. This woul d constitute 180
different configurations, or skué=dhis s because the flui(HdiBns assenmbly
is not rotationally symetrical, sinde i’ includes channel 112 attached to
fluid | ens il@bichatidithé aal dhyngd in thiskiekss of sl feont dens upatitedte ardwdemat ch t he

magni tude of the. astigmatic.cqorrection added to front surfa 18 of rigid
| ens 108 tBIPﬁémﬁﬁﬁh1&@d8¢@?“$ﬁ@“§5?ﬂ§%ﬂ?¥@5ngF%%O@%ﬁggégﬁﬁgﬁ by the

wear er. Wigl® el bohadessapgethefiuiaam besesr, of, inateueahcistingerasi smis very
| arge (approximately O to approxi mately 15 diopters, or nore), it is about

6 di opt er s teDyorftdensgngiratl ander pohalralacaie ity afithyllVids iFon c¥BrRlEct i on. Since
ot gt i st BpTe et SR dE o LR b RGPS R o, POIER LECLe "
di fferent corbhgbilatheons iof.5ohadiant saurdsatiagdn el épalia e8#o mover the

other words, a relatively large variation in lens thickness will be required to

provide an aspheric correction, if that correction is added to back surface 102

of front lens 108.

[0023] Lens thickness may be reduced by adding an aspheric correction to a

front surface 118 of front lens 108, front surface 118 being in contact with air.

The aspheric correction to front surface 118 may be in the form of rotationally

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 is

negative:
y2
X = (Eq. 2)
Ty +‘\/(roz ___pyz)
[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



-8- range nentioned above. Also, the attachnent of channel 114 to rigid

|l ens 108 leads to a differentiation between left and right |enses,

mul ti pl yiwg 20he46val nunber of skus by a further factoPCofuseewo/os2Baer ef or e,
9,000 different configurations on front surface 118 of rigid | ens 108 may
be needed to provide correction to 99% of the popul ation requiring vision
correction. [0027] 1 n an enbodi nent of the present invention, it is possible
to substantially reduce the nunber of”“skus on the front |ens by designing a
rotationally symmetrical |ens blank that may be nol ded or nmachined in high
vol une. The desired | ens shape may then be cut out to correspond to the
desi red shapesspéciilhe nblicdabllel fonshigtamphdrivel pewbrsanddiviodeldly,t the tifes out er edge
of this shape that has been cut out. A hole may be drilled int.g the side of
the rigid PENE Philte ¢ IBROAY OF 6 Ceﬁ&t%ﬁg\/%% aélg&eénﬁ%isi?%%“fl the fluid
pat h insidgk$PﬁK%Q§9ﬂgg“m@ﬁ§nalI connector or a sleeve may connect the end
of the channel to the hole. [0028] Application of a tonic correction to
front surface 118 of rigid lens 108 of the fluid | ens assenbly al so enabl es
constructi of flui.d | enses that are non-round (e.g., oval or rectangul ar)
in shape. %gﬁ§F8ﬁﬁﬁ“VVH§%?ﬁ HJEL have not been commercialized because a
Don-rfmm@gfl ul dAcﬁlﬂ%rﬁﬁz%} QRS ASlelyg BBek Gspperiotodsctione nfa bedpplests is
inflated to reach a higher plus power. This is because |njection of fluid
into a fl uitel flomhsudaaes &S ah right ienask nFay ¢xosplat sefgeessupBytitat is equal
in all directions. This-force cau t I r.gn ych as

nenbr ane 1fﬁ¥€§£%?%%5¥13%8a7 §%g%§§ﬁﬁpga@%%§??%)Eﬁﬁggegégggﬁgﬁkmards.

Mor eover, 148 108166 af RAGERS Hehefits UThaasi @hatishemap bbusaktonmuaaianvex and

gives the fluid lens a higher plus power. In the case of a non-round fluid
lens, the Ieeatwrabsstighatisgrfdhamye opserwdhympodh80’ard thoPoRgHn in al |

directions._ The curvatur t rgﬁggg [ LSt ifdEeLe in

di fferent ﬁ%PF$ﬁ%ﬁ§¥ﬁ%%F§68@%e2§%s Hﬁgﬁéhgﬁégﬁgg%eﬁgﬁg Ian and | east

st eep al onghd HEghangesenerated dinasurfaddi &4 befddbieananirané ¢1& hape thd n an

enbodi nent, it is possible to neutraljze this inflation-induced astigmatism

in the fluSkeneenshpuiddenslgviatesdiy §&HEc correction to the front surface
of th igidle [ ach. ! - I uiehol [ i nflated
G e TR, | CPRrsoht, e, RERFACHTignliSh, ekl SRS Gelr
2011/ 046959REHAIS20kRcODE 257glades ke nshiass batil gorfvagd agsivgmaldrstis

corresponding to the astjgmati sm.added the front surface of the rigid
| ens. That °PECCURRLA HQPQ%gﬁaﬁvgﬁgwﬂgnﬁgﬁﬁa%ﬁ@%?@ﬁ?XFﬁéﬂﬁé?Pb i sm added
to the frog é)%g{:éltt aanlf td e LkihieRSis| S HRCOMPBNIAL GFbalf éNYhe

u

inflation-in tigmatism "Addition of astigmatismto front surface 118
of rigid | enselds. iidlioh egigndticadeedidn iygravedst kiseddnme iferm arve toe | owest

pl us power .and asti ti.sm. hi.ghe L us powers. This trade-.off may be

conput ed aﬁ@nbﬂﬁﬁﬁFggg‘#6¥9$%@Sﬁgg’$m§8§ﬁﬁggﬁ%ﬁ8ﬁ8 “6@“33%@??g§f the fluid
I ens. Such gty astewah fndBicalg0alsl GBI abl& ettt beo WRAU-€80° Ipfeovi ded t hat
the astigmati sm does not exceed the threshold of tolerance of astigmatism

of the hummafirigidelens 1&hyThisivuld ponshigite 4B diffren cmeligurationsher shusi d | ens.

[0029] I n one. ex | ar qﬁg i ment fluid.lensis designed.according to
t he par anet ?Sslsgg‘lc)ﬂ)éﬁeﬁﬁ ‘g @ f_.sseif’il?zy \‘srntﬁ)ﬁfo%tbolpfag_ggy%@eh 3Efsfn%|g 'l ens does
not have amylagkicHiBl €1 LafdcBEL i00Muill Terdshi08. evddatbnaBNtit is tebikald o
Specifications of a fluid | ens enbodi nent ] _

substantially match the magnitude of the astigmatic correction added to front

surface 118 of rigid lens 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



Radi us of curvature of the front surface of the rigid |l ens, Ra 500 mm
Radi us of curvature of the back surface of the rigid Iens, Rb 500 nm Long
di amet er wO 20h46958i d | ens, a 35.0 mm Short di anet er of pChaskomwios23bens, b
34.0 mm Eccentricity, a/b 0.972 Range of fluid | ens operation 1.25D to
3.25D Initial power along the long axis, D, 1.25D

_8-

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, 9,000 different
configurations on front surface 118 of rigid lens 108 may be needed to provide
correction to 99% of the population requiring vision correction.

[0027] 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.

[0028] 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 lenses 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 to 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



Initial power along the short axis, Div 1.26D Astigmatismin the initial
state of the fluid Iens 0.01D Final power along the long axis of the fluid
| ens, DF,w8.226D4Fspal power along the short axis of thePCiraisdotoessss7 DFb
3.37D Astigmatismin the final state of the fluid ens 0.12D [0030]In the
fluid | ens enbodi nent described in Table 1, the rigid lens is nade of
Pol ycar bonat e of Bi sphenol A, the nenbrane is biaxially oriented
pQ: yet hyl ene terephthal ate (trade nafe MYLAR), and the fluid is a silicone
Ol

lens assembly has astigmatism corresponding to the astigmatism added to the

front surface of the rigid lens. That is, when the fluid lens is not inflated, the

astigmatism added to the front surface of the rigid lens is uncompensated by

any inflation-induced astigmatism. Addition of astigmatism to front surface

118 of rigid lens 108 enables a trade-off between astigmatism at the lowest

plus power and astigmatism at higher plus powers. This trade-off may be

computed and optimized for the total designed range of powers of the fluid

lens. Such a trade-off may also be acceptable to the wearer, provided that the

astigmatism does not exceed the threshold of tolerance of astigmatism of the

human eye at any point in the range or powers of the fluid lens.

[0029] In one exemplary embodiment, a fluid lens is designed according to the
parameters shown in Table 1. The front surface of the fluid lens does not have

any astigmatic correction in this embodiment.

Table 1: Specifications of a fluid lens embodiment

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

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

Range of fluid lens operation 1.25D to0 3.25D
Initial power along the long axis, DI, 1.25D

Initial power along the short axis, DI} 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



-10- of refractive index 1.54. In this case, the degree of departure from
the round shape is expressed as the eccentricity, and the shape becones
progressiwelzgiwmasesInon-round as it departs father from PCO/USTHO/08E62 i n
Table 1 shows that the slight departure froma round shape has caused the
devel opmrent of a relatively | ow anount of astigmatism (0.12D) at the

hi ghest point of the range, i.e., 3.25D. [0031]FIG 2 shows the dependence
of the buildup of astigmatismas a fdficti on of eccentricity in this fluid
| ens enbodi ment. The ordinate shows astignmatismin diopters (D), while
eccentricity (10 has been plotted on the x axis. In FIG 2, line 202

repr esent s drhefridtive dndernssenodiisrent, Weskepicbed deparfiablf@eni theliomed 204 shows
the val ues of astignatismat the | owest ptﬂoji n% of the range gl. 5D), while
line 206 r SPrRESENEPIIHY RS HvedcopErity. ¥ RS ?%B%Cow?ﬁ%ﬁr? $60B2] 1t is

cl ear that t] ted /B eiyal x nd
geonetries %&tn%g r}f)ﬁrg(?% ?(3%‘2‘?%5?3{% £r8< 0. 'S?,h@tdﬁga f?“:ﬁ%’ﬁ %/gll?ﬁpssﬂnglyl inflation
requi red tah¢ ehglt ddpartliewdst pabmtd ehapehiaspoamsed tizndeveldpm@db)ofl #ads to a

smal | magnitude of astigmatism This astignmatismis nost bel ow t he | evel
of percept irélﬁt%‘flytl%aWGH’étrPfjéVEg’(’ﬁW anﬁ]é/) %.Bt}i%ﬁ@isgﬁ?{n%f%%\%}g,e’the i nduced
astigmati srpeza’t&gljge hi gher end of the power range reaches 0.85D at Ilc, =

0.85, well abBove the range of tolerance of astigmatism by the human eye
when doeEded i n FiGar2 shevotha dsiandendsi eh thes buiiirc af |aptigimaiism @s50D at di r ect

le of 0.and no. t han. 0. 75 . f th
Pane beyondvdap8 SngieaGrod a5 e &G Al Patios B SURI R of tne

probl em aS%@ﬁ% Lesh W ERpReN R Witlel dobbidribigNgeFhad BREHIHGG orBtighows the rate
of devel opnent of astigmatismin the fluid | ens enbodi nent specified in

Tabl e 1 wi tavisanlnalided, distei YRatepeesewss it fliignlens cmbodimment dessgpedét i on) of
0.125D on t front suyface the rigid | L , i epresents
t he val ues Tg‘?’leagtﬁ |4s Ogts(%{“ﬁga %Sm%%sgérggpﬁismg% '&[éﬁlg%ggtr%)\ég Oﬁggéhes 0. 125D

at an eccenhideci1y5Df, while line 208 QEgtesdintsh tiichaighesi goini et . rahgne 306,
whi ch represents the val ues of astigmatism at the highest point of the
range, readh@sDihe val ue of 0.50D at an eccentricity of 0.87.

I nter ingly, t 307 i t.] of the
flui deiﬁéejnj; r emailplgs %%%stﬁ g[%{v g?@%%gﬁzﬁ-[ lé)akj%%%g{vngéaté ﬁ% “ﬁg{)g@a‘jﬁgﬁﬁ of powers
at an eccenfebineirtey off the. Adid lehs,i Sgphssi DISS, tie radadklynemailomfdtishapes of

| ower eccentricity by increasing the astignmati cpggirléecti on of %}Ee front

surface of reqred;tgirepchdhe lowesePoake hfiFPeEh 4R8F bisadhiow tm3bt exceed
congj r%ﬁg{ie }Nﬁ%@%%rh%’s% CAHfE %?t‘i%uﬁzggﬂ lﬁ}?gﬁFW%eIM X Ps%i gfl by wearers

at the lowe wer range o ehs assenbly. This result
shows that petcepSorpos shdohemho ege siygivally 0i ld-0.e2Sks Havatveartee molleedt el y

non-round in _shape with this appr.oach. Modificatio the flexible
menbr ane [ GOBAPAIFY & @el@g?,r et Ok t@quwqﬁirangeeﬁéc%g);g%? ge“p dered

aspheric Dbyyel) apove the range of tolerance of astigmatism by the human eye when

engaged in near vision tasks, which is typically about 0.50D at direct gaze

(i.e., gaze angle of 0° and no more than 0.75D over any part of the lens beyond

gaze angle of 15°). FIG. 2 demonstrates the magnitude of the problem
associated with non-round fluid lenses.

[0033] FIG. 3 shows the rate of development of astigmatism in the fluid lens

embodiment specified in Table 1 with an added astigmatic correction (i.e.,

toric correction) of 0.125D on the front surface of the rigid lens. Line 304,

which represents the values of astigmatism at the lowest point of the range,

reaches 0.125D at an eccentricity of 1.0, in accord with the design intent. Line

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



all owi ng the nenbrane, such as nenbrane 110, to inflate to adopt an
aspheric (as opposed to spherical) shape. In an enbodi nent, an aspheric
fluid | ensousam4e0saenbr ane of contoured thickness to forgTiuseomlosisd? | ens. A
menbr ane of uniformthickness used to forma fluid | ens assenbly circul ar
in shape inflates uniformy, thereby acquiring a spherical shape. The |ocal
defl ection of the nenbrane is mainly controlled by the local rigidity of

t he nenbrane, and can be altered by'%?iffening the nenbrane or altering its
t hi ckness across the surface. A nenbrane of contoured thickness may
therefore be used to forman aspheric fluid I ens. [0035] For exanple, if a
rot at i onal laytigyarivet of theahpd eniscemhimp eonsant eqabowd), 12heverghbmdieée shoul d

inflate into either an ellipsoi dal ?rﬁﬁ_hﬁperbolic shapg. Such(ﬂn i nflation
profile cafhs HUoHMETeal By CHFTErTNG On ¢ Fit8 RASLYC &9 19 TErBYEhe in a
radial |y SYpimtriCioiRPReEentd SHIAGERIENAREaSBMANE RERViSEESs iYe an
appropriate contour of thicknéss across the surface of the nenbrane, as
coul d be détoat sinrfedt bf tlensgiolf leski | Thei maximeurarsuch [con8@jdm swrild nenbr ane

deformation is gi by a superposition_.of elongation. an ing.
Stiffness ieﬁceﬁéﬁu@ﬂ ‘?%ISWGBE%II ivdﬁ%ﬁ C?‘B‘f?rggnm%?eu%ua&&y gig%egﬁaﬁ}?y. For the
el ongat i on Rardrs @f ideb@r aRt bOhe Jolwek FarteSSY RE AR 1dnonddenttdy MEMY ane

t hi ckness; the bending part is proportional to the thickness cubed. One
net hod of adjulishiwg thatiif fsressblerio slevies flai] leasasribattaie axdemdelpmophe - 12-
menbr ane al o‘%g% SPeCi fiﬁ% risi aentrggc' ons. Thickness of the nenbrane may be

al tered by VK 'BI8%REY AP by a stretching process that is
orientationally specific. Another nethod is to deposit a |layer of a coating
of variable thickness, such as through a plasma deposition process. As

i |1 ustrat ed/edifierios.of Y fexehhemesbrineanot her nethod is to adhesively bond a
secon ip of I hat.e i tiaj n neridi an
of thioozjtélﬁrbrane.%%q%gbgg%}gﬁgﬁgq é%% gdq)erg@?éﬁieﬁlé?gl?ia rﬁgg t§?’Jhe shape of
t he gl asseslle@gahaintgntrive, fhdhi « rhenisaappHT, ab idlatesstormdlepeayasphepe may be
anal yzed by a finite-elenment-based approach, the e fecéi.?ﬁ "l ong" and
"short" axéas onpeped ispRerGEhEheRfe RS MIQIERTL s 43RG YA [91535F%d al ong

those axes. @L@Bfaﬂ@toi VSh¥burdl ?ﬁ)ét %LJ»SO[B BB 1Re rHRT ie\ﬁﬁ._d A enirhild peSs as a

functi on 01“a coordi nates o menbr ane, and this mat ri x of stiffnesses
may be produdfedn byicldeposicditodomf a dluidkleat kssemplystiidufar doshdpagnilaesch as

silicon oxide (SiOx). [0037]The design of a flexjble rane with | ocation
dependent é*ﬂliff”frﬁ]é(séheﬁw PstitEe? éBli‘ﬁS%la]ag}?aBﬁ oflie i(0}%1 ‘?Fgﬁegg?ﬁ 8g!ther esponse of
the membr anghitalisahiyf dddl@nLens met e sidiACs: He amalhagapbied by the
menbrane as a result of "such deformation or stretching, and the opti cal

power of abklalieted bpsstiffeaing thel md@braac nentdteaimg W thickrses rewes thang shape,
all as a function of the volunme of flujd injected_.into the. |lens.

Fur t her nor §W13cen yffBFMBHang PéFS’EtP%dég‘r‘f%’Eﬁséf‘Ji‘aé’ntile%Vetbbg LBS&%?%% in order
to approxi nRt;R%i.¢@SRhY. as possible the actual shape of the flexible

menbrane and the state of defocus of the retinal image produced by such an
opti c.[003F]one eXanpkanplehiéseotetonplllexsyommite aipherie shapeds frarketh ¥ usi ng an

I ft ! Th | ar. fit . | qed |
G roron ombarcoe ERedtB TR R PR pLR T IR P OBe R Lo dach

that each pheg@ath (F6filoWah®ciloplad by sltdreguhé shitlitess shide Redrtbrayst em
[0038] As an exanple only, the followng suite was used in the conputations

descri bed iim aeedrpy svynesio dianaat s ARgrariace Mpedan drenerdgd &y #he 1 uid

menbr ane was _nodel ed _on Cﬁ%@ i I e by COvsQL,
Inc. of Bu FPPWBF%W,CO W Phe %ﬁe%%&%sgQgﬁ%&%@ﬁﬂ%@ﬁ%&%@g@r ted into
MATLAB sof theale@rmpic@thyGad obykillhe thddrhWor ks, Inc. of WO
2011/ 046959PCT/ US2010/ 052367 . ) ) .
[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



-13- Natick, MA, in order to obtain a best fit polynomal for this surface.
A second order polynom al (quadratic) was used in order to calculate the
best conbwoabiiomewd sphere and cylinder fit for this suPCRAB2010052367

pol ynom al was then inported into ZEMAX optical nodeling software, produced
by ZEMAX Devel opnent Corporation of Bellevue, WA. The deformation of the
fluid menbrane was cal culated as a fupnction of its x,y coordinates on
COMsCOL for an elliptical fluid | ens L& which the eccentricity was 0.8. The
| ong di ameter was 35 nm while the short dianeter was 28 mm The nodel was
run for a quadrant, taking advantage of the four-fold symetry. FIG 4

i |l ustrat esnanbrexeajpharspedét arivatations. gTackeeds of tha mhérebriabé enayeldor ane in a

fluid lens in front projection, conmput ed on the COMSOL, sof tware package
accordi ng tage*‘teﬁé’é’_e"aﬁlél’l%l?@f@ld§>. e'a’ﬁéy 86?’{%85?@ @ﬁ%%aﬁwlﬂr@ma loaﬁlﬁnst rate
that the dgﬁgﬁf@t'ﬁzﬂom@ﬁ ORI (PRI QUARGUES LhendiRET NG eachi ng a

peak of O. 00 mcrons) for a pressure of 2000 Pascals. FIGS. 8a and 8b
each repr eskinkneas,onehdisrénsighnalplsoandefositive pletessmaf\s oHugridshii n FI G 4.

FIG 8a re epts the deformatio l.on he. hori zont al axi apd FIG 8b
repr esent s%{lﬁg S%E&Flﬁ'fﬁal 0" [ggrnﬁle{}‘ﬁg 1%‘???51%651"6 i ?\/E%Cﬁflﬁﬁ§%gpdone in
sweep nmode (&Xihae bf fploprihtd Ni&AedsAIHSa EQtdiM GledRnidTehd@BAIbRGeDE,
generating 5439 elenents in all. This data was exported into MATLAB for the

best seconduoh denprershgmeidcgl af fesset dibatiampen fthet ehapenvak the a8SPDuri ng t he

initial assessnent .of .this conputation sche i t hat a
coarser mesRMELE S}GOQP@e%H%ﬁ A% Sé%%eugrgqs/ dgﬁd% ?%\’Ngglal ? @%%&é%? Ke surface
gener at ed it Rerhd®hsdiBPPreeiE ahe Mfsdivei"long@end UBE" bkatidéhiieds 0SS terns
coul d be neglected in the second order polynom al best fit conputed on

MATLAB, so apfdhen He digkhassevastird apaliethalguatiBesy ¥epr eQbeibeliveds & si npl er

bi conic with quadratic r in.. Y, : I : 4. Egq. 3 is
t he Best Fis?lugarlﬁe{? ellyoir)le Sérg\@raﬁ%r gwﬁﬁﬁ%gdatsoa fu??tléﬂgx‘\%@{‘ g?oggl? th%‘ Oggl'?e a exported
f r om COVBOmemBMha2 Qhd 41014 G:2HSx b stiffhaseéanmy ke psrigcedEhy ddpdsitidngef 3 aft er

ignoring X,y cross terns that provided a satisfactory fit to the
def or mat i oricla@yedy stihiceatigy atahds siligen 93Ka (3188 port surface deformation data

into (g de‘sli)gn[ A04QLIBI S mERBRRE AL P Rbhis depRdeld HgrRRPT 0ach was

used to eval uate
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 lens. 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



di fferent design concepts for a non-round fluid | ens that could be adjusted
in power over a diopter range of 2.0D. The | ower power was assuned to be

1. 25D anawoheliidgiser power was taken as 3.25D. A furt hePCRASAMONEIINT Was
that a maxi mum of 0.18D of astigmatismnay be allowed at the | ower power,
whil e a maxi mum of 0. 50D of astigmati smwas all owabl e at the higher power.
[0041] In an enbodi nent, non-uniforni hi ckness of the flexible nmenbrane is
provided in order to nodulate and al'ter its deformation in response to
fluid injection and consequent increase in spherical power. A flexible
menbrane of variable thickness nmay be obtained in several ways, as

descri bed ahtvk. MApirmordentoaditare atbestdittpmpmoorialfadthisswted Aceadnder t he

t hi ckness over certain portio of the menbrane surface uch t apes or pads
may be cut Obcfﬁr pelypgratal a%&ﬁéné’fasf Hpge 48 ?1%15{ §s SHCYgt iﬁer injce e the
flexible mephbangon %f'gpﬁeli‘ceanp@ylgf?l@fdﬁggergisQ@rﬂa&@XTMS%oﬂﬁﬁﬁhﬁ@n@as For

e -

exanpl e, the tapes or pads may onded to the inner surface of the

f1exi bl e néroriamperted mic FRMAK witichl mhdelfrguiodiwaee, groduspd Py iZEMAder to

i sibili f.th ds, . Th 1di
pads 1ot hOHEBPaRe CRER e otk Bar e S s Ty PAradAL g J phigRe fapes of

enbodi ment jdhgaROResiN@IINR8S ada Figlclias bi kexjynderdigngy axCOMSDY fequal to the
refractive index of the fluid. Alternatively, the tapes or_pads nay be

bonded to ehelliftissi Brid lreni whishphe pecsatriony| Hing SorTin PasEHR€c el di ng, or
other meang as vl ‘év@%btﬁé‘?ﬁ% h;?ag{rek‘e;?ﬁxl‘?assois Sl ! ek [Hlnéd*éﬁw% n §J3& Or nore

such tapes of pads’na e used purpose. I'n an enbodi nent, tapes

and pads aggadi@it, uket hdvaadde tdfitbk fims<oldosynectiy.e G| ¢ itesttarey rat her,

differences in thickness are integral to a single flexible.menbrane sheet.
Techni ques ex%mpléwe%ﬁfth@nfgr@&%log a%’éﬁﬁﬁ%ﬁ]@fﬂ@f”\?é?ﬂifﬁbd f%?&‘k 845 i ncl ude,

for exanpl - W i [ | g ' @khg, thermal

f orm ng, aﬁgg?%so\gf Eﬂ(&%aqdlt%dr?ﬁ %%@@%@%T%g%gg@g&p? ustrate exenpl ary
desi gns of phapesran@hpadstonnddbed ih &1Geduednkieato phdt tbenisfoapaiand cont our s
so as to nodul ate the stiffpess of the nenbrane. FIGS. 59 an b illustrate
t apes 502, “§8A08ppII0EY ‘[%‘ﬁg‘“}@ the gnepblgngs reqe %&P?Q%ﬁ/,' qumgm}% exi bl e
menbr ane 5 ' Rt RIS, 60, 504 1HaRPlk&d 2l ong x and
y axes, re%ﬁ%@?@%ﬁfﬁrg@gﬁ ?Fgg(lbdb?ggc?renbrlg%g 806. [ 0043] Tabl e 2 shows the
resul ts of casdlysisonaf stehef theedgidrarayiodebognsn EKowh Flb. Br@preSatsh and 6a, b,
conparing the applicatign of a tape or a.pad (referyed to | able 2 as a
rei nf or ci n&lepidgg)é’?aa?% one dhy kﬁf’r%?@é qxhg?tﬂ]éi :ﬁénp ba[r§prﬁs§8§| Iesed in Table
2, the thi gkpessiQf albhe meetdMion akRY Més%ﬁ%T\(/@& @one haRRePmadadixtas the sane
as that of the flexible nenbrane itself. That is, the thickness was doubl ed

wher e rei nfioexiartbree leyess tpiptliudd thetpadinigmaddeagengyding B8 ohanends ed on ZEMAX

sof tware t hat s used to compute th i ti smover the.entjre range of
spheri cal ﬁ@v\e\rﬁ‘}s glétav\@ials %{%’gﬁﬁ% 1?%3@@%‘8‘%"? rziheal 8%95%03% )E/&;xes. I'n
this anal y$hEmohhg RESBOpLCnty/zZBSIAeEN assuned to be 0.864, the optic
being 35 nm along the long axis (x axis) and 30.25 mm al ong the short axis

(y axil@)39] The | bweise st instéd! gpeessments of thispeppptaten Kekfesstlt oS cal power

is 3.25D. The front. surface of the rigid.l rOMk: with a W

2011/ 04605 5Pen UeBu: kS ey L0 pigh el g B AU ARSI EER

asti gmat i smpcadurtabe gbrng@sd bpavefindr InedbDhzel S\16b, 18Wad fouad lthat alse@ossSpot  si ze

along the x axis is when focused for x; spot size_ al gj%g the y axis is when
éh

focused foferyns cpalsl e mslogtdenithysespnd erdsr 8plnARighbetdiiGATPHER B e menbr ane
Inan MATLAB, so that the surface could be adequately represented as a simpler

biconic with quadratic terms in x and y, as shown in Eqs. 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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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.
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(Eq. 4)
[0040] This computational and modeling 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 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.
[0041] 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



9.9 13.2 Pad along y axis (Fig 5b) 1.02D 10.6 16.9 Tape along x axis (fig
4a) 0.51D 9.7 12.5 Tape along y axis (Fig 4b) 1.04D 10.4 17.0
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bonded to the inner surface of the flexible membrane, in contact with the fluid
(e.g., oil) in order to minimize the visibility of the tapes or pads. The bonding
of these tapes or pads to the membrane may be accomplished using an
adhesive. In an embodiment, the adhesive has a refractive index
approximately equal to the refractive index of the fluid. Alternatively, the
tapes or pads may be bonded to the flexible membrane by laser welding or
ultrasonic welding, or other means as would be known to those of skill in the
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. 5a,b 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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-17- ther ¢ WeRaBinl rp?ééévenﬁmgrﬁeﬂlshfﬁge spe@dizd Mo h@pdt Rizelknegs of the
;g;?gﬁgfﬁnent was |ncreased |§2§ﬁe | ui dy]seRfero; @bl Biis, MIRAGR |nP_ "
N as—a—function—of forcement hicknmess Rel rcrn
Astignatisﬁ%?? 3. 25D Spot 5|z%$% ong X 1o PRgrerTTy Pl ece Max
Pad along x axis 0.61D 9.9 13.2
(Fig Sa)
Pad along y axis 1.02D 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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0.61D 9.5 13.2 Pad 2X 0.37D 7.5
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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
325D

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



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
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center of the optic, since most viewing tasks require direct gaze with
controlled eye movements that supplement head movements for the most
comfortable near-vision experience.

[0047] Other shaped optics, such as rectangular- or square-shaped optics, may
also be adapted to this approach. The shape of the deformed membrane may
be described, for example, as a collection of points such as a point cloud, or a
collection of splines used to fit the points. In this case, the wavefront of rays
transmitted through the liquid lens (including the deformed membrane) is
computed, and an adaptive correction may be applied to the wavefront to
maximize the retinal image quality. The retinal image quality may be
measured by one of the several commonly-used metrics of image quality, such

as the Strehl ratio or the equivalent defocus.

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 allows 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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0.50D at 3.25D sph). This level of eccentricity is adequate for nost |ens
designs, since it provides a |ong axig di aneter of 40 mmfor a short axis
di aneter of 32 mm Further departuré%'fron1the round shape (e.g., an
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i nset (2) magnification discontinuity; and (3) high localized astigmatism, caused by
power discontinuity. These are also the main factors that contribute to the
visibility of this border, potentially leading to a cosmetically unacceptable
outcome. These problems may be minimized by providing a transition zone.
In an embodiment, the transition zone is approximately 1 — 5 mm in width. In
a further embodiment, the transition zone is approximately 2 — 3 mm in width.
The width of the transition zone may be determined by the gradient in power
within this zone, since visual performance of this zone may be acceptable, for
example, only for a power gradient of 0.50D/mm or less, leading to a

maximum value of astigmatism of 0.50D at this zone. In such an example, a

power range of 1.50D requires a transition zone of 3.0 mm in width.

Conclusion

[0050] While various embodiments of the present invention have been
described above, it should be understood that they have been presented by way

of example only, and not limitation. It will be apparent to persons skilled in



[0048] I n an inset-type design enbodi nent, the non-round shape of the fluid
| ens includes a round or elliptical section centered at the | ocation of the
pupi | of wbeowsrs®p. |n such an enbodi nent, upon putti n@Corusthe/ogidasses,
the center of the pupil lines up with the center of the inset. Wth a
circular inset, the active region may be small dependi ng on the shape of
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7a,b illustrate an exeﬂp lary elliptical inset 702 fluid | ens assenbly
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end ofod¢ pom@uhﬁ&g%e&?ﬁﬂpﬁsé of tiltefReddine Abegh@ns adleablEhie aLsi ve regi on
may be devel oped by contouring the thickness of the nenbrane to be

subst ant i alPrignt kinhrierderah QHicehands ther pisi aRnesbs carl sseefighy tror exanpl e,
as shown in exenp Iar eII| ti f ound t hat
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an eccentricity met the
optical spegichi 6ﬁﬂég@ﬂ$erfﬂ%%ﬂ inestodgy €o Ql‘é&hnﬁmepqmeklyrfamgea ofirsdry50D, from
1.25D to 2.75D. A nenbrane thickness ratio of 2X t gﬁﬂggy be used provide
this segmemsaestion the natHe andassgnee e&hieé%hn&ﬁb@sclwreﬁf IG3EAE, t he
menbrane t b[;h(é\ KOESScl A AR i &9 b@&lmﬂﬁ ?snﬁal fr sc%zﬁg Jhehh&ss: ratio, the
nore defl ectron 1s expérienced by the ou zone. | eads to a higher
| evel of astvegti®d irsanyiwayt he active zone. [0049]For such a design to be
cosnetically acceptable, the border of the active optical region my be
snoot hly bl ended, so that inmage junp or perceivable inmge distortions are
avoided. It is found that the main causes of the visual disconfort
associated with this border are: (1) prismdiscontinuity; (2) magnification
di scontinuity; and (3) high localized astigmatism caused by power
di scontinuity. These are also the nmain factors that contribute to the
visibility of this border, potentially leading to a cosnetically
unaccept abl e outcone. These problenms may be m nim zed by providing a
transition zone. In an enbodinent, the transition zone is approximtely 1 -
5 min width. In a further enbodi nent, the transition zone is
approximately 2 - 3 mmin width. The width of the transition zone may be
determ ned by the gradient in power within this zone, since visual
perfoi mance of this zone may be acceptable, for exanple, only for a power
gradient of 0.50D)mMm or less, leading to a nmaxi mum val ue of astigmati sm of
0.50D at this zone. In such an exanple, a power range of 1.50D requires a
transition zone of 3.0 mmin w dth. Conclusion [0050] Wile various
enbodi nents of the present invention have been descri bed above, it should
be understood that they have been presented by way of exanple only, and not
limtation. It will be apparent to persons skilled in WO
2011/ 046959PCT/ US2010/ 052367 -20- the relevant art that various changes in
formand detail can be nmade therein w thout departing fromthe spirit and
scope of the invention. Thus, the breadth and scope of the present
i nvention should not be Iimted by any of the above-described exenplary
enbodi nents, but should be defined only in accordance with the follow ng
clainms and their equivalents.



[ 0051] Further, the purpose of the foregoing Abstract is to enable the U. S.
Patent and Trademark O fice and the public generally, and especially the
sci enti stwp 2engi4nesers and practitioners in the art who &ce/usealofosasst i ar
with patent or legal terns or phraseology, to determne quickly froma
cursory inspection the nature and essence of the technical disclosure of
the application. The Abstract is not .intended to be limting as to the

scope of the present invention in any‘way. -21- What is Cainmed Is: 1. A
fluid | ens assenbly, conprising: a non-round rigid | ens having a back
surface and an aspheric front surface; a flexible menbrane coupled to

t he back surface of the non-round rigid I ens, such that a cavity is forned
bet ween a fWhbatis €lmmadés:of the fl exi bl e menbrane and t he back surface of
the rigid |l ens; and a reservoir in fluid communication wth the
cavity betvieen tAéufdlont assemblaceorofritiie f | exi bl e menbrane and t he back
surface of the non-round rigid | ens, such that a fluid is transferable

bet ween the reservoir and.t. cavi t.y to, chan the,optical . of the
fluid lens asser?bfl?/n,'m‘migi nglaﬁB?se%?‘n“%{%@ BN 1% efapgnat% %Sﬁ’g?récgg%g{ | east

partially regeyces an optical error caused by fluid located in the cavity.

2. The fluid lens assenbly of claim1l, wherein the back surface of the
non-round ri gi d a f&xsble snesphiend eoupled.to teeback gindaqeer sharaerayng rigid cl ai m 1,
wherein a transfer .of flui.d between .t re VoI i causes the
f1exible néﬁﬁréﬂglﬂgu6h8ﬁ6§’?hcﬁgeggﬁﬁggﬁcgﬁﬁﬁgE&E%&$ﬁgq§?3?%hﬁ%ns assenbl y
of clai m 3,nawehed ind ie basphefice of menigidlehiama of the rigid |ens
substantially counteracts the aspheric surface of the flexible nenbrane.

5. The fluid | ersreaeseritnylud cemaiumctionndieins Ry PPEYIeRItRe fftbr ane is
uniformin sh@agek@fetﬁé ‘flexible membrane and the back surface of the non-round rigid

lens, such that a fluid is transferable between the reservoir and the cavity to
change the optical power of the fluid lens assembly,
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 spheric.

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 the aspheric surface of the flexible

membrane.

5. The fluid lens assembly of claim 1, wherein the flexible membrane is

uniform in thickness.



WO 2011/ 046959PCT/ US2010/ 052367 -22- 6. The fluid |l ens assenbly of claim
1, wherein the flexible nenbrane is not uniformin thickness. 7. The fluid
| ens assewDl2g110i69hai m 6, wherein the thickness of the PCERiShée/osBaDr ane i s
contoured so as to cause the flexible nmenbrane to change shape spherically
when fluid is transferred between the reservoir and the cavity. 8. The
fluid Il ens assenbly of claim1l, wherein an astigmatismintroduced by the
aspheric front surface is within a téferance level of a viewer. 9. The
fluid I ens assenbly of claim11l, wherein the front surface of the rigid | ens
is toric. 10. Afluid | ens assenbly, conprising: a non-round rigid |ens
havi ng a back surfcatied and asdntdntof sinihalcevherein the Aefibexmbinbramenbr ane
coupled to the hack surface of the non-round rigid lens that forns a cavity
bet ween a fPbRUIATYNABIEKDISSt he flexi bl e menbrane and the back surface of
the rigid |l ens, wherein the flexible nmenbrane is not uniformin thickness;
and a reservoir in fluid comunication with the cavity between the
front surfdce ofThehBuil Exs bisgenmdpofacleinand whereiatie thuekihagseobfthea he

non-round rjgid |l ens, such that fluid is transferable between the
reservoi r ék%ﬂg%én%%W???ﬁfcprm? e“??ﬁﬁa ERCIES séﬁﬁ@ﬁynﬁwﬁﬁwgiﬁilo, wher ei n
the thi cknegshRfshhhie sfiehip) heRMRIERErASGRAIRUEH §O raRridy salse the

fl exi bl e menbrane to change shape spherically when fluid is transferred

bet ween t hé¢heesgyvoir and the cavity. -23-

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

by the aspheric front surface is within a tolerance level of a viewer.

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

rigid lens is toric.

10. A fluid lens assembly, comprising:

a non-round rigid lens having a back surface and a front surface;

a flexible membrane coupled to the back surface of the non-round rigid
lens that forms a cavity between a front surface of the flexible membrane and
the back surface of the rigid lens, wherein the flexible membrane is not
uniform in thickness; and

a reservoir in fluid communication with the cavity between the front
surface of the flexible membrane and the back surface of the non-round rigid

lens, such that a fluid is transferable between the reservoir and the cavity.

11. The fluid lens assembly of claim 10, 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.



12. The fluid | ens assenbly of claim11l, wherein a thickness variation of
the flexible nmenbrane follows a neridian of the nenbrane. 13. The fluid

| ens assewbl2911ai46asPai m 11, wherein the flexi bl e nmenbraneCrarspeidsss7 a fir st
menbrane of uniformthickness; and a second nmenbrane of uniform

t hi ckness, wherein the second nenbrane is smaller than the first nenbrane
and is attached to the first nenbrane_along a neridian of the first
menbrane. 14. The fluid |lens assenb?%‘of claim1l, wherein the flexible
menbr ane consists of a single nolded sheet. 15. The fluid | ens assenbly of
claim1l, wherein the transition between a m ninumthickness and a nmaxi num
t hi ckness af. t hatkl faxi ide wsnisland ciamship otherein b8hickhessfvaundor ehs assenbl y
of claim 11, wherein a maxinmumthickpess, of th fl exi bl e menbrane is at

| east twi calallailblemambmnelolaws agrerdian ¢f a5 #nbrane. 17. The fluid

| ens assenbly of claim 16, wherein the nHX|nun1thickness of the flexible
menbrane is at least three tinmes the mninmumthickness. 18. The fluid |l ens
assenbl y ofl3cl aiTielflyid verer assemb lyeofrdminuhi f whereinythefflaxiide pesxirbtee menbr ane
provi des a range of adjustnment for the fluid | ens assenbly of approximtely
2.0 diopt efSP1§E: The fluid | ens assenbly of claim 10, wherein the front

surface of the naps trrﬁb'xﬂgrahbgfgmk&ﬁﬁthic%nés%%)ﬁlﬁfl c. WO
2011/ 046959PCT/ US2010/ 052367 - 24- luid | ens assenbly, conprising:
a second membrane of uniform thickness, wherein the second
membrane is smaller than the first membrane and is attached to the first

membrane along a meridian of the first membrane.

14.  The fluid lens assembly of claim 11, wherein the flexible membrane

consists of a single molded sheet.

15. The fluid lens assembly of claim 11, wherein the transition between a
minimum thickness and a maximum thickness of the flexible membrane is

smooth.

16. The fluid lens assembly of claim 11, wherein a maximum thickness of
the flexible membrane is at least twice a minimum thickness of the flexible

membrane.

17. The fluid lens assembly of claim 16, wherein the maximum thickness

of the flexible membrane is at least three times the minimum thickness.

18. The fluid lens assembly of claim 10, wherein the non-uniformity of the
flexible membrane provides a range of adjustment for the fluid lens assembly

of approximately 2.0 diopters.

19. The fluid lens assembly of claim 10, wherein the front surface of the

non-round rigid lens is aspheric.



a non-round rigid | ens having a back surface and a front surface; a
fl exi bl e menbrane coupled to the back surface of the non-round rigid |ens

t hat for msoaota46459 bet ween a front surface of the flexiPbiraseewibszane and
the back surface of the rigid | ens, wherein the flexible nmenbrane is
configured to change shape at an elliptical portion of the flexible
menbrane differently froma portion 2f the fl exible nmenbrane outside the
elliptical portion when fluid is tra 4ferred between the reservoir and the
cavity, the elliptical portion of the flexible nmenbrane being smaller than
the entire flexible nmenbrane; and a reservoir in fluid conmunication
with the cavity Addtiddem dshenlyoctmsisifgace of the flexi bl e nenbrane and the
back surface of the non-round rigid lens, such that a fluid is transferable
between the reservoir and the cavity. 1. The fluid. |lens assenbly of claim
20, wherein a tﬁin@ﬁ‘ﬁt@%‘{]ﬂgldtq?f?c@vm%ql?a(‘fglsugﬁcretaingr?ule(fnttergg(feF exi bl € menbr ane
i's smaller than ,adickRassaricouprdlid el ke siverderane: i -®uderighe el liptical
portion. 22. The fluid |l ens assenbly of claim?20, wherein the front

surface of letsghatdhrmoanavibi bitaetren fronsswasish ef the, flexible membrane and

the back surface of the rigid lens, wherein the flexible membrane is configured
to change shape at an elliptical portion of the flexible membrane differently
from a portion of the flexible membrane outside the elliptical portion when
fluid is transferred between the reservoir and the cavity, the elliptical portion
of the flexible membrane being smaller than the entire flexible membrane; and

a reservoir in fluid communication with the cavity between the front
surface of the flexible membrane and the back surface of the non-round rigid

lens, such that a fluid is transferable between the reservoir and the cavity.

21. The fluid lens assembly of claim 20, wherein a thickness of the
elliptical portion of the flexible membrane is smaller than a thickness of the

flexible membrane outside the elliptical portion.

22. The fluid lens assembly of claim 20, wherein the front surface of the

non-round rigid lens is aspheric.



