ADAPTI VE ELECTRO ACTI VE LENS W TH VARI ABLE FOCAL LENGTH CROSS- REFERENCE TO
RELATED APPLI CATIONS [0001] This application clains priority to U S
Provi si onal Application No. 60/645,839 filed January 21, 2005, which is

i ncorporated herein by reference inits entirety. BACKGROUND OF THE

| NVENTI ON [ 0002] Correction of age-related optical changes in the eye
becones increasingly inportant as the |life expectancy continues to

i ncrease. One age-related optical change in the eye is presbyopia, where
peopl e have dﬂﬁﬁW&VEﬁuﬁCW%Mﬂy&uﬁgﬁ VEEiHE¥ AL BRLE ﬁ&é’*ké&"&éﬂﬁecause of
decreased lens flexibility. Presbyopia usually begins to affect people in
their forties, so there is a significant need for this vision correction.
Ophthal mic lenses with fixed focusing properties have been w dely used as
spect acl es affRQnBEaERE : ALAPRLEGAVIENNS and ot her conditi ons.

[ 0003] Ophth Le | i { i i _focusing
power (i.e., ﬁ‘:lt({d]%ff oﬁ%?%%@ﬁ?@}@yﬁ@%ﬁggEf’:)rmﬁgﬁ’ﬁglt gﬁ%ﬂéﬁ?%‘?l‘}?i ng power
provi des t he6@{pd5aise filean)amywent 2161206 c whisb daincerporaie hefrin byjreferancss

i nterest at C%'wiiisfeq{tf?&&,edi stances into focus. Adjustable focusing power can
be achi eved U' ng a nechani cal zoom | ens. However, the nechani cal approach
makes the spectacle bulky and costly. [0004] D fferent optical techniques
have been exploited in bifocal |enses to allow both near and di stance

vision. For &{iGBOUNE OFSEHEANYERIVON enses providing different focusing

power to eac , @Qne_ for r_ohjects. nt objects.
Al ternativel &O%ﬁ u@%rr%(fmgrog§%8ir\%g&g?%%&gg P%}%@éﬁi&%ﬂe&% |S?f ractive
| ens or ot heinctkadirgjlpimgeezinhag treslife kapbctaeayr caniiduds &1 nteasb] é¥tesaga-e i maged

to th ti i mul t | d the brai i St i t he. | )
Except Tor t FRABRIBUEH aRnes M PRV eite Rt Thler il e eyl el RFRES,
opti cal techrigdrg dicsesatiddts oftarthbeetin secause b depeased lenedlenibiies do not

work well when the pupil .is small,.since the.iris_blo t eam t hat
passes thr ougﬁeﬁwepg‘ﬁ%ﬁ'?y B%P? }%ﬁﬁ%cft p?ﬁ@’ellgﬂws?‘rfsﬂﬁtbetsh%?%oeﬁ ?Sogﬁ) f or
correction i signhRanussedobr tndyioni conrekbBos eSphinbaenie lelidebaritmfixeocusi ng power
is provided to each ege, one for near ,obje¢cts anq t,he o(éhert fqr %ésstant

obj ects. HowdRREING R ﬁ'ﬁ%BﬁY%Pe%Wﬂ %H%ecdg%st PP oS APA &P ECIRR

nmonovi si on | enegsed@hfedtybfia drid0Rher &remionscal |y switchabl e | enses (for
exanpl e | enses having a | ayer of li?Hi d cr{){ﬁ@l andvvicgh d?lb(?t ween two
conductive pll@R&HE wREPDAME IepsesRIaIH Use qyis‘?ﬁ}'ieoa ‘ﬁ% 8I"°%Hges upon
appl i cation ofwap (il arb fecusiiggdseraret iars). depetatiedodusingis@vém opti cal
systens (see, for exanple, 1984) ;

) _Komi, Appl. Opt. 23(16), . 2774-%2177{.
Dance, Laser Prodees gy vdth arsgxietrsd apgommedaiinicr hring eRjediicl KRIBPE | enses,
various el ecty ofe (GRMdHEALIMBNS VA IeRBIeSbEieg powbetaribagohicesael zone
pl ate el ectrode structures (WIllians, SPIE Current Devel o nts in Optical

Engi neeri ng awsthdGomeshainiaql zopm egs. Hogevendhe BzhanigglfPer AKeEpt i cs
Conmuni cati o : ). Variable focal length Iiquid crystal

| enses have E'Z%%‘g é%%’??ﬁ‘ekg%(‘gi‘i%%@'qa . J. App!. Phys. 24(8), L626-L628
(1985)). Howd0@d4]t hBiffesentafptichlariiniarsshaye beatsedlpipdipdifpsel'ensesie

appl i cations js, | ¥ ; Jac Ty FERYa] mawnal& idreki on
efficiency \Ahéclalﬁwtdr?gp' P%%a%ﬁe%%%{] Egp)éé’%ﬁaﬁg;%@?ﬁdg&gﬁ%yvegw tglhi ng tinmes

resul ting frqmovitiegrgtarentddeydiing knwestoofachrrye, paafer naey sbigcty ayeihe An

i nproved | ens_ wi t:h adj f i i e ; OF THE

| NVENTI ON (66‘)3%]%&%@?%@%légde@feﬁé@%?gm%%s"fﬂn .‘%‘g‘g' en\%#ﬁ@a@ﬁds met hod for
adj usti ng t hevifboaladifflaethgt lbnsbr atHegni/isisn probuicted. bath@eacanddsiagit i s based

on an individyally_ addressable. el Q L. ' ; t wo
appl i cati ons G¥° t%aren'gwgﬁéﬁné%?hef%@%iS&g%lpag‘tS%ﬁi"ggp %ﬁ&gﬁ?@%‘sﬁgéﬂ&? C |§ng t he
focal |ength theimegss. Gixsgpigbetneddiivesl diffractine leesbibei fimhof vieweassirgctalese engt h

is switched between an initial fqcal, |ength and integer .multinpl of the
initial focalCRtUSAGERINGYRS ‘§(§E@rﬁld0‘;céﬁbqr@8?€i’§?1%§| ?pé\?gﬁt%c%‘%e%gﬁéﬁzl use,
where the focghiklvemaiten ®eGRiplliinueus) sinedlirestietictkothd hearitmimassgossi bl e
val ue based on the design paraneters to i finity..Thﬁ)neM/desigq over conmes
the difficul tthewdhdae pnhdar RE0R of fslensvoyeinehaRlieT (5 PP i LT BRd is an
adj ust abl e focusing electrically controllable electroactive lens. Also
provi ded are nmethods for discretely or cpntinuously adj usting the focal

|l ength of an electrically controllable electroactive lens. Electrically
controll able electroactive I enses allow the focal length to be adjusted

wi t hout bul ky and inefficient nechani cal novenent. In contrast to the

si mul t aneous vision | enses such as bifocal, trifocal, or progressive

eyegl asses or contact lenses, in which the field of view for each vision is
limted to a narrow corridor and the user is confronted wth two i nages,




[ 0051] More specifically, Figure 5A illustrates a |ayout of concentric,

i ndividually addressable (individually controll able) ring shaped el ectrodes
in one layer. Neglecting the wires 520 and the vias through the insulation,
this layout is defined as a "one-layer" structure because all of the

el ectrodes are in a single layer. [0052] Alternately, the wires 520 may be
ganged cl ose together in a bus (not shown) running radially with respect to

C(ﬁncent ric Luélﬂoﬁta&%vré?&ﬁ@nsé@%{ﬂre Eﬁﬁe@erﬁth@zltusmgt‘;ﬁqu&&t pevited teleﬁchr ode I
shapes may be used. For exa a hexa arra cont ai.n_hexagona
IPeTpiERLp ety 1y

pi xel s, or aC¥fsice QTSR ﬁ‘ﬁlﬁn%cﬁfﬂdatihﬁ fRidPe WENPT. Ry y egul ar

shapes may cagaaﬂarctegrh BaiEcptGy BTENChIE Wi AGhbuSoRIdmes.ard usegul ar or
conpl ex shaped el ectrodes may be fabricated to correct for a )%e% fIC

non- symmet r i [@065] n(ﬁre@acpﬁ)tywt@hatple&naﬁsdwr@ra@ra*ertert%%ét&w 219

Addi tional | yy Jnﬁ‘@ry@ a‘f)gérﬁd%ﬁg%d@dm@éﬁ%wt{%h&ﬁ&n@efphit«%ﬂﬁér% ths dridatadionect i on
of theotlcct ) er to create nore conplex interactions wth the
liquid cr ystaﬂ tbe llgwdmstamor\er\@eﬁ epgn applicafien o ahelrriR IBIRERVEERENt i es may
be controlle [ [ to create
diffractive ﬁeeéncgrgggf%rg%%te rﬁ%ﬁtré*%y&? H%g(rg %é fbr é)kd?ﬂﬁeQi‘(?(\gélgﬂP 3 @lﬁ;m de the

wi dth of one28{ieYy 2§Véea7r76qé98dsucnameghaegﬁrf@rcua&\rmdt?y%% é?r"rr(a%z»ra)}nal S0

t | et
Ot i T S e o R e P
outwards to Etmeheﬁfﬁtrtaltminuy reteslmost pidtecleadde socterashyY illiems, Sifer nost

I Dust rates. RReROPOregy e PP i s LR A IR 1SVl 2 of

contact 530 %2@517@%89)11{9113@0&'(1 Oiptigs @beHnmmcmton[sooss]SgFtbQ@u(&&Sé) a 4 |evel

or 4 phase d| ffr ct|v | ens, the i i 0 d into one
zone. This fi rﬂ&?b%?] E%}QB}F%%C@’S er%&%i‘ ggﬁeeﬁ i 'rbl%n 44 ﬁoélr‘%a &
i nner nost el agbr. gugs RABRLI26-Eseb (0ds3)heloweladhe adest liquid chystal subzone of

the first zone. The second, zone conpr third
zone is conplaTsEd hyPeatasls P&ﬁ@?pgcait nsﬁlém&%%a%/%%zﬁﬁw?ésicef?:rcs)f’r‘}??rug by

el ectrodes 1§l 6iffradiios eﬂrmmtsmneotmeamgm fsoirraagers ay\desla!rsswrtczmm@vel (or
phase) diffractive lens wt zQne k005%4f h ri 2%%3 aeftrrﬁ?ﬁle 540 is

i ndependent | {Megdpeduambireny eri?%@débt? 3es571dRg %‘@80 HEVETAL | ¢ he

el ectrodes af@pjvel ldlautigradibsiaBrR tbayshg pbher ie neesedbe el ectrically

i nsul ati ng gaps bet ween nei ghbori ng el ectrodes. The gaps between the

el ectrodes may cause phase distortion, and sinulation of this design shows
that this phase distortion may greatly affect the diffraction efficiency
and ot her perdimaEteorcRsEIRYENTIONS] To al | evi ate the distortion caused

by insulatin S bet vveen el ectrodes in a ayer. de t her
el ectrode coﬁﬁ%ﬁﬁraﬁ% ehaeBIgN RO iESPOR H%*F%‘ etaﬁg ‘frtﬁédé ectrodes may
be separ at ed dififs@ng W t@béﬂbﬁ@tﬁ dfayiensis rﬁr@vr@eea’fr% raewtdeerghas'bas&zteem gn.

[ 0059] Specifi caI ly, the odd nunbered rin l.aced in one el ectrode
| ayer, and t @@ iedisiuplindddressaniagiechage B@g%mg@éacq Al ?gt’% second

el ectrode |aygy noem%%f tm&mabsxgﬁt mleﬁf@étrémbﬂcalt@%%ﬂt@mmihEIr@Gpaﬁm%d by an
i nsul ating Iaygr such as Si 0

OGOMI gure <213 illu trg% s.a Structure
wher e odd- nunegte hebress diserete ‘éﬁtﬂe%v pdmeat- 4ot fFGLENGHES| nt er | eaved
into two horigantal b!ef?rb’e%rnsa Al RRELIh ST TR IBRled 6 BBheitaIgesiubzones
(two- | ayer structure) [0 @1] The controller or Driver 510 co cates

t hrough wi r ede®®0. The swnélml%iﬂésa“ca‘r‘ﬁda ke grRREt Bfe NGt %BLd into a
layer with tn&@r{?@oéﬂtﬂgﬁué?zadﬁggeafrlo%’ﬁ{e Mirifuffosamk {'/alﬂg%a%&on'rhese t wo
el ectrode | ayers arée separa y an insulating l'ayer Si02

al i gnment nartks déelgnamaearaétem whiofinityf. of hphet slePIOR YIRS ‘I”&tﬁ*ﬁ’é‘a‘t‘?ﬁ)n

al i gnment. Zo 1e m?HB%?(a\réd Zone mtl 590 are al so shown, corresponding to

adj acent zone FF% gure 5A. [0062] In Figure 513, the cross section of
the two- | ayer[oedEct nute spatifieally, psawﬁtes:ptsaaymﬁrusth@eé@trusmmeteatﬁ@aﬂy

even-nunbered rin istributed,in t r re are no
gaps bet ween FA© ﬁ%?] gj’(‘f?mﬁ@“veq &R G d r%%eﬁoe%ﬂ%eraéﬁolhgmrasé?%er%l cul ar
direction (Vlcﬁhﬁdu@k%ﬂgdﬁrbt&rg)m@tcaat laxgth of aSpssitddatiicoytoliabie t hat Zone m
580 extends fromrrn to rmland conprises a total of 4 electrodes. 2 of the
4 el ectrodes in Zone m 580 are even nunbered and reside in |ayer 542, and
the remaining 2 el ectrodes in Zone m 580%resi de in | ayer 544. [0063] In
this case, each ring electrode 540 may be individually addressed from an
additional |ayer (not shown in Figure 56) through vies as in the one-|ayer
case. The wires 520 may be | ocated in any convenient |ocation or |ayer.

[ 0064] One exanple of formation of a two-layer structure follows. For
substrates onto mhlch patterned electrodes mnll be applied, alignment marks

— o~ o~




pertains. [0095] One skilled in the art would readily appreciate that the
present invention is well adapted to carry out the objects and obtain the
ends and advant ages nentioned, as well as those inherent therein. The

devi ces and net hods and accessory net hods descri bed herein as presently
representative of preferred enbodi nents are exenplary and are not intended
as limtations on the scope of the invention. Changes therein and ot her
uses wll ocgy S Wi thin
the spi it of HHearNIaRTs oreb PN Byl S g E R B R ARAPR cﬁi.@ﬁ% [ 0096]
All referencasmnmneﬂehéu@mdm&h@ubb@kbyndn&ﬁﬁwﬁﬁaﬁé@abva¥@Pé$@ﬁ%% fo the
extent that there .is,no.inconsist this

speci fi cati offo" °PE?%F@ﬁ@§§nﬁﬁﬁgﬁﬁgﬁ%ﬁgFé@ﬁagF@&%ﬁiﬁﬁﬁgfg¥e b
reference herpﬁ@@eé@v@é@égl@ed@t amhtac’clensa in whichdiok txeldmwle@ew each
conponents, addlt]

confi tional
patterns for b%‘?ri@ ‘HB déPgdWr&f‘é m tbﬁgseﬁjg%ﬁgﬂ%ht%? anal ysi s and
addi tional usgeged, ddené mmewsm lerhélﬁk%]wrﬁ?ch Beittitocetaralepth Treepijan iand

vi sual opti cal | nstrunents, iversity Pres 098] G
Vdovi n et al .affegiedh i gledy- %qu,etayfj«@? F"Wtr}?%%'ﬂﬁ 8¥ %ra%fbcf tveeacg'p ?ré{'s%
Express 11: Sjé%nﬁ%En tl?@@rﬁole[é@»@&%&]aé/’!h@ daansfoetsial powst. didvidesahhge
controllable liquid crystal Fresnel Ienqsy Pr Oﬁ?}?‘SPlE 1168:. 5)52 357,,.1989.

[00100] J. S.fropathg adipstgple fogtsing ¢lpelird £ leises provide adjustable

pol ari zat i on- &S’&r&fﬂ/ﬁﬁ@tl qufénadofqréwhaah fide duemlsy witioay the @ud toLet t .
16: 532- 534, 18 0010 ag B. ncé FQ(VZIHEicrystdal ﬁls w t chabl e

Fresnel |ens, sw@béqet%@u@ﬁmﬂt Qhﬁ%@%lﬁnsfgg@hef@é‘i@ﬁfg?\ﬁ oféﬁnsﬁen%| tshire,
Non- di spl ay "’*B@QH&F{MQ&] ﬁ%@ﬂ Wk, %W@éﬁTalﬁ’&éa§&sope$@ﬁerW1ﬂRmar ch

10: 119- 125, Ren-at _al unabl e Fresnel |ens using
nanoscal e polmﬁege@ﬁsﬁ)mwfﬂdﬁﬁlﬂa%stal s, Appl. Phys. Lett.

83: 1515- 1517, 3.
Coviow O #oﬁ@éﬁ I QQ%Q%J&ngmé/?g g@éﬁfiﬂ%’?ﬁelgggsm%b%t@aﬂy ﬁ@ﬁt@dllabgﬁlhz

Diffractive beiéa;tasﬂctwtana@s:momdeldemnprﬁmﬁc a Mttcm/@?ilay@w@%chgsg
[ 00106] S Satg,.aL, g %83(%5@4@%%? deiUH PrehiSioile (FRHNS] clbewisde Jpn. J.

Appl . Phys. Commander at al., Variable
focal |ength hramg)l\/&ezmes,ea(mtzmmmLm‘lcilwyliﬁdfes?@b@ SUPBONEB] S. T.

Kowel et al. US| f i l'iquid
crystal cell, OA%& ed&c\)’k “99’!% h%%@h%@ﬁ%g‘ggé a%%cg%&igw%@u%?wgt&lglab@ Ofg\daptl ve
spherical | en&e fitgtptans@ptent QBT VHETF M 2084 arg pogiliog ifegaBARslaat al .

Li qui d-crystal adaptive |.ens -994,
1998. [00111]° 3R et %quggg%é o8 st Y B t@@fk‘? oing ke >
modal |iquid efriystsabonensepardted\subSrate. Mstindimduglly: SiPosSHYT sUPPOES [ 00112]

devi ce, ot . YAPFTI9IS o1 noaned SRROL ol P e g (GrEHEl Plaree ™

SW t‘chabl e | i guitglcis thessilzohbdarey sdpaivatedlbyns, inSator Goprayent e_!es’crrmalg 193

1993. [00114 .. Masuda, at . al . i,qui d-crysta

beam st eer i ngl‘?‘UH‘E i BAhe K%M‘Cﬂ‘%talad% 39'?2%339%68%%% Fﬁ%%ﬁé Kress at
al., Digital Bhidihagbiectof®thsse pbehion¥i bayws cBemnse bbdzontaD@anes, Fabhe 3.
The outer radius of each subzgne for a ctive |lens.

Subzone# 1  separgiggdyan insulating ’aYQ'EL§f@§‘%§ﬁnﬁ%r§9‘%’“s49a‘hé%ﬂ6%‘f’ ﬁgo 86 526. 76
568.96 608. 2;§nown in thd-art, 645. 14 680. 04 713.23 744 95 775.36 804.63 832.87.
886,

860. 19 66 912. 37 937. 37 961, 7 4 08. 66 103
1053. 51 [0@09] 104 maiaod plordiggingtpe facal & 19‘2a %I@%yd‘?t%f?‘?‘@@%iiw 33

1216. 49 d3BAsiRG HRARINBalaR5. 64 1342. 97
1360. 08 Oﬁan O@gé’ fggal%%ngﬁ F%fﬁ(])a%gcmg ! % %442158 1458 52 1474. 29

1489. 89 chpnaisga rmidigysiablayasawigepd between a pair of transparen
substrates; a Fresnel zone patterned electrode positioned between the liquid

crystal layer and the inward-facing surface of the first transparent substrate,

said patterned electrode having M zones, each zone having L subzones, said
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23265 B RBBGe BiePBAFe80 theBBE grystal layer q%d “‘%%@f

g s o

surface of the second transparent substrate; and an electrical control
electrically connected to the electrode zones and the conductive layer;
applying the same voltage to each k individually addressable electrodes to
adjust the focal length to kF, where K is an integer from 1 to ML. The focal
length can be discretely tuned from F to infinity.

[0010] A method of continuously adjusting the focal length of a lens is
provided comprising: (a) providing a lens comprlsmg a liquid crystal layer
enclosed between a pair of transparent substrates a Fresnel zone patterned
electrode having L diffraction levels positioned between the liquid crystal layer
and the inward-facing surface of the first fransparent substrate, said patierned
electrodes being a circular array of individually addressable rings; a
conductive layer between the liquid crystal layer and the inward-facing surface
of the second transparent substrate; and an electrical control electrically
connected to the electrode zones and the conductive layer; (b) determining
the desired focal length (f); (c) calculating the area of the mth zone of the
Fresnel zone patterned electrode using the equation:

24 2= (f+mA)?, where f is the design focal length, and A is the design

wavelength, and i, is the radius of the mth subzone; (d) dividing the
calculated area of the mth zone by L or a larger integer to determine the
number of individually addressable electrodes that form a design subzone;

(e) applying the same voltage to the number of individually addressable
electrodes in a design subzone. The method for continuously adjusting the
focal length can further comprise before step (a): determining one or more
design focal lengths; calculating the maximum ring size in the Fresnel zone
patterned electrode that allows all design focal lengths to be formed in a
design subzone.

[0011]  In one embodiment, the electrode zones are formed from patterned
{TO (indium Tin Oxide) electrodes. The phase retardation in each zone is
modulated by reorientation of the liquid crystal using applied electrical fields,

as known in the art.
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advantage is the ability to adjustably change the focusing power of the lens.
The focal length of a diffractive lens is determined by the electrode zone
spacing. In the lenses described herein, the electrode pattern is fixed and the
focal length can be changed directly by changing the electronic driving
connections to the electrodes and the voltage applied. In one embodiment,
the individually addressable electrode zones allow correction for different
distance vision, including near- (e.g., reading), intermediate- (e.g., computer
screen) and distance vision. The focusing power can be adjusted either
directly by a range finder or manually by the user. Inone embodiment,
microelectronic circuits are integrated with the lens, so the assembly is
compact. Also, the electrode structure is invisible, which provides a cosmetic
advantage over the terraced liquid crystal approach. A loss of electrical
power will not affect the distance vision (the focusing power provided when no
current is provided). At each working condition the entire aperture has the
same focusing power. The Fresnel zone structure described herein in one
embodirnent allows relatively large apertures, which is required for ophthalmic
lens applications. Other advantages of the invention described herein include
a compact design, lighter weight, low cost, easier operation with low voltages
and low power dissipation.

[0013] As known in the art, the focal length of the lenses described herein
and the corresponding diopter values can be either positive or negative,
depending on the voltages applied. These variations are known o one of
ordinary skill in the art without undue experimentation and are included
herein.

[0014] As used herein, “adjustable focusing” means the focal length of the
lens is not fixed at one distance as in a conventional optical lens. The focal
length of an adjustable focusing lens is adjusted by changing the voltage
applied to elecirodes by means known in the art. In one embodiment, the
focal length is adjusted by the user to provide vision of an object at a desired
distance. “Individually addressable” means the same or different voltage can
be applied to different electrodes independently. “Electrically controllable”

means a voltage is applied to control or change a parameter, such as the

5
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necessarily mean that every different focal length is achievable, due to the

physical limitations of the current patterned electrode fabrication techniques.

[0015]

As used herein, “layer” does not require a perfectly uniform film.

Some uneven thicknesses, cracks or other imperfections may be present, as

long as the layer performs its intended purpose, as described herein. As used

herein, “perpendicular’ means approximately perpendicular to the surface of

the substrate. Note that the optical axis generally is approximately

perpendicular to the surface of the substrate. As used herein, “no horizontal
gap” between electrodes includes the situation where the electrodes have no

space between them when viewed in the perpendicular direction, and also

includes the situation where there is a space between electrodes when

viewed in the perpendicular direction that does not cause the diffraction

efficiency of the optic to be reduced by more than 25% from the theoretical

maximum, as well as all individual values and ranges therein.

[0016]

The devices of the invention can be used in a variety of applications

known in the ar, including lenses used for human or animal vision correction

or modification. The lenses can be incorporated in spectacles, as known in

the art. Spectacles can include one lens or more than one lens. The devices

may also be used in display applications, as known o one of ordinary skill in

the art without undue experimentation. The lenses of the invention can be

used with conventional lenses and optics. The lenses of the invention can be

used as a portion of a conventional lens, for example as an insert ina

conventional lens, or a combination of conventional lenses and lenses of the

invention can be used in a stacked manner.

[0017]

This invention is useful in preparing spectacles having lenses that

adjust focusing strength based on distance from the object viewed. [n one

embodiment, a range-finding mechanism, battery and control circuitry are

housed in the spectacles or are part of a separate control system. These

compenents and their use are known in the art. As one example, the range-

finding mechanism is used to determine the distance between the spectacle

and a desired object. This information is fed to a microprocessor which

6
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[0018] Various methods of applying voltage to the electrodes can be used,
as known in the art. A battery can be used to supply the voltage, or other
methods, as known in the art. It is known in the art that various methods of

controlling all aspects of the voltage applied to electrodes can be used,

including a processor, a microprocessor, an integrated circuit, and a compuier

chip. The voltage applied is determined by the desired phase transmission

function, as known in the art.

BRIEE DESCRIPTION OF THE FIGURES
[0019] Figure 1 shows an ilustration of a diffractive lens: graph (a)isa

conventional refractive lens; graph (b) is a diffractive lens with continuous

quadratic blaze profile; graph (c) is a binary diffractive lens; and graph (d) is a

four-level approximation of the diffractive lens.

[0020] Figure 2 shows a construction of a diffractive {ens.

[0021] Figure 3 shows a liquid crystal cell.

[0022] Figure 4 shows general structure of an electro-active liquid crystal
lens with patterned electrodes.

[0023] Figure 5A illustrates a structure where all electrodes are on the
same plane (one-layer structure), in which there is a small gap between

neighboring subzones.
[0024] Figure 5B illustrates a structure where odd-numbered electrodes

49
88
67

and even-numbered electrodes are interleaved into two horizontal layers, and

there is no gap between neighboring subzones (two-layer structure).

[0025] Figure 6 shows an example of digital variable focal length using the

individually addressable electrode paitern.
[0026] Figure 7 shows continuous adjustment of the focal length using

individualiy addressable circular array of electrodes with proper resolution.

DETAILED DESCRIPTION OF THE INVENTION
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principle of the adaptive lens are briefly reviewed here.

Diffractive L.enses
[0028] Diffractive lenses are known in the art. The function of a diffractive

lens is based on near-field diffraction by a Fresnel zone pattern. Each point

emerging from the structure serves as an emitter of a spherical wave. The
optical field at a particular observing pointis a summation of the contributions
of the emitted spherical waves over the entire structure. Constructive
interference of the spherical waves coming from the various points creates a
high intensity at the observation point, corresponding to a high diffraction
efficiency.

[0029] Figure 1 shows an illustration of a diffractive lens: graph (a) is a

conventional refractive lens; graph (b) is a diffractive lens with continuous

quadratic blaze profile; graph (c) is a binary diffractive lens; and graph (d) is a

four-level approximation of the diffractive lens.

[0030] Figure 1 graph (a) shows a part of a conventional refractive lens.
By removing the multiple 2n phase retardation from the refractive lens, a
diffractive lens is obtained as shown in Fig. 1 graph (b). The phase jump at

each zone boundary is 27 for the design wavelength Ao, and the blazing

profile in each zone makes perfect constructive interference at the focal point.
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Figure 1 graph (c) and Figure 1 graph (d) show different approximations of the

desired phase profile in Fig. 1 (b), wherein multiple steps in each zone are

used to approximate the desired phase profile.

[0031] Figure 2 shows a construction of a diffractive lens. The focal length

(f) is displayed along the optical axis. The radius (i) is displayed

perpendicular to the optical axis. Note that the path traveled by light entering

the lens at radius (rm) to reach the focal point F is equivalent to the focal
fength (f) plus an integer number of wavelengths (mA) in order to have

constructive interference.
[0032] In other words, the focal length (f) of the diffractive lens is
determined by the period of the zones. The optical path length differences
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r”2,+f2=(f+mﬂ,)2. (1)
[0033] For paraxial approximation, f >> ma, the radii () of the zones or the

zone boundaries are given by

1l =2mif. (2a)

where 1., is the outer radius of the mth zone (m =1,2, 3. .. M), A is the
wavelength and f is the focal length. For L-level diffraction lens, each zone
consists of L subzones of equal size (area). Note that there are L subzones
and each of the subzones has a different optical thickness, thus there are L

phase levels.

The outer radius of the nth sub zone (n=1, 2, 3 . . L, L is the number of phase

levels in each zone) of the mth zone is given by

= 2ln =1y +nl LYAf (2b)
[0034] This determines the Fresnel zone pattern, which is periodic in .
The period equals to . Note that ry is the radius of the first zone, and that
every zone has the same area. The focal length of the diffractive lens is

.2

i
= ®)

[0035] The above equations imply that the focal length can be changed by

choosing the zone period. For a lens with the focal length p-, the size (area)

of each zone is p-r;”.

The diffraction efficiency of a multi-level diffractive lens (or an L-phase level

diffraction lens) is given by

5 =sinc®(1/L) = [im_%_f_L_):]' (4)
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levels increases and the width of the last subzone decreases as the aperture

of the lens increases.

10



70.
71.

71

73.
74.
75.
76.
77.
78.

5057. 04 5061. 61 5066. 18 5070. 74 5075. 30 5079. 85 5084.40 5088. 95
5093. 49 5098. 03 5102.56 5107.09 5111.62 5116.14 5120.66 5125.17

5165. 62
5201. 30
5236. 75
5271. 95
5306. 92
5341. 67

5170.
5205.
5241.
5276.
5311.
5345.

09
75
16
34
28
99

5174. 56
5210. 19
5245. 57
5280. 72
5315. 63
5350. 32

5354. 64 5353. 95

5187. 95
5223. 48
5258. 78
5293. 84
5323. 66

5192.
5227.
5263.
5298.
5333.

40
91
17
20
00

5129. 68 5134.19 5138. 69 5143. 19 5147.68 5152. 17 5156.65 5161.14
5179. 03 5183. 49
5214. 62 5219. 05
5249. 98 5254. 38

5319 084531 35

5196. 85
5232. 33
5267. 56
5302. 56
5337. 34

5363. 27

5367. 58

Width of the last subzone in um

Phase Levels Diff'ra}ctlon 70 mm aperture}20 mm aperture
Efficiency
lens fens
o 40.5% 56 28
4 81.1% 28 14
6 91.2% 19 9
8 95.0% 14 7
16 98.7% 7 3.5

Liguid Crystal Cells

[0037]
and operations of liquid crystal cells are also knowrt in the art.
Figure 3 shows an illustrative embodiment of an electro-active liquid

[0038]
crystal cell, where a layer of liquid crystal is sandwiched between two glass
plates that have conductive inner surfaces. The surfaces of the plates are

coated with an afignment layer such as polyvinylalcohol (PVA) or nylon 6,6

Liquid crystal cells are known in the art. Many cell configurations

index (ng) is given by

and are treated by rubbing to give a homogeneous molecular orientation. The
alignment layers are buffed in the direction shown in the arrows, as known in
the art. A voltage is applied to the inner conductive surfaces of the plates. In
an electro-active cell using a liquid crystal as the electro-optic medium, every
zone has the same thickness, but the refractive index of the extraordinary
beam is changed due to the reorientation of the liquid crystal molecule when a
voltage is applied to the medium. As shown in Fig. 3, the original orientation of
the liquid crystal molecule is determined by the buffing direction. The long axis
(optic axis) of the liquid crystal molecule is aligned vertically, When an

appropriate voliage is applied, the molecule is rotated. The effective refractive
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where n, and ne are the refractive indices for the ordinary and extraordinary
beams, respectively, 8 is the angle between the optic axis of the molecule and
the vertical axis. The extraordinary beam initially has the maximum refractive
index n.. With the increase of the applied voltage, the effective refractive
index n.’ becomes smaller, and when a saturation voltage is applied, the optic
axis of the molecule is aligned horizontally and the effective refractive index of
ne reaches the minimum and is equal to n,. The refractive index for the
ordinary beam (horizontally polarized) is always the same. So the electro-
optic effect modulates the effective refractive index of the extraordinary beam.
[0039] In the liquid crystal cells described herein, the conductive material
on one substrate does not form a homogeneous layer, rather a pattern of
elecirodes are formed, as further described herein.

[0040] Figure 4 illustrates the general structure of an electro-active liquid
crystal lens with patterned electrodes. From top to botiom, the layers
cormprise:

[0041] 410 Substrate,

[0042] 420 Patterned Electrodes (individually controllable electrodes),
[0043] 430 Alignment Layer,

[0044] 440 Liquid Crystals and 450 Spacer (or Spacers),

[0045] 430 Alignment Layer,

[0046] 460 Ground, and

[0047] 410 Substrate. ,

[0048] Specifically, Figure 4 illustrates the general structure of the electro-
active liquid crystal lens used herein. A liquid crystal fayer 430 is sandwiched
between a patterned electrodes 420 and a ground electrode 460. The
patterned electrode 430 may be fabricated by photolithographic processing of
a conductive film deposited on a glass substrate, as known in the art, and the
ground electrode 460 contains a uniform conductive layer, formed in any
manner as known in the art. The patterned electrodes comprise a circular
array of rings whose radii are determined by the focal iength desired, as

described herein. The electro-optic effect of the liquid crystals 440 results in
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described herein.

[0049] The conductive material may be ény suitable material, including
tmmeqmw%deammmdhwdmamhﬂwrmﬂah&hwwnmﬂmamle
preferred that the conductive material be transparent, such as indium oxide,
tin oxide or indium tin oxide (ITO). The substrate can be any material that can
provide desired optical transmission and can function in the devices and
methods described herein, such as quartz, glass or plastic, as known in the
art. The thickness of the conducting layer is typically between 30 nm and 200
nm. The layer must be thick enough to provide adequate conduction, but not
so thick as to provide excess thickness to the overall lens structure. The
patterned electrodes 420 may be formed using photolithographic techniques,
such as those described herein and known to one of ordinary skill in the art.
[0050] nge5AﬂkwvmesasvwmﬂewhaeandemmMesweonﬂe
same plane (one-layer structure), in which there is a small gap between
neighboring subzones. The controller or Driver 510 is connected by Wires
520 to vias or Contacts 530, which in turn are connected to individually
controllable Electrodes 540. Note that the wires 520 may be electrically
insulated from the electrodes 540 by an insulating layer (not shown), and then
the wires may be selectively contacted to the electrodes through vias (holes
or pathways in said insulating layer) or contacts 530. This type of contact
fabrication is well known in manufacturing lithography, and in integrated circuit
manufacture.

[0051] More specifically, Figure 5A illustrates a layout of concentric,
individually addressable (individually controllable) ring shaped electrodes in
one layer. Neglecting the wires 520 and the vias through the insulation, this
layout is defined as a “one-layer” structure because all of the electrodes are in
a single layer.

[0052] Alternately, the wires 520 may be ganged close together in a bus
(not shown) running radially with respect to concentric ring electrodes.
[0053] Note that other patterned electrode shapes may be used. For
example, a hexagonal array may contain hexagonal pixels, or a grid array

may contain square pixels, or a set of irregular shapes may correct for non-
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o?c?ertsrgf%gctl(\)/g error. Additionally, the electrodes may have variable
thickness in the direction of the optical axis, in order to create more complex
interactions with the liquid crystals.

[0054] Alternately, arrays with high pixel densities may be controlled to
approximate the concentric rings of Figure 5A to create diffractive lenses,
particularly if more than two pixels fit inside the width of one ring electrode.
Such high pixel density arrays may also approximate more complex shapes.
[0055]  Returning to Figure 5A, let us define the innermost ring electrode as
electrode number 1, and count outwards 1o the 16" and outermost electrode.
Note that the innermost electrode may preferably be a full circle instead of a
ring, but Figure 5A illustrates a ring for symmetry, and to more clearly

illustrate the via or contact 530 with the innermost ring electrode.

[0056] To create a 4 level or 4 phase diffractive lens, the innermost four
rings are grouped into one zone. This first zone comprises electrodes 1-4,
numbering from the innermost electrode outward. Each of these electrodes 1-
4 is a subzone of the first zone. The second zone is comprised by electrodes
5-8. The third zone is comprised by electrodes 9-12. The fourth zone is
comprised by electrodes 13-16. This organization of a 16 electrodes vields a
4 level (or phase) diffractive lens with 4 zones.

[0057] Each ring electrode 540 is independently addressable by wires 520
as discussed above. If all the electrodes are distributed in one layer, there
must be electrically insulating gaps between neighboring electrodes. The
gaps between the electrodes may cause phase distortion, and simulation of
this design shows that this phase distortion may greaily affect the diffraction
efficiency and other performance measures.

[0058] To alleviate the distortion caused by insulating gaps between
electrodes in a one layer design, other electrode configurations may be used.
For example, the ring electrodes may be separated into two distinct layers, to
create a “two-layer” design.

[0059] Specifically, the odd numbered rings may be placed in one electrode

fayer, and the even numbered rings may be placed in a separate second

14
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[0060] Figure 5B illustrates a structure where odd-numbered electrodes

and even-numbered electrodes are interleaved into two horizontal layers and
there is no gap between neighboting subzones (two-layer structure).

[0061] The controller or Driver 510 communicates through wires 520 to the
electrodes, and the electrodes are grouped into a layer with the even rings
542 and a layer with the odd rings 544. These two electrode layers are
separated by an insulating layer SiO» 544. Cr alignment marks 560 are also
shown for photolithographic fabrication alignment. Zone m 580 and Zone

m+1 590 are also shown, corresponding to adjacent zones from Figure 5A.
[0062] In Figure 5B, the cross section of the two-layer electrode patiern is
displayed, wherein odd- and even-numbered rings are distributed in two
separate layers and there are no gaps between two neighboring electrodes
when viewed in a perpendicular direction (viewed along the optical axis).
Specifically, note that Zone m 580 extends from i t0 finer and comprises a
total of 4 electrodes. 2 of the 4 electrodes in Zone m 580 are even numbered
and reside in layer 542, and the remaining 2 electrodes in Zone m 580 reside
in layer 544.

[0063] In this case, each ring elecirode 540 may be individually addressed
from an additional layer (not shown in Figure 5B) through vias as in the one-
layer case. The wires 520 may be located in any convenient location or layer.
[0064] One example of formation of a two-layer structure follows. For
substrates onto which patterned electrodes will be applied, alignment marks
560 are deposited on the conducting layer. Any suitable material may be
used for the alignment marks, such as Cr. The alignment marks 560 allow
proper alignment of the various photolithographic masks to the substrate and
therefore of the patterns which are created in the processing steps associated
with use of each mask from the “mask set” that was made in order to have the
desired total photolithographic definition of the electrodes when the electrodes
are patterned. One part of a zone of patterned electrodes is formed in the
conducting layer using methods known in the art and described herein. A
layer of insulator, such as SiOp 550 is deposited onto the patterned conductor

layer. A second layer of conductor is deposited onto the SiOp and the second
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[0065]  An alignment layer (not shown) is placed on the second layer of
conductor and over the second substrate’s conductor. The alignment layer is
prepared by means known in the art such as unidirectional rubbing. Currently
used alignment layers are spin coated polyvinyl alcohol or nylon 6,6. ltis
preferred that the alignment layer on one substrate is rubbed antiparallel from
the alignment layer on the other substrate. This allows proper alignment of
the liquid crystal, as known in the art. A layer of liquid crystal is placed
between the substrates, and the substrates are kept at a desired distance
apart (such as between 3 and 20 microns apart) with glass spacers, or other
means known in the art. Spacers may be any desired material such as Mylar,
glass or quartz, or other materials useful to provide the desired spacing. In
order to achieve efficient diffraction the liquid crystal layer must be thick
enough to provide one wave of activated retardation (d > A/ dn ~ 2.5 pm,
where dn is the birefringence of the liquid crystal media), but thicker liquid
crystal layers help to avoid saturation phenomena. Disadvantages of thicker
cells include long switching times (varying as d®) and loss of electroactive
feature definition. The transparent substrates can be spaced any distance
apart that allows for the desired number of patterned electrodes and the
desired thickness of liquid crystal layer. In particular embodiments, the
transparent substrates are spaced between three and 20 microns apart, and
all individua! values and ranges therein. One currently preferred spacing is 5
microns.

[0066] In operation, the voltage required to change the index of refraction to
a desired level is applied to the electrodes by a controller. A "controlier” can
include or be included in a processor, a microprocessor, an integrated circuit,
an IC, a computer chip, and/or a chip. Typically, voltages up to about 2 Vims
are applied to the electrodes. Phase-synchronized, wave-form controlling
drivers are connected to each electrode group in common-ground
configuration. Driver amplitudes are simultaneously optimized for maximum
focusing diffraction efficiency. The voltage function required to change the
index of refraction to a desired level is determined by the liquid crystal or

liquid crystal mixture used, as known in the art.
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basic focal length F, which is determined by the area of the original single
electrode (i.e., the period of the original structure). The period of the structure

is the area of the original single electrode. The focal length can be increased

to multiples of F by increasing the period of the lens without affecting the

diffraction efficiency. Graph (b) corresponds to the focal length 2F. The area
of each zone (subzone) of Figure 6B is twice that of Figure 6A. The diffraction

efficiency is the same for both cases.

[0068]

In one specific example, the voltages applied to the four electrodes

of a particular 4-phase level lens are 1.1V, 1.31V, 1.49V, and 1.72V,
respectively. In another example, the voltages applied to the eight electrodes

of a particular 8-phase level lens are 0.71V, 0.97V, 1.05V, 1.13V, 1.21V,

1.30V, 1.37V, and 1.48V, respectively. The voltages applied to the electrodes

are easily determinable by one of ordinary skill in the art without undue

experimentation and are a function of the liquid crystal used, arrangement of

the cell, and other factors, as known in the art. As described above, the

voltages can be positive or negative, depending on the desired focal length,

as known in the art. In one embodiment the voltages applied to the

electrodes are positive or negative valuss between 0.5 and 2 V, and all

individual values and subranges therein.

[0069]

The insulating material may be any suitable material, including those

specifically described herein, and other materials known in the art. Inone

embodiment, the conductive material and insulating matetial are arranged in

alternating patterns, for example circles with increasing radius. The patterns

may be any desired pattem, such as circular, semi-circular, square, angular,

of any other shape that provides the desired effect, as described herein. The

terms “circular, semi-circular, square, angular” and other shapes are not

intended to mean a perfect shape is formed, rather, the shape is generally

formed, and may include, as known in the art, bus lines or other methods of

bringing current through the substrate.
Any liquid crystal can be used in the invention. It is preferred that

[0070]

the switching time is fast enough so that the user is not aware of a delay in

switching from one focal length to another. In particular embodiments
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orthogonal polarization components of light. Polarization-insensitive
cholesteric liquid crystal can also be used, in which case a polarizer is
unnecessary. The liquid crystal used in the invention include those that form
nematic, smsctic, or cholesteric phases that possess a long-range
orientational order that can be controlled with an electric field. It is preferred
that the liquid crystal have a wide nematic temperature range, €asy
alignability, low threshold voltage, large electroactive response and fast
switching speeds, as well as proven stability and reliable commercial
availability. In one preferred embodiment, E7 (a nematic liquid crystal mixture
of cyanobiphenyls and cyanoterphenyls sold by Merck) is used. Examples of
other neratic liquid crystals that can be used in the invention are: pentyl-
cyano-biphenyl (5CB), (n-octyloxy)-4-cyanobiphenyl (80CB). Other examples
of liquid crystals that can be used in the invention are the n =3, 4,5, 6,7, 8, 9,
of the compounds 4-cyano-4-n-alkylbiphenyls, 4-n-pentyloxy-biphenyl, 4~
cyano-4"-n-alkyl-p-terphenyls, and commercial mixtures such as E36, £46,
and the ZLI-series made by BDH (British Drug House)-Merck.
[0071] Electroactive polymers can also be used in the invention.
Electroactive polymers include any transparent optical polymeric material
such as those disclosed in "Physical Properties of Polymers Handbook" by J.
E. Mark, American institute of Physics, Woodburry, N.Y., 1996, containing
molecules having unsymmetrical polarized conjugated n electrons between a
donor and an acceptor group (referredto as a chromophore) such as those
disclosed in “Organic Nonlinear Optical Materials" by Ch. Bosshard et al,,
Gordon and Breach Publishers, Amsterdam, 1995. Examples of polymers are
as follows: polystyrene, polycarbonate, polymethylmethacrylate,
polyvinylcarbazole, polyimide, polysilane. Examples of chromophores are:
paranitroaniline (PNA), disperse red 1 (DR 1), 3-methyl-4-methoxy-4'-
nitrostilbene, diethylaminonitrostilbene (DANS), diethyl-thio-barbituric acid.
Electroactive polymers can be produced by: a) following a guest/host
approach, b) by covalent incorporation of the chromophore into the polymer
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[0072] Polymer liquid crystals (PLCs) may also be used in the invention.
Polymer liquid crystals are also sometimes referred to as liquid crystalline
polymers, low molecular mass liquid crystals, self-reinforcing polymers, in
situ-composites, and/or molecular composites. PLCs are copolymers that
contain simultaneously relatively rigid and flexible sequences such as those
disclosed in "Liquid Crystalline Polymers: From Structures to Applications” by
W. Brostow; edited by A. A. Gollyer, Elsevier, New-York-London, 1992,
Chapter 1. Examples of PLCs are: polymethacrylate comprising 4-
cyanopheny! benzoate side group and other similar compounds.

[0073] Polymer dispersed liquid crystals (PDLCs) may also be used in the
invention. PDLCs consist of dispersions of liquid crystal droplets in a polymer
matrix. These materials can be made in several ways: (i) by nematic
curvilinear aligned phases (NCAP), by thermally induced phase separation
(TIPS), solvent-induced phase separation (SIPS), and polymerization-induced
phase separation (PIPS), as known in the art. Examples of PDLCs are:
mixtures of liquid crystal E7 (BDH-Merck) and NOAGS (Norland products, Inc.
NJ); mixtures of E44 (BDH-Merck) and polymethylmethacrylate (PMMAY);
mixtures of E49 (BDH-Merck) and PMMA; mixture of the monomer
dipentaerythro! hydroxy penta acrylate, liquid crystal E7, N-vinylpyrrolidone,
N-phenylglycine, and the dye Rose Bengal.

[0074] Polymer-stabilized liquid crystals (PSLCs) can also be used in the
invention. PSLCs are materials that consist of a liquid crystal in a polymer
network in which the polymer constitutes less than 10% by weight of the liquid
crystal. A photopolymerizable monomer is mixed together with a liquid crystal
and an UV polymerization initiator. After the liquid crystal is aligned, the
polymerization of the monomer is initiated typicaily by UV exposure and the
resulting polymer creates a network that stabilizes the liquid crystal. For
examples of PSLCs, see, for instance: C. M. Hudson et al. Optical Studies of
Anisotropic Networks in Polymer-Stabilized Liquid Crystals, Journal of the
Society for Information Display, vol. 6/3,1-5, (1 997), G. P. Wiederrecht et al,
Photorefractivity in Polymer-Stabilized Nematic Liquid Crystals, J. of Am.
Chem. Soc., 120,3231-3236 (1998).
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the following approaches: Langmuir-Blodgett films, alternating polyelectrolyte

deposition (polyanion/polycation) from aqueous solutions, molecular beam

epitaxy methods, sequential synthesis by covalent coupling reactions (for

example: organotrichlorosilane-based self-assembled multitayer deposition).

These techniques usually lead to thin films having a thickness of less than

about 1 um.

[0076]  Although the nonlimiting description herein provides further details of
Specifié exemplary embodiments, different lens and electrode configurations
are useful for various applications. For example, a lens can be immersed in a
solution of liquid crystal or liquid crystal can be sandwiched between planar
electrode plates with a gradient refractive index change. The latter makes the
liquid crystal alignment easier and the cell thinner which permits faster
switching. In addition, different electrode zone configurations can be used in
the methods and devices of this invention. These different lens and electrode
zone configurations and other configurations as known in the art are intended

1o be included in this disclosure.

New design with individually addressable patterned electrodes
[0077]  In order to overcome the limitations of previous designs, each

electrode subzone of the patterned electrode must be individually addressed.
Here two different exemplary applications are presented. One allows
switching between the elementary focal length and multiples of the
elementary focal length. The other is more general and allows continuous

adjustment of the focal length from the minimum possible value to infinity.

1: Discrete adiustment of focal length

[0078] Consider the general structure of liquid crystal lens shown in Figure
3 and the electrode pattern shown in Figure BA or Figure 5B. The phase
profile across the lens is adjusted by applying proper voltages to the patterned

electrodes and the phase profile determines the diffraction efficiency.
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without sacrificing the diffraction efficiency. Assume the geometry of the

electrode pattern is designed for focal length F with L-phase level phase

modulation. Based on Egs. (2a), (2b) and (3), if the zone period #” is

increased to 252 by grouping every two neighboring subzones into one, i.e.,

applying the same voltage 1o the two neighboring electrodes, then the focal

length is changed to 2F without change of diffraction efficiency (Fig. 6).

Similarly, with the fixed electrode pattern, the focal length can be varied to 3F,

4F, ..., by increasing the zone period to 352, 417, ..., respectively. Generally,

the focal length can be varied to kF (k is a positive integer) by increasing the

zone period to ki .

[0080] If the individually addressable electrode pattern is designed for an

adaptive lens with an elementary focusing power of, for example, 3 diopter

(focal length F = 33.33 cm) and 8-level phase steps, the lens has a diffraction

efficiency of 95%. By increasing the period twice, the focal length will be

increased to 2F = 66.67 cm (focusing power = 1.5 diopter) while the efficiency

is still 95%. By increasing the period three times, the focal lengths will be

increased to 3F = 100 cm, corresponding to a focusing power of 1 diopter,

while the efficiency is still the same. By increasing the period four times, the

focal length will be increased to 4F = 133.32 cm, corresponding to a focusing

power of 0.75 diopter, while the efficiency is still the same. Analogously, larger

focal lengths (smaller focusing powers) can be achieved with the same

efficiency. When the lens is turned off, there is no focusing power. Table 2

shows parameters for various focusing powers. The radius for each subzone

of 3-diopter, 1.5-diopter, and 1-diopter lenses are shown in Tables 3-5

respectively. These construction parameters can be calculated from the

equations presented herein. Relations between the subzone boundaries for

the three focusing powers can be easily seen.

[0081] Table 2 gives examples of some of the focusing powers that can be

achieved using individually addressable patterned electrodes. Assume the

elementary focusing power is 3 diopter (F = 33.3 cm) and the aperiure of the
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32 24. 4136.52 4147.63 4158.82 4169.92 4181. 00 4192. 05 4203. 06
05 25.  4225.01 4235.94 4246.85 4257.72 4263.57 4279.39 4290. 18
95 26. 4311.69 4322.40 4333.08 4343.74 4354. 38 4364.99 4375. 57
12 27. 4396. 65 4407.16 4417.64 4428.10 4438. 53 4448. 93 4459. 32
68 28. 4480. 01 4490. 32 4500. 61 4510. 37 4521. 11 4531. 33 4541.52
70 29. 4561. 34 4571.97 4582. 4592. 16 4602.21 4612. 25 4622. 27
26 30, 4642.23 4652.19 4—?% 32 4672. 02 4681. 91 4691. 78 4701. 63
45 31, 4721.26 4731.04 4 4750, 55 4760.2 9 67
33 Focusing@owerd7 9®ha3e 480BifBdctitd 81(2&.Iu4827A@@ of each Width ofthe | —
levels efficiency | F' =kF subzone last subzone
3 diopter a 95% 1 1.453x10° pm® 4.6 um
(F =33.33 cm)
1.5 diopter 8 95% 2 2.906x10° wm? 9.2 um
(F = 66.67 cm)
1 diopter 8 95% 3 4.359x10° pm? 13.8 um
(F =100 cm)
0.75 diopter 8 95% 4 5.812x10° pm? 18.5 um
(F = 133.32 cm)
0 diopter Not e Infinity — —
(Lens OFF) Applicable
[0082] The significant advantage of the individually addressable patterned

electrode is that it truly provides the same lens with the adaptive capability for

different focusing powers with the same diffraction efficiency.

[0083]

In this application, adjustable focal lengths are the elementary focal

jength F and multiples of the elementary focal lsngth. Thus the resolution of
the adjustment is also F. For example, if the electrodes are designed for an
elementary focal length of 10 cm, then the adjustable focal length would be 10
cm, 20 cm, 30 cm, and so on, to infinity. If other intermediate focal lengths

are desired, a smaller elementary focal length can be used. However, when

is small, the feature size of the electrodes becomes very small for a large-

aperture lens and it is difficult to make them with low cost with currently

available techniques.

2: Continuous adjustment of focal length

[0084]

It is desirable to design the adaptive lens so that it can be used by

all patients and applications. This requires the lens o have the capability to

continuously change the focal length in a desired range. For this purpose, a

more general design methodology was developed that allows continuous
adjustment of the focal length. As described above, the patterned electrodes

are a circular array of rings of particular size. Each ring is individually
addressable. A proper resolution of the ring is determined by the focal length
range to be adjusted. For each desired focal length, the size of each subzone

of all the zones can be calculated using Egs. (2a) and (2b). A certain number
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have high efficiency with no significant change in efficiency as the focal length

changes. The resolution necessary for the patterned electrodes is determined

by the size of the subzones in the last few zones for the desired lenses, as

described herein.
Figure 7 shows continuous adjustment of the focal length using

[0085]

individually addressable circular array of electrodes with proper resolution.

The four examples in Figure 7 show the electrode spacing in um for a subset
of electrodes. Geometric parameters for 3D, 25D, 2D, and 1D focusing

powers are depicted in examples A, B, C and D, respectively. ris the radius

of the zone boundary.
An examptle of continuously changing the focal length from ~30 cm

[0086]

{o infinity is iflustrated here. Assume the diameter of the lens is 10 mm and 8-

level phase modulation is used. To illustrate the principle, the geometric

parameters for the adjustable focusing powers of 3D, 2.5 D, 2D, and 1D are
depicted in Fig. 7, where the radius of each zone boundary and the width of

each subzone for the last one or two zone are clearly shown. More detailed

parameters for these lenses can be found in Tables 3-7. ltis seen that fora

particular focusing power, the variation of the width of each subzone is very

small at the edges of these lenses, and the variation is even smaller as the

aperture of the lens increases. For higher focusing power, the width as well as

the area of each subzone is smaller. Assume each electrode is 1 um wide in

this area. In this example, since the width of each subzone is larger than 1

um, several electrodes can be combin

ed together to form one subzone and

the boundary of each subzone can be rounded to the closest electrode

boundary. Combining the clectrodes means applying the same voltages to

then.
[0087]

For example, for the 2D case (exarnple C), 7 electrodes can be

combined fo form all the subzones of zone 45. All the other subzones can be

generated similarly. The rounding error causes very small variation in
diffraction efficiency. On the other hand, in the area close to the center of the

lens, if similar fine electrodes are used, then the phase steps can be higher
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power is adjusted. As the focal length increases from 1m (focusing power 1D)
to infinity, the width of each subzone increases, and all the subzones can be
generated by combining a calculated number of electrodes. Therefore in this
example, all the focal lengths from ~30 cm to infinity (focusing power from 0 to
3D) can be adjusted, and the lens can be used for all the subjects who need
correction in this range for different distance vision.

[0088]  As pointed out above, since the zones close to the center have
larger geometric size, the density of the electrodes can be smaller in that area
(the size of the electrodes close to the center can be larger than those in the
other area) in comparison with the area close to the edges. If the same
density of electrodes is kept in the area close to the center, higher phase
levels can be obtained and the diffraction efficiency will be increased.

[0089]  Another approach to achieve this goal is to use a pixilated spatial
light modulator where small rectangular pixels are used. These pixels may be
in multiple layers to reduce or eliminate gaps when viewed perpendicularly to
the substrate, similar to the 2 layers of circular electrodes illustrated in Figure
5B.

[0090] Although the description herein contains many specificities, these
should not be construed as limiting the scope of the invention, but merely
providing examples of some of the presently preferred embodiments of the
invention. Additional embodiments are within the scope of the invention. The

irvention is not limited in use to spectacles. The invention may also be used

'in microscopes, mirrors, binoculars, and any other optical device through

which a user may look. In addition, as will be apparent to one of ordinary skill
in the art, the invention is useful in other fields such as telecommunications,
optical switches and medical devices. Any liquid crystal or mixture of liquid
crystals that provides the desired phase transmission function at the desired
wavelength is useful in the invention, as known by one of ordinary skill in the
art. Determining the proper voltage and applying the proper voltage to liquid
crystal materials to produce a desired phase transmission function is known in
the art.
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Additional components such as drivers to apply the voltages used, controllers
for the voltages and any additional optical components are known to one of
ordinary skill in the art and incorporated without undue experimentation.
Specific names of compounds are intended to be exemplary, as it is known
that one of ordinary skill in the art can name the same compounds differently.
When a compound is described herein such that a particular isomer or
enantiomer of the compound is not specified, for example, in a formula orin a
chemical name, that description is intended to include each isomers and
enantiomer of the compound described individual or in any combination. One
of ordinary skill in the art will appreciate that methods, device elements,
starting matetials, and fabrication methods other than those specifically
exemplified can be employed in the practice of the invention without resort to
undue experimentation. All art-known functional equivalents, of any such
methods, device elements, starting materials, and fabrication methods are
intended to be included in this invention. Whenever a range is given in the
specification, for example, a thickness range or a voliage range, all
intermediate ranges and subranges, as well as all individual values included
in the ranges given are intended to be included in the disclosure.

[0092] As used herein, “comprising” is synonymous with “including,"
"containing,” or “characterized by," and is inclusive or open-ended and does
not exclude additional, unrecited elements or method steps. As used herein,
"consisting of" excludes any element, step, or ingredient not specified in the
claim element. As used herein, "consisting essentially of* does not exclude
materials or steps that do not materially affect the basic and novel
characteristics of the claim. Any recitation herein of the term “comprising”,
particularly in a description of components of a composition or in a description
of elements of a device, is understood to encompass those compositions and
methods consisting essentially of and consisting of the recited components or
elements. The invention illustratively describaed herein suitably may be
practiced in the absence of any element or elements, limitation or limitations

which is not specifically disclosed herein.
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of such terms and expressions of excluding any equivalents of the features
shown and described or portions thereof, but it is recognized that various
modifications are possible within the scope of the invention claimed and
described. Thus, it should be understood that although the present invention
has been specifically disclosed by preferred embodiments and optional
features, modification and variation of the concepts herein disclosed may be
resorted to by those skilled in the art, and that such modifications and
variations are considered to be within the scope of this invention.
[0094] In general the terms and phrases used herein have their art-
recognized meaning, which can be found by reference to standard texts,
journal references and contexts known to those skilled in the art. Specific
definitions are provided to clarify their specific use in the context of the
invention. All patents and publications mentioned in the specification are
indicative of the levels of skill of those skilled in the art to which the invention
pertains.
[0095] One skilled in the art would readily appreciate that the present
invention is well adapted to carry out the objects and obtain the ends and
advantages mentioned, as well as those inherent therein. The devices and
methods and accessory methods described herein as presently
representative of preferred embodiments are exemplary and are not intended
as limitations on the scope of the invention. Changes therein and other uses
will occur to those skilled in the art, which are encompassed within the spirit of
the invention, are defined by the scope of the claims.
[0096] All references cited herein are hereby incorporated by reference to
the extent that there is no inconsistency with the disclosure of this
specification. Some references provided herein are incorporated by reference
herein to provide details concerning additional device components, additional
liquid crystal cell configurations, additional patterns for patterned electrodes,
additional methods of analysis and additional uses of the invention.
[0097] G. Smith et al., The eye and visua! optical instruments, Cambridge
University Press, 1997.
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Table 5. The outer radius of each subzone for a ID, 15-mm 8-1evel
diffractive lens. The area of each zone is three tines that of the
corresponding 3D lens (Table 3). The area of each zone is twi ce that of the
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107. 6864.36  6868.41 6872.44 6876.48 6880.52  6884.55 6888.58 6892.60
108. 6896.63 6900.65 6904.67 6908.69 6912.71 6916.72  6920.73 6924.74
109. 6928.74  6932.75 6936.75 6940.75 6944.75 6948.74  6952.73 6956.72
110. 6960.71 6964.70 6968.68 6972.66 6976.64  6980.62  6984.59 6988.56
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112. 7024.21 7028.16 7032.10  7036.05 7039.99 704393 7047.87 7051.81
113. 7055.74  7059.67 7063.60 706753 707146 707538 7079.30 7083.22
114, 7087.14 7091.05 7094.96 7098.87 7102.78 7106.69 7110.59 7114 .49
115. 7118.39  7122.29 7126.18 7130.08 7133.97 713786 7141.74 7145.63
116. 7149.51 7153.39 7157.27 7161.15 7165.02 7168.89 7172.76 7176.63
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applied thereto, wherein each subzone is positioned between the liquid crystal layer and
the inward-facing surface of the first transparent substrate, wherein both M and L are
positive integers greater than or equal to two, and wherein in each of the M zones the
10 radial widths of each of the L individually addressable subzones decreases as the radial
position of the individually addressable subzone increases; and
a conductive layer between the liquid crystal layer and the inward-facing surface
of the second transparent substrate.

2. The lens of claim 1, wherein the individually addressable subzones of the

15 Fresnel zone patterned electrode are on the same horizontal plane.

3. The lens of claim 1 or claim 2, wherein the liquid crystal is selected from the
group consisting of: nematic, cholesteric, electroactive polymer, polymer liquid crystal,

polymer dispersed liquid crystal, polymer- stabilized liquid crystal, and seif-assembled
nonlinear supramolecular structures.

20 4, The lens of claim 3, wherein the liquid crystal is nematic.
5. The lens of claim 4, wherein the liquid crystal is E7.
6. The lens of any one of the preceding claims, wherein the transparent substrates
are glass.
7. The lens of any one of claims 1 to 5, wherein the transparent substrates are
25 plastic.
8. The lens of any one of the preceding claims, further comprising an electrical

control electrically connected to the individually addressable subzones and the
conductive layer.

9. The lens of claim 8, wherein the electrical control applies a positive or negative
30 voltage to the individually addressable subzones.
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311 T%S 7215.19 72 % 04 7222.88 7226.72
lens oF any one of the preceding claims, wherein the patterned electrode

and conductive layer are transparent.

13. The lens of claim 12, wherein the patterned electrode and conductive layer are
indium-tin-oxide.

14, The lens of any one of the preceding claims, further comprising an alignment
layer surrounding the liquid crystal layer.

15. The lens of claim 14, wherein the alignment layer is polyvinyl alcohol.
16. The lens of claim 14, wherein the alignment layer is nylon 6,6.

17, The lens of any one of the preceding claims, wherein the transparent substrates
are between about 3 and about 20 microns apart.

18. The lens of any one of the preceding claims, wherein the focal length is positive.
19. The lens of any one of claims 1 to 17, wherein the focal length is negative.

20. A method of adjusting the focal length of a lens by integer multiples of an
original focal length F comprising:

providing a lens comprising a liquid crystal layer enclosed between a pair of
transparent substrates;

a Fresnel zone patterned electrode positioned between the liquid crystal layer
and the inward-facing surface of the first transparent substrate, said pattemed electrode
having M zones, each zone having L subzones, wherein each subzone has a constant
voltage applied thereto, wherein both M and L are positive integers greater than or
equal to two, and wherein in each of the M zones the radial widths of each of the L
individually addressable subzones decreases as the radial position of the individually
addressable subzone increases, said patterned electrode having a total of MeL

individually addressable electrodes:

a conductive layer between the liquid crystal layer and the inward-facing surface
of the second transparent substrate;
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7475.86 7479.57 127.2" epsligalzgntyd glsciycally 490ne61@d Tat 94 c0trond $8nesariadhe . 80

7505. 50 7509. 19ondidtivélatd MndDEFI NI NG THE | NVENTI ON ARE AS FOLLOWS: - 1.
An adj ustabl e focusing electrically controllable el ectroactive |ens
conprising: a liaqui d‘pg'wgf"@lSam&ye#‘agﬁé%ﬁqqh&ri@diw@@”m@dﬁe$akpja'ellectOfdeB tanspar ent
substrates; 5a dujRshelocaPBRIIPRIK LML l@ik%ﬁtirft%‘?frgrﬂ‘ﬁité‘%'\." zones, each zone

having | _ individually addressabl e subzones erein each subzone has a
const ant vol%aqﬁ aquied tgereto, wherei n each subzone is positioned
between the Piguid cr§etiodchgair 20, wheraia thevpkirae prRiethig beimepmpegative BNeltsf i r st

transparent subsdmatigve vudtsei n both M and L are positive integers greater
than or equal to twd, and wherein in each of the M zones the 10 radi al

wi dt hs of each ©f thg L LAFL VY ressahl e subzones decreases as the
Pl B posi t1ortor  {hatusBBe AR, LEaRaR, BT A SRIERERE e e B

a conductive | &N grsciiednvithhiefetenegiioding pys bithe bayatimanslofttheinivenian d- f aci ng

surface of the ingeasdinttheasBRAbENineHGhdBL Ry The lens of claiml,
wherein the individually addre?@ggle su zonégeg?néﬁ% 15 Fresnel zone

patterned elgctyode on.the sa orizontal plane. 3. The lens of claim
1 or claim é@ \/\2Ar%”ér ef‘ﬁﬁ%fﬁoéj ﬁfﬁgﬁf‘lﬂ‘gg’%@%?e”ﬁ?@ Ogéll‘gﬁtbéd‘tﬁqebm“t"%s gtaup

consi sting of : ofiginelfocal lendtobestatially,astkrtt daaacicdvth PELBARS o aRPbYETBIh | qui d
crystal, polymamud; liaui d wpolynmer- stabilized |iquid
crystal, and sel fb?giggﬁfgﬁ 'Aﬁ%moﬁﬁlg%?{aé‘gkrtg%%?%&nﬁf’%{’r’ngs‘frl?weqstﬁ'@é"f 20 4. The
lens of claim §@MMetein the liquid crystal is nematic. 5. The lens of
claim4, wherein the liquid crystal is E7. 6. The lens of any one of the
precedi ng clains, wherein the transparent substrates are glass. 7. The

| ens of any one of clains 1 to 5, wherein the transparent substrates are
25pl astic. 8. The lens of any one of the preceding clains, further
conprising an electrical control electrically connected to the individually

addr essabl e subzones and t he conductive | ayer. 9. The lens of claim
8, wherein the electrical control applies a positive or negative 30 voltage
to the individually addressabl e subzones. 10. The lens of claim,

wherein the voltage is between negative 3 volts and positive 3 volts. 11.
The |l ens of any one of clainms 8 to 10, further conprising a range-finding
device electrically connected to the electrical control. 5 12. The | ens of
any one of the preceding clains, wherein the patterned el ectrode and
conductive |l ayer are transparent. 13. The lens of claim 12, wherein the
patterned el ectrode and conductive | ayer are indiumtin-oxide. 14. The | ens
of any one of the preceding clains, further conprising an alignnment 10l ayer
surrounding the liquid crystal layer. 15. The lens of claim 14, wherein the
alignnent |ayer is polyvinyl alcohol. 16. The lens of claim 14, wherein the
alignnent layer is nylon 6,6. 17. The |l ens of any one of the preceding
clainms, wherein the transparent substrates are between about Sand about 20
m crons apart. 1518. The I ens of any one of the preceding clains, wherein
the focal length is positive. 19. The lens of any one of clains 1 to 17,
wherein the focal length is negative. 20. A nmethod of adjusting the focal

| ength of a lens by integer nultiples of an original focal length F

conpri si ng: providing a lens conprising a liquid crystal |ayer
encl osed between a pair of 20 transparent substrates; a Fresnel zone
patterned el ectrode positioned between the liquid crystal |ayer and the

i nward-facing surface of the first transparent substrate, said patterned

el ectrode having M zones, each zone having L subzones, wherein each subzone
has a constant voltage applied thereto, wherein both Mand L are positive
integers greater than or 25 equal to two, and wherein in each of the M
zones the radial widths of each of the L ipdividually addressabl e subzones
decreases as the radial position of the individually addressabl e subzone

i ncreases, said patterned el ectrode having a total of M individually

addr essabl e el ect rodes; a conductive |layer between the liquid
crystal layer and the inward-facing surface 30 of the second transparent
substrat e; an electrical control electrically connected to the



