1 METHOD FOR FORM NG VARI ABLE FOCUS LI QUID LENSES I N A TUBULAR
HOUSI NG 5BACKGROUND OF THE | NVENTI ON [ 0001] The present invention

rel ates generally to optical systens, and nore particularly to

vari able focus fluid | enses: [0002] Lasers, photoconductors, and

ot her optical conponents are widely used in many opthel ectronic
applications such as, for exanple, optical conmunications systens and
canera 10 devices. Traditionally in such applications, nanual
positionin and tunln%ﬁof a lens and its surroundin
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and to receive Ilght beans or, I, fferent angul ar
directions relative to the |Qh@h?ﬁB%§3%£! ‘ces that rely on such
manual positioning can be slow and quite expensive. [0003] To

el i m nate manual tuning, tunable mcrol enses were devel oped to
achi eve 15optimal optical coupling between an optical source and an

optical signal receiver, s t The m crol ens acts
to fogus t he opti cal sigﬁgﬁﬁgﬁgétﬁpggghﬁgﬁggﬁkggygination (e.g., the
phot odet @@ ) The plessifvef BGER1atdd @enetdllly &Cdpiival systahes( amf mbde@articularly to

m cr ol enses, 122 %dgﬁtlcally varied in order to change the focus

char act eV¥&pie &% cr ol ens when the incidence of a |ight beam
upon the mcrolens varies fromits noninal, aligned |nC|dence 20
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limtations associated with the - atively small electrd opt i

coef #P ci Esesst badigonally fhachapriicptiops.granysl é&%ﬁ%‘“&ﬂﬁ“ﬁé“%‘é& Aileps and fﬁn s

resul ts kirodndin@ddppsPithieaite @aéthrémduﬁe@dm@tbcm thd 1&@.@@ b @ detb@6Hing €S
thick |l enses or, very high voltage ﬁ to be emp| oyed Eﬁ add tion, many

el ectro- E?pf?‘?eéverjr’&?'e‘?ei’“&? igprtine e oronf apgulaz (rpoHgRt okt f iyt ?:Iﬁrﬂfs es

pol ar i zatHo@BvedeReBsAeRE &1Pbn §dR nlingdl QoditRfhg ciTbeCdlowl bid QfifeSxpengd. Wit h
certain polarization. [0005] Mechanically adjustable flexible |enses

typi cal | mobg eTSelfmibst ARhlaR kinthgMndRble EAREIBNsed whrd AsRilddet Yo 4chafk t he
gr adi ent ex | enses, However, they require external actuation

devi ¢@s, °BiRA oa%cahﬁoePlg&h%m £ oRfisat sapee andipn agticH rignal srceiypoFrch as a

actuati oghdi&téte@@@ Th kerSIBhs0R 86 Fcadine optRRasisaidato !td"i‘ﬁfbh&@&ie&ﬂxbﬁénant i al

PO eTE S R bt iototton). T seie bases the oratiivs oades oF theta rhicrolonsen & "9
autornatically varied in order to change the focus characteristics of the microlens when the
incidence of a light beam upon the microlens varies from its nominal, aligned incidence.

20  Thus, the desired coupling is maintained between the microlens and the photodetector.

[6004] Tunable gradient index lenses have inherent limitations associated with the -
relatively small electro-optic coefficients found in the majority of electro-optic materials,
This results in a small optical path modulation and, therefore, requires thick lenses or very
high voltages to be employed. In addition, many electro-optic materials show strong

25  Dbirefringence that causes polarization dependence of the microlens, which distorts light with

certain polarization.

[0005] Mechanically adjustable flexible lenses typically have a substantially wider range of
tunability than the gradient index lenses. However, they require external actuation devices,
such as micropumps, to operate, Integration of such actuation devices into optoelecironic

30  packages involves substantial problems associated with their miniaturization and positioning.



2 These becone especially severe in the case where a two-di mensional
array of tunable mcrolenses is required. [00061 As an exanple, one
weakness of the existing caneraphones is that they use tiny,

fi xed-focus | enses, which have poor |ight-gathering capabilities,
very limted focus range and 5 limted resolution power. As a result,
the imago quality is rather |ow conpaed to conventional photo

cameras. For future inprovenment, nobjle qu(‘)ne caner as rozﬂ)élére conpact
means ofTHee@bmotadFawsmi@meVﬂ? DalcRsvBhare & BordmrRsinskEEy) are

limted to_l,en ted using the electro wetting effect (U S
Pat. No %lcg%@s%ig eﬁg&%ﬁll ess successf ully using liquid crystals. There

are al so 0 few ubI catlo
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have easy tunabi , readlly adj ust abl e focus length 15 are

needed. SWNSFLIAGEAYP °°”z§§ ¥R of "t he present invention neets these
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meni scus. meni scus o | ui d 20 i ntﬁ or theﬂfﬁ?ﬁ%” a
| ens 1andfm@bb@&pwf§wé9 micgRiese cgplosediny fréergfﬁ‘
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defined, in part, by the static contact angle of the fluid at the
boundarY. By shifting the fluid interface across the

hydr ophi | i c- hydr ophobi ¢ jHRimpdamNARYCOE SHEANVEB TRON he spheri cal

interface varies as the 30Qcontact angle of the flui
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interface forms the opfics of a Iens and its (a Justable) radms of curvature determines the

focal length.

[0010] According to the present invention, a fluid, such as a liquid is filled in & tubular
housing with an internal surface including feature(s) that constrain the fluid and thereby
present a fluid interface or meniscus, e.g., liquid-liquid of liquid-gas interface. In one aspect,

95  the inner surface of the tubular housing includes adjacent hydrophilic and hydrophobic areas
or regions, wherein the boundary between the hydrophobic and hydrophilic regions
constrains the fluid and presents a meniscus having a curvature defined, in part, by the static
contact angle of the fluid at the boundary. By shifting the fluid interface across the
hydrophilic-hydrophobic boundary, the curvature of the spherical interface varies as the

30  contact angle of the fluid changes at the boundary. In one aspect, the shift is effected by
application of control pressure to the fluid, or by addition of more fluid (e.g., liquid) into the

cavity which forms the fluid lens.



3 [0011] According to one aspect of the present invention, an optical
device is provided that typically includes a tubular housi ng having
an i nner surface, a hydrophobic surface, a hydrophilic surface, and a
first fluid disposed within the tubular housing in contact with the
hydrophilic surface, wherein a boundary between the hydrophilic and
hydr ophobi ¢ surface 5constrains the fguid and presents a neni scus.
The optical device also typically includes a pressure or, vol qf
control muams Abeskdihgtocne pipect ofiflielprastns infvertion, Fiowtigeljdgyes i gropied that

pressure of the fluid .and th ke
meni scus SPEH ’é‘flug%?é‘gP%laﬁé‘O e a%tng é‘? nggr Sé@%eo%%ﬁé% Bfﬁg g‘ierﬁat !
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coupl ed %Jﬂﬂu&mtﬁérwogéaflgarths?dzjntaﬁirwghéthﬁm vature of the neniscus.
[ 0013] According to a different aspect of the present invention, a
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havi ng a hydrophilic or a hydrophobic surface, vvherel
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the present invention, a use of the optical .device in fib t
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vari ous enbodi nents of the present invention, are described in
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drawi ngs, like reference nunbers indicate identical or functalllzgnal lX
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the fluid interface at a boundary defined by different surface energy
feat ures, [@116h Asceadibgtormiadyiticief kapedt obthe aressnd inyphiisth & usertd thepaHGHhi | i ¢

areas, as device in fiber optics coupling, detectior and microsurgery applications is provided.

[0017] Reference to the remaining portiors of the specification, including the drawings and
30 claims, will realize other features and advantages of the present invention. Further features

and advantages of the present invention, as well as the structure and operation of various



10 shown in FIGS. la - |lc. [00191 FIG 2 illustrates inmages of an
adj ustabl e focus fluid lens having a liquid-liquid interface, e g,
wat er - pol yphenyl net hyl si | oxane interface, at a boundary of

hydr ophobi ¢ Tefl on and hydrophilic glass. Variation of the radius of
curvature of the interface is achieved by changi ng the pressure
applied to the liquid. 15[0020] FIG g illustrates an adjustable
focus fluid |l ens system having at | east one solid lens in a variable
si zed t U AMmAOUTIHGresb QRN &, @edlctokibetsih dakiebelaw vith rapeald bef ocus
fluid I ens system having_at | east aqpe solid |eps i%.cpnégétlmjth t wo
liquid | esemparyiaedeings B 8p dayinesgise é?fefﬁ%?ﬁélilﬂg‘?rs indicate i@y o) G, 5
present spa soherabiis &hewsng a liquid filmon. the w ndow encl osing
wi ndow 20 of a’l ens housing. [0023] FIG 6 illustrates inages of

adj ustabl e focus liquid lens having a water filmon the encl osing

wi ndow of a | ens housi ng. 25DETAI LED DESCRI PTI ON OF THE | NVENTI ON

[ 0024F The present inv&RIEBPEFCRIPHON GF THERBAWINGEus fluid | ens

wher ei n f l th | r : g a6dn.
anal o of 0T i hUfRRkG 3 ERGhe RAGRLE G pE IR Db pBcAIAR:

devi ce hdvhamgc fuousd]thsiub interfaoe, e, fliquiddiquidios liaw deruintegfagey isgaieved by
enbodi ment..of .t he present i Nt shdag 10

i ncl udes aﬂﬂ{%t}ﬁfa?tg%ﬁ%? éﬁ%‘gg?lgﬁﬁt\. acgéj %%Otelﬁ%d fl%érﬂt%hﬁﬁeggﬁegi on 40.
A first bheyiydedles,sudihs abowalperdefine byH hydwoplubiread livetapilie &pas &

housi_ng %%i AS ﬁ%%ﬁn, éhe fluid 20 is constrained at the boundary
bet wedn £ é”nﬁfﬁg %E)}C region 30 and the hydrophilic region 40 due
to the hydrophohbi ¢.properties of regign ; ongd tiagdBufaur t her
const r ai i‘g’lﬁh e&ﬁ' %iﬂ@m%}?s gt ﬁ‘l%gs-t%l%tl%g“si fﬁ‘f“é@? ace ,Krgloa;ﬂq%edﬁ[:;hé_% us, 50
i s formechterSes end Wakaripdly@ienpmethyisilbxemie inerfas atr bamduy ofitydraphetiel 5t hat
isimmsciple with the first, flui : toranghe id RBieved
i ot desen e pvispiieglioy eriatiebe At alie Ea0k AR ARl il Bicve
whi ch i n by diangide tHepessirheppiied wl the Bagd.h of the fluid I ens. [00261 The
schematic shown in Fig.1 below also illustrates a nethodol ogy for

adj ustsi Ngod20p BIC. Bdllustetes anajishdtecbyusflni lEraeyssm bivinhe éasipe doliddens

according to o e iiment:.. As shown, 10a hydrophilic high surface
t ensi on g?ﬁ?ﬁmggﬁ@ggggg?r*§$@$1Ied in to the hydrophilic area exactly
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in contact with two liquid lens in a variable sized tubular housing.

[0022] FIG.5 presents a schematic showing a liquid film on the window enclosing window

20  ofalens housing.

[0023] FIG.6 illustrates images of adjustable focus liquid lens having a water film on the

enclosing window of a lens housing.

25 DETAILED DESCRIPTION OF THE INVENTION

[0024] The present invention provides a variable focus fluid lens wherein the focal length is

controllable by changing the contact angie of a fluid meniscus.

[0025] FIG. 1 illustrates an optical device having an adjustable focus fiuid lens according
to one embodiment of the present invention. As shown, a tubular housing 10 includes a

30 hydrophobic region 30 adjacent a hydrophilic region 40. A. first fluid 20, such as water, is



at this stage is concave. By applying pressure to the fluid (FIG

| b), the curvature of the neniscus decreases (the radius of curvature
increases). By increasing the pressure further (FIG Ic), the

meni scus pushes into the hydrophobic area and the contact angle
beconmes 15convex. [0027] Accordingly, the curvature of the |ens
formed by the fluid nmeniscus can be tsuned. In general, the curvature
of the nmeniscus-will have a tunability range between the static
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One advapisage of using a two liquid interface is that evaporation of
the fluid, e.g., water, formng the lens is avoided. However, the
choi ce g@oié&qg‘hg%ﬁeﬁ% owndn P:%rlgeloqv éié%ﬁll&'ﬂa&s@a PRE®R0 16 Y foiililij&tthg thai d
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present Invention. As shown, the device has a tubul ar housing 100
W t h1% wocosv$% er ent si zed internal cross-sections as shown It should
be apparent to a person of skill in the art that tubular BSI ngg
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vari @gs fsinuitofl dérlsities] andlilﬁllﬂﬁrameaces of refraction; or the two liquids may have different

densities, and similar indexes of refraction; or the two liquids may have different densities,

and different indexes of refraction.



10031] In sone aspects of the present invention, at |east one liquid
| ens may be situated between solid | enses. The two interfaces of a
liquid | ens nay be both convex, both concave, or one convex and the
ot her concave. As shown in FIG 3, liquid 160 and liquid 162 in | enses
110 and 112 may be the sanme or simlar liquids or different |iquids.
I n one enbodi ment of 25 the present iénvention, liquid | enses 110 and
112 are i'n contact with the hydrophilic surfaces 121 and 122,
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divided into several hydrophobic regions 231-234 and hydrophilic regions 221 and 222, The



fluid 330 may be a gas, such as air, oxygen, nitrogen, hydrogen,

car bon di oxi de, carbon nonoxi de or a noble gas; or a liquid, such as
a hydrocarbon solvent, an oil or the vapor of liquid 320. The inner
surface 350 of the housing nmay be a hydrophilic or a hydrophobic
surface. The liquid lens 340 is in contact with the inner surface 320
of the housing and has a 5 surface 344 in contact with fluid 330. The
liquid 342 may be the sane as liquid 320 or different front liquid
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the sane, or di t | s than the housing, such as pol yner,
|nor&énlBlmﬂﬁﬁ%wéakﬁh%éghﬁﬁL?- terlals or hybrids thereof. [00391 The
t ubul ar hou5|n s used in the res nventi.o hav abl e
shapes af¥34k %%ﬁ& sghgnatip sho g’ E‘F%‘Qﬁffaﬁqﬁm ?kﬁ’of}gl: °HE® has a
symet ri GaldoG/ % Jens BRI AARHov) t@ﬂﬁhb@has@’dmﬁarmefﬁmg 300t (e hewsing 300
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material. In one aspect, the window is coated W1t11 or is in contact with a thm iquid 320 as

shown. The thin liquid 320 has a surface 322, which is in further contact with fluid 330. The
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15as glycerol, 1,2-propanediol, ethylene glycol and the Ilike.
Exanpl es of useful non-polar liquids include silicon oil or

hydr ocar bons such as 1-bronododecane, butyl benzyl phthal ate, benzyl
al cohol , Exanple of a suitable gas is air, In one enbodi nent, the
fluid is in contact with the hydrophilic region of the inner surface.
Alternatively, the fluid may be in cogtact with the hydrophobic
regi on of -the inner surface. The fluid in the housing nmay be in

cont act ZIQidA30 magheos by suth as alr, oxyzehindragan, hydrogenh a@bwodi@@gﬁ; egglonni t h

any other fluid. The fl ui Q i i ar
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housi ng. Aope TdEg a0 i i Aosee pERue B bR P o drlbe Saali?y 3
fl uihd 5 hrrax?ﬂ_@@e B%%@n&ﬁﬂt @it 330e The Hiqiid ?@fm@i 1 the Za]&a:ras iliquﬁf yzos?: ub 11 e
with the first id. y_.combi nati on of. po and npn ar i ds
and pol adUfereg; @%mb/lbﬂ‘t“ﬂ 3@2513 If%r%%"f”ﬁ@neemﬁﬁ“@gé %Jir%?fe%e&gWE ng?léwg?ﬁ thgbl e.
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er anpl e i(_pio[yv@pﬁx@aae.ccoathgeom@s Sifefiald Fmi dl@(betlﬂTi He Oflé ethtsbdinsens ithe

el ectroki netic pressure. generat, . ex e, electroosnosis, a
r at chet Mﬁﬁ??h‘@f% SéTf%‘i?t‘sr’B&ﬁ%?tﬁﬁ&%%yyzﬂ%ﬁﬁfg?mg%bdi nent, fluid 10
pressure is generated usin neupatic o net ohydr.od 1 C_punps.
'yl adB¥fer BRBURPIEAL S PREH) FSiPa e BRrTao SUTRE TP AoT &2+
gener at e%umceam?gh,a&gam@d the eatheCad sinkNe typseoTlateriafls. a\lteaafivdly, hpdrbgiobical
pressure generating, device s SCrewt punpi nq devjce or a

peri st al tSEagsE R P60 44 S"F‘F’T@’Bf)?@'é tmf’lﬁégﬁff“(?ﬂﬁ&?egé’gﬁ%{}%&es a net hod
of adjusting the curvature of a fluid 15 nepiscus,, The, gEt hod

typi cal | IOPHEI LeeBOYSy B\PReiAIRGCta? FPHRPoRF RHP TIPSR PYPRB % g havi ng

a_hydr ophjgiiophdicknh hdraphiatt ferioh dannchief6é 6 tBe ABGLSESnGT t he
fluid is constrai ned boundary_ between the h d&&gﬁl lic

at a . . and .
hy dr o¥hobhlgeraativelaes additianally i Gibujan Bousing may dnplude lig g Wgropb%hiﬂ

to changgpt e el ¥t dHoln @y th@rd RARicE GiStionk fo EMEtrARBRAINE Mhe bbftRlary
tubul ar housing Is provided with a fluid inside. |n another

enmbodi menfeaturefgan e ARANRSCORID TRFPHTUL TN @ Sirerdye RiofHding or extending within the
inner surface of the tubular housing. The structures can typically be formed using injection

moulding techniques or imprinting or Iifhography techniques, such as nano-imprinting or

30  nano-lithiography, as are well known in the art.

[0038] The boundary feature of the present invention may be a structure in contact with the

inner surface of the tubular housing, such as a ring of material disposed on the inner surface



20 a hydrophilic and a hydrophobic surface. In yet another

enbodi nent, the tubular housing is provided and a hydrophilic and
optionally a hydrophobic surface are forned afterwards. The pressure
generating device may contact to the fluid directly or through a
medium A preferred pressure generating apparatus is an

el ectroosnotic assenbly. [00451 The gresent invention further

provi des.a nmethod for adjusting the curvature of a 25 fluid neniscus.
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a mni CaMema exaplophifealsidsdpelyton Saclp@ratsalllﬂf@fr‘??‘é‘ﬁ%&ope, a CD or DVD
devi ce, a barnacle reader and an encl oscope. For exanple, !ens;s
accor di ngodop 0wy @sRE fhityvmay bowsed withibe e bywingadt EFAFERRAL £ n
optical devices, used,in.telec i } Lt AdBliasa non-
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opti cal Qf’@@{léégﬁ“’ﬁ'?i‘%m ﬁeg{)ats?lgé&% %\Sﬁﬂn Igetéi{rgegti on_and nj crlgs rgery
appl i cat OB e hjdrephitir fegioh ef tho traer suefacs. Peternativalys HodiihmEhRe BraTaht
i nvention,]j articul . L2l ) H8 & the hRRO1REnSa0eE emtact
[ 0049] IWldbﬁ’gglé‘irf’%%’%ggr%%éc/?é#h%ﬁ?%rﬁl &%hgir{llﬁfél is faor hn.a silicon
substbp at &ith antshien fuidsir aiersatiaei Apcnosestee Witigy PEEhyvte %f“&ﬁé‘??’ o her
useful substr.at i ' | Rstduated fombabstween thsul at ed
non- met aF?nséﬁnﬁdﬁgl%%tél?gé%??E";‘%H@gE%ﬁg? gﬂrbfe{n_d an :i@ﬂsul at oe;. . Specific
exanpl es hjdiephilibeang hydrephebicshificenie fonnt ¢ faid-fluyd igtepiace GUBEYhy ot her s.
It should be appreciated that other 20 material s _as would be .apparent
to one skjoslpdin dhe byectaf therimmentien, thodust finidrin hedupar MRBINSERR6 P ng t o
t he present invention pr bk GhARSHESG O fiRE
shown, f &GP Ia{ele?sﬁo% SgO%ﬁﬁg%nglgg?c,@nf?&gﬁ%ch be appr eci @t ed. %hat
a flwsd gharyrebriaiysohdlewidnthe GrsbEsids doy P@n‘anat@é@ﬁﬁ?lﬁ‘}ﬁf’é‘&eﬁp & "Wy
examl e, oyl Mk hilsDlsh EBkin S HURLRs oLELLA0OUE Slitable! TR RGiHARE aspect of
r , e flurdc

hexagonala! elE annel, 1 n certain aspects should
have 25 didianmtion) shestubtlainbasidgonly dvatapmone 8widar appl i cation. For '
exanple, in one circular cross-section enbodinment, the fluid channel
(«gnd thuggm? et a ABidakte@ice Prebintd Aimbresss athizsboamdtir west.arhyerophiisween
about 10

or 100 umor less., |t sho be_.appreci :
di aret er Wéﬁoph@ﬁ‘bbpé}ﬁ‘?a"ﬂ%?éa’é’?‘% k’B‘I"ndﬁliyw TEr gléegc%gga g#?éﬁ%ﬁ%g?ﬁéﬁg
channg| s) &8 hATIE~IRW) of B higisdusahd the 0bntphaigh tanfrogdiagyd py gobwEimg
(e-9-¢ ué’rgs%%e ltg thg %uitdh eThg crn?r\?a[turgfof Z:EI.- gl(a)me[] crprveuxg dé ue& Bffa th@@qx?arﬁoﬁ @'ﬁ%ﬂ'ﬁ&ge-

+y?)¥2, where ', x", y' and y" are the first and the second derivatives. Asshown in FIG. 1,




12 standard silicon/glass mcrofabrication technologies are used to
fabricate a fluid channel in a housing. First, silicon and gl ass

waf ers are cl eaned using standard cl eaning techni ques. For a fluid
channel, a photoresist is spin coated on the silicon wafer, then
exposed with a photomask containing the fluid channel pattern. After
devel opi ng, the fluid channel patterqpis 5transferred to the

phot oresi-st. Etching, e.g., BHF etching, is used to renove S102 on
t he pat tigs queehnaé 6fhe Eﬁhﬁﬁcﬁafzirﬂfe turuslbpl mcmln@ﬂmdecm@u(&fhgpressm@q;)p11ed to

40%600) or .other etching tec

desi r ed et ﬁ The Cg‘wat”tr%h"’gép%oﬁ Bt 61:{5#%&% ‘ﬁgﬁ/é g ﬁﬁebﬁqgg% %ftrﬂltkgl
e.d., CHERoud MY hepiskeropatk afnﬁ:ﬁﬁtyaﬁ@e dLMme Sk sroke mfrgn theﬂ[:unn comtat ed,
exposed devel oped and_et ched

sur f ace 2nglaphi QL‘@PFG@V@P@“H‘D"W@%" b&fegﬂff%‘iett%ﬁp&’éét%?ﬂ étg #%1& Ogé in

t he f4 U'h‘}iix% yfopliBdls@hcdr in addition to a hydrophobic region.
For exanple, a sur ace feature such as a ring of material may be

formed '[ﬁoisgatl_?gpt%&'ern%& @mﬁ%n{nﬁ&g g aéf?%&@&e&tueﬁ@@ff&fckddhﬁmgH@ﬁ@@l-a e.g.,

during t nin ching sta or a_ri
mat er i al genegtingeledepaslioredevoee @W&PW@@OW%@“ iy @ caviye Fpy ‘i’f%& Eriinnel

Is formed %p%cﬁ@ghg%lpegap?ﬁéﬁrtg@ﬁeﬁfﬁs F@Ec&dﬂ%eﬁ@&‘é&uﬁ e%ﬁt&d@gnfﬁx anpl e

of a posneﬁ o create a fluid channel that 05({1

addi t i orehmple, edctrepsmmsisyeeraivhetatingl o eleplaveaiige 1 “é%s may
be used a thid 8 @em &Qﬁ@tﬁéxbed by
hey B ésséag%a %ﬁ%ate& 9&@@&&}9@@5@&@@%@@%@%0%‘ rﬁgm B ydlasehived by

under st osmrbotﬁnmnt theepréserve pppiliothtoj the fed 1 la gensretediby mepenigelderiss dope

enbodi m3 dshreloSnek-d¥h 8 BERLL it @ <O Bype i@ device or

nodi fi ca 15-52%5&%1% ar EZi%prgtrsr gr%%rren?s as 1Wou ﬁ:ﬁép \gg%gr ent to

t hose skaﬂdn@@tlcmumne art. Therefore, the scope of the appended cl ai ns

shoul d be accorded the broadest interpretation so as to enconpass all

such Mo di044] at Therpseserrt dnveirtinn) alse pagviden g sethed of adjustingg PHvE S AR RS | S:
Op&aerﬁ g OB £ 8hodd uly%ﬁéﬂﬁes ﬁ%@imhg*alﬂuﬁ{wﬁ%a&dwahﬁwsﬁg hasnng aner

surf Ssal d i nner surface” havi 3hydrophobi ¢ portion eB
hydr ophl Isideoppiictendhydranbybic surfase, themrua S TEEEES @%Fhvxﬂtuﬁﬂﬁcoe*ﬁéﬂ“t Bh‘f ar

Bgﬂf‘:ﬂg? yﬂq&n{fﬁﬁé}%ﬁ%ﬂz&l}%ﬁﬁé apY Hﬁd?ﬁmb&b GuBMES, AEPadpRtihd OpressiRepglicd a

en t I ¢ and hydr ophob| c 6surface 1Hortl on
const r ai faghe frdd fd cprpes! up\raég@ﬁﬁtge@ew dp gae emghpgiment, the tub ar housing

is provided with a fluid inside. In another embodiment, the tubular housing is provided with

20 ahydrophilic and a hydrophobic surface. In yet another embodiment, the tubular housing is
provided and a hydrophilic and optionally a2 hydrophobic surface are formed afterwards. The
pressure generating device may contact to the fluid directly or through a medium. A

preferred pressure generating apparatus is an electroosmotic assembly.

[0045] The present invention further provides a method for adjusting the curvature ofa
25  fluid meniscus. The method typically includes providing a fluid within a tubular housing
having a hydrophilic surface and wherein a boundary feature constrains the fluid and presents
a meniscus, and adjusting a pressure applied to the fluid to change the curvature of the
meniscus. In one embodiment, the éubu‘lar housing is provided with a fluid inside. In another
embodiment, the tubular housing is prm:'ided with a hydrophilic and a hydrophobic surface.
30 In yet another embodiment, the tubular housing is provided and a hydrophilic and optionally

a hydrophobic surface are added afterwards. The pressure generating device may contact to



7c)a pressure control means coupled with the fluid for adjusting the
80urvature of the neniscus. 2. The device of claim1, wherein the

hydr ophobi ¢ surface and 2hydrophilic surface portions are di sposed on
salq i nner surface. 13.The device of claim1l, wherein the first fluid
S |n_contact_mﬁth a 7second fluid. 14. The device of claim1, wherein
t he flrst fluid is not in contact wi{h a 7second fluid. 15.The devi ce
of claim3, wherein the second fluid i1s inun scible with the 2first

fluid. 18, Ahe dfevieetalugthaictud. Abefabdpiiarsfgnaitingnijariutiner second
fluid is a 2dieleCtric or a conducting fluid. 17.The device of claim
6, wher edlesirposmotit pssemblyd/ or the second fluid is 2polar. 18. The device

of claim3, wherein the second fluid is immscible with the 9first
fluid, ajotde]s Theliguitdehsésrdssaribedbingrenipseriomenten %a%?geausg}%?"%e Y5 qui d

? Bgula a? ° gbgﬁ;clgotr% gcgftogg(réa$ r?rq%%sth% s&%ﬁngﬁ&l?&r pRftatfid AaBink devibear ei n the

5 [0047] Inanother aspect, the present invention provides a use of the optical device in an
apparatus selected from the group consisting of 2 mini camera, an optical switch, a portable
microscope; a CD or DVD device, a barcode reader and an endoscope. For example, lenses
acoording to the present invention can be employed as components in optical devices used in
teiecommﬂnica’cions (e.g., minicameras, optical switches), data storage (e.g., CD, DVD type

10  ofdrivers, barcode readers), sensing (e.g., analytical eQuipment), manufacturing (e.g., laser
technology) and medicinal (e.g., endoscopes) applications. In particular, the present

invention is useful in the fabrication of mobile phone cameras and digital cameras.

[0048] In yet another aspect, the present invention provides a use of the optical device in
fiber optics coupling, detection and microsurgery applications. The variable focus lens

15  described in the present invention is particularly suitable for the use in phone cameras.

[0049] In preferred aspects, a fluid channel is formed in a silicon substrate housing using
standard photolithography techniques. Other useful substrate materials include an insulated
metal, a insulated non-metal, an insulated semiconductor and an insulator. Specific examples
include silicon, silicon nitride, quartz, glass and others. If should be appreciated that other

20  muaterials as would be apparent to one skilled in the art may be used. A fluid channel
according to the present invention preferably has a circular cross-section as shown, for
example in FIG. 1. Howsver, it should be appreciated that a fluid channel may have any
cross-sectional geometry such as, for example, oval or elliptical, square, rectangular,
triangular, hexagonal, etc. Further, the fluid channel, in certain aspects should have

95  dimensions suitable for the particular application. For example, in one circular cross-section
embodiment, the fluid channel (and thus the diameter of a fluid lens) has a diameter of
between about 1000 or 100 pm or less. Tt should be appreciated that the diameter (or relevant
dimension of other cross sectional geometry channels) can range down to the limits of
photolithograpy processing (e.g., currently on the order of 100 nm) up to the mm or cm

30  range.

[0050] One example of a process to form a device structure, &.g., fluid chamnel in a

substrate (housing) according to the present invention will now be described. In one aspect,



14 110. The device of claim9, wherein the shape and/or di nension of
the 2symmetrical and/or unsymetrical cross-section varies at
different |ocations of the tubular 3housing. 111. The device of claim
9, wherein the symetrical cross-section is a menber sel ected
fromthe group consisting of an elliptical, a circular and a

pol ygonal. cross-3section, and whereig} the nunber of sides of the

pol ygonal. cross-section is from3 to 16. 12. The device of claim1l or
3, Wher %taﬂdér@ﬁhédnrgsetss fliddé Ebrcatisekanbgied 4o el hefgticiipa ﬁmﬂshzmhﬂlngaof a
gas, | i quid _and a conbi pati on thereof 113. QV|ce of clalg

Wher ei n oGS FEFloBATTAEY B3 HEES BEAAF oSk sreiteb i GG, Bt oo

fromt h%}u&‘!{ Ahef 9 BEdtSlebings §fin &af8%n tﬁeléﬁi%gn hfek, En R B6sRM NN 23
hydrophilic netal “and hydrophilic yner materi al s. q&E . The device

of cl ai mhatomagisprpiningiies fyid Frrnd Br rrs ﬁﬁ%éévqlwm thedl %’-’f“ieﬁi is
sel egt egra];xsrf%?d_ﬁlﬁe gﬁ&w@sﬁto 'E%dhﬁig‘ & Q BiTF 8Pk Y& Rled Qd"ﬁim@av@ Sﬁjg lon@egani c

nol ecul evice of claim14, wheréin the 3 is sel ected
f rom t hepaRenadupeac Sheseafier.nging treteieting(e. s iAEh 48%660 ) Or Jier ciching

perfl uortgc%éé{é AN Qlﬂ?!?ﬂcf’xéfﬁncg?ne bt BB, QE‘gv t& Be ﬁou@i@ B dgepher ei n

t he pressur or volune control neans i nC U es an el ectroki net ic or a
mechani cidrqpheicurierivy e.5:0f URBP comt thel bepstuntsl apd depasited 6 2f FERAT S He
group ¢ e.[}gélsg& 0Q1REa &df&éq%%ébé%%uw NQtAENVAE, aaﬂiﬂfa@e fQﬁﬁﬂe%ﬁ-@dtﬁrbC

punp. 11 device o nosi ng | east__one solid
| enslOni triwyrbe Aegolidedtay bﬂiemlsdquggc;dng the fluid channel in heu of or in additionto a

hydrophobic region. For example, a surface feature such as a ring of material may be formed

in the substrate during formation of the fluid channel, e.g., during the patterning, masking and

etching stages, or a ring of material may be deposited or otherwise formed after the fluid

channel is formed. It should be appreciated that the above is only an example of a possible
15  method to create a fluid channel and that other additional or alternative materials, parameters

and process steps may be used as desired.

[0051] While the invention has been described by way of example and in terms of the
specific embodiments, it is to be understood that the invention is not limited to the disclosed
embodiments. To the contrary, it is intended to cover various modifications and similar

20  arrangements as would be apparent to those skilled in the art. Therefore, the scope of the
appended claims should be accorded the broadest interpretation so as to encompass all such

modifications and similar arrangements.



18. An optical device, conprising: a)a tubular housing having an inner
surface; 3 4b)a fluid disposed within the tubular housing in contact
with the inner bSsurface 15 6c)a boundary feature constrains the
fluid and presents a neniscus, 7 wherein the boundary feature is a
nanostructure or mcrostructure in contact with the inner 8surface of
t he tubul ar housing; and 9d)a pressure or volunme control neans
coupled with the fluid for 10adjusting the curvature of the neniscus.
1 119. The optical device of claim 18, wherein the inner surface is
2hydr ophi | i .Jh &écal devi ce'df claim 18, wherein the inner
surface is:gﬂﬁiégggﬁ§%@§f4121.The device of 18, wherein the boundary
feature includes a ring of 2 material disposed on the inner surface.
122. A nmetlhod of adj ust i ng\ntdpcatdavigatcomerisofe: a f1 ui d nmeni scus,

conpri st Bg: a) a tubular housing having an inner surface, said inner surface having a

hydrophobic portion and a hydrophilic portion;

(¥%)

b) a first fluid disposed within the tubular housing in contact with the
hydrophilic surface portion, wherein a boundary between the hydrophilic and hydrophobic
surface portion constrains the fluid and presents a meniscus; and

c) a pressure control means coupled with the fluid for adjusting the

(o L “ N V. T N

curvature of the meniscus.

i 2. The device of claim 1, wherein the hydrophobic surface and

2 hydrophilic surface portions are disposed on said inner surface.

1 3. The device of claim 1, wherein the first fluid is in contact with a

2 second fluid.

1 4, The device of claim 1, wherein the first fluid is not in contact with a

2 second fluid.

1 5. The device of claim 3, wherein the second fluid is immiscible with the
2 first fluid.
1 6. The device of claim 3, wherein the first and/or the second fluid is a

2 dielectric or a conducting fluid.

1 7. The device of claim 6, wherein the first and/or the second fluid is
2 polar.
1 8. The device of claim 3, wherein the second fluid is immiscible with the

2 first fluid, and is selected from the group consisting of a gas, a liquid and a combination

3 thereof.

1 9. The device of claim 1, wherein the tubular housing has a symmetrical

2 cross-section or an unsymmetrical cross-section.



2a)providing a fluid within a tubular housing having hydrophilic and
3 hydrophobi c surface portions, wherein a nmeniscus of the fluid is
constrained at a boundary 4 between the hydrophilic and hydrophobic
surface portions; and 5b)adjusting a pressure applied to the fluid,
or - a volunme of the fluid within 6 the housing, to change the
curvature of the neniscus. 123. The nethod of claim 22, wherein the
hydr ophobi ¢ surface and 2hydrophilic surface portions are disposed on
said inner surface. 124. The method of claim 22, wherein the fluid is
in contact with at |east 2one other ffuid. 125.The nethod of claim

22, wherein the fluid is.not .in_.contact with any 2ot her f.l uid.

155, The Tret hod of oIt m B it B £ RaePh et PE A esur bl o ¢ h
each 7othersymb2fical gl retdyothetial cload-sertda vands et diferert hoeatfohdd fahel tsbubar
dieIectriclB?h%i2conducting fluid. 16 28. The nethod of claim 27,
wherein the fiuid is polar. 29. The nethod of claim 22, wherein the

fluid is selected fromthe group 2consisting of a gas, a liquid and a
conbi natl on t hereof !1-  Thedevice of claim 9, wherein the symmetrical cross-section is a

2 member selected from the group consisting of an elliptical, a circular and a polygonal cross-

3 section, and wherein the number of sides of the polygonal cross-section is from 3 to 16.

1 12. The device of claim 1 or 3, wherein the first fluid is selected from the

2 group consisting of a gas, a liquid and a combination thereof.

1 13. The device of claim 1, wherein the hydrophilic surface portion
2 includes a material selected from the group consisting of glass, fused silica, ceramic,

3 hydrophilic metal and hydrophilic polymer materials.

1 14. The device of claim 1, wherein the hydrophobic surface includes a

2 material selected from the group consisting of a polymer and a small organic molecule.

1 15.  The device of claim 14, wherein the polymer is selected from the

2 group consisting of Teflon, CYTOP and perfluoroalkyltrichlorosilanes.

1 16. The device of claim 1, wherein the pressure or volume control means
2 includes an electrokinetic or a mechanical pressure or volume control assembly selected from

3 the group consisting of a screw-type pumping device and a peristaltic pump.

1 17. The device of claim 1, further comprising at least one solid lens within

2 the tubular housing.

1 18.  An optical device, comprising:

(o]

a) a tubular housing having an inner surface;

b) a fluid disposed within the tubular housing in contact with the inner

L%, T S VA

surface



130. The met hod of claim22, wherein the tubul ar housing has a
2symretrical cross-section or an unsymetrical cross-section. 131. The
nmet hod of claim 22, wherein the tubul ar housing has a vari abl e 2si zed
cross-section. 132. The nethod of claim 30, wherein the symetri cal
cross-section is a nenber selected fromthe group consisting of a
circular and a pol ygonal cross-section and 3wherein the nunber of
sides of the polygonal cross-sectionis from3 to 16. 133. A nethod of
adjusting the curvature of a fluid neniscus, conprising: a)providing
a fluid within a tubul ar housi g havihg. an inner . surface; .

3b) provi’di ng a boundary SRR A HRo RO AR HS BESR 6 nisite

present g a wheRRnheSousiaryibeaireis A nhdderdoatd atigtostreait nesohtdct &ith the inner
nanostr%pt%&%wggfégéﬁh%§érugtg{g in contact with 5the i nner surface of
the tubul ar houding: and B&Fddf usting a pressure applied to the
fluid, & a volune df therdtuk d velutbcmtrbhecaihougedwith thoflghinge t he
curvat ur,e qf. 1 IS¢ 34 The optical device of claim 33,
mhereiﬁK}thF%ﬁggggﬂﬁégg§f$%m%ﬁ%g?ophiIic. 135. The optical device of
claim 33, wherein the inner surface is hydrophobic 136. The device of

claim33, wherein the b%@gﬁt{c)ﬁ deQad dHeRinl fg(,:lwﬂggﬁ R i \Grface is
2 hydrophilic.
20.  The optical device of claim 18, wherein the inner surface is

1
2 hydrophobic.

—

21. The device of 18, wherein the boundary feature includes a ring of

2 material disposed on the inner surface.

1 22. A method of adjusting the curvature of a fluid meniscus, comprising:

2 a) providing a fluid within a tubular housing having hydrophilic and

3 hydrophobic surface portions, wherein a meniscus of the fluid is constrained at a boundary

4 between the hydrophilic and hydrophobic surface portions; and

5 b) adjusting a pressure applied to the fluid, or a volume of the fluid within
6  the housing, to change the curvature of the meniscus.

p—

23. The method of claim 22, wherein the hydrophobic surface and

2 hydrophilic surface portions are disposed on said inner surface.

1 24, The method of claim 22, wherein the fluid 1s in contact with at least

2 one other fluid.

1 25. The method of claim 22, wherein the fluid is not in contact with any

2 other fluid.

1 26. The method of claim 24, wherein the fluids are immiscible with each
2 other.
1 27. The method of claim 22, wherein the fluid is a dielectric or a

2 conducting fluid.



20f material disposed on the inner surface 17 137.A use of the
optical device of any of clainms 1 or 18 in the manufacture of an
apparatus selected fromthe group consisting of a mni canera, an
optical switch, a 3 portable mcroscope, a CD or DVD device, a

bar code reader, an endoscope, a beam steering 4 device or a |ight
beam mani pul ati on device. 138. A use of the optical device of any of
clains 1 or 18 in fiber optics 2coupling, light detection or

m crosurgery applications. 139. An optical device, conprising: a)a

t ubul ar housi ng havi ng an inner surf dte; 3b)a solid I ens disposed
Wi thin the tubul ar usi 4 Lrst.fluid di sed within the

t ubul ar %ousing in ggnté@%“ﬁﬁ%ﬁ°{%%mééﬁvfﬁ“fé%@$ %nglsecond fluid
di sposed wi thin the tubul ar housing in contact with the 7first fluid,
wherei n la boundary BétweE neted pf qlam 23 desidbmipid s seleréed Hroadearraipa

M ni scusy apgkiBe) & aRhLs BYi®adla HAbiHABL GeRbS 0 neans coupled with the
first or the second 9fluid for adjusting the curvature of the

meni sc USI 140' The d%&' pefki%fn%eﬁlloglapglgn% 22w %rrelenl tﬁle t%pu?ar%gl%%ggasu uidis
immscible with 2thé " firs uri d.
2 symmetrical cross-section or an unsymmetrical cross-section.

1 31. The method of claim 22, wherein the tubular housing has a variable

2 sized cross-section.

1 32. The method of claim 30, wherein the symmetrical cross-section is a
2 member selected from the group consisting of a circular and a polygonal cross-section and
3 wherein the number of sides of the polygonal cross-section is from 3 to 16.

1 33. A method of adjusting the curvature of a fluid meniscus, comprising:
2 a) providing a fluid within a tubular housing having an inner surface;

3 b) providing a boundary feature that constrains the fluid and presents a

4 meniscus, wherein the boundary feature is a nanostructure or microstructure in contact with

5  the inner surface of the tubular housing; and

6 c)adjusting a pressure applied to the fluid, or a volume of the fluid within the

7  housing, to change the curvature of the meniscus.

1 34.  The optical device of claim 33, wherein the inner surface is

2 hydrophilic.

1 35.  The optical device of claim 33, wherein the inner surface is

2 hydrophobic.

1 36.  The device of claim 33, wherein the boundary feature includes a ring

2 of material disposed on the inner surface



141. The device of claim39, wherein the first fluid is a liquid.
142. The device of claim4l, wherein the second fluid is inmscible
with the first fluid, and wherein the second fluid is selected from
the group consisting of a gas, a 3liquid and a conbi nati on of a gas
and a |iquid.

17
1 37.  Awuse of the optical device of any of claims 1 or 18 in the manufacture
2 ofan apparatus selected from the group consisting of a mini camera, an optical switch, a
3 portable microscope, a CD or DVD device, a barcode reader, an endoscope, a beam steering
4 device or a light beam manipulation device.
1 38. A use of the optical device of any of claims 1 or 18 in fiber optics
coupling, light detection or microsurgery applications.
1 39. An optical device, comprising:
2 a) a tubular housing having an inner surface;
3 b) a solid lens disposed within the tubular housing;
4 c) a first fluid disposed within the tubular housing in contact with the
5  solid lens;
6 d) a second fluid disposed within the tubular housing in contact with the
7 first fluid, wherein a boundary between the first and second fluids presents a miniscus; and
8 e) ~a pressure or volume control means coupled with the first or the second
9  fluid for adjusting the curvature of the meniscus.
1 40. The device of claim 39, wherein the second fluid is immiscible with
2 the first fluid.
1 41. The device of claim 39, wherein the first fluid is a liquid.
1 42. The device of claim 41, wherein the second fluid is immiscible with

o

the first fluid, and wherein the second fluid is selected from the group consisting of a gas, a

liquid and a combination of a gas and a liquid.
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