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FLU D HANDLI NG DEVI CE W TH DI RECTI ONALLY- Bl ASEDVETTI NG
SURFACE RELATED APPLI CATI ONS Thi s application clains

wob@7iozssef it of U S. Uility Patent Applicati oPCT™MIS2006/036081
11/ 229, 478, entitled FLU D HANDLI NG DEVI CE W TH

FL’B&ﬁW H DYREHTONCEL LA BPRSEBORETTING
entitle TH AN SOTROPI C VETTI NG

SURFACES5 and 11/229, 080, entitled FUEL CELL WTH

ANI SOTROPI C VEETT I iJ ed Septenber 16,

2005, and all he : ed herein by

ref erence. NOTE: Petitipns have bgen filed to convert

t hisa ?ﬁ’lﬁa{i&‘f RIBRE Chhe Ubddelt YorPRRY | @ﬁ‘ﬂi‘t)ﬁ%’céﬂ@ Application Nos.

provi st'onal "applications, however, such conversion is
11/229 Avg neleidled FLAHDSI ADEIING DEMIGI W ITHaDIREGCTIHNALLYyBIASED

t he above refer d plicgtio T,
WETTWFEN_’WW s fﬂ%&%&gn elngﬁ%\‘i e%%ﬁ]:ﬁ OBIEV(B?E WITH
ANISWPIWIH@SS@@A@S? 28P€¢i/h25080, YentiQedBUBZICELL WITH

surfaces of fluid handling devices. BACKGROUND OF THE
ANIS DONVEMPICONBIHITNG SURSFAGES, 3t fledsSaptembey oléy 20Pheand all hereby

interactjon of, liquids w Q] . - C ol
fuly frgofpegiivd teh by EHERG: NOTE T 4iaBEheicodn (kb Wpobjon the
abovd retERed Uty Apphiddtiond & pryvisivaalpglieions, hweteyer) gudf conlersion
surface, so as to achieve a specific_result.

. . Fqr .
is intendadisl heve 80 ef spitoRThe claia (e BRI e theARAuRefs epeq gpplications.

used in cleaning processes so as to achi eve greater

surface wetting. e, liquid

repel l ant coatin BB GETHE INVNG d to clothing

products to reduce surface wetting and accelerate

drpid v eiktidn\@lagds Wehéhty t=hb hifmdliay devie@endnderewpycifiodlly to

decades to anal yze and understand the principles and
wettep swieges o€ Buidftradlingdsvengsf ace wetting. There has been a

particular interest in liquid "phobic" surfaces, which

are surfaces [ ] hng by |iquids.

Such surfaceshgg?ggééﬁtﬁgéﬁggﬁﬁ phobi ¢ where

the liquid is specifically water, and |yophobic

r ?\lﬁﬁs}’ u&ﬁgﬁgﬁ’!&%& thvoRleCthe dRfratibn A NRfuids! With d8lid Isfrfaces.

the surface resists wetting to an extent that a snal
Oftengitoipldesirable taaostroloor inflhence theymannesaiithys néeractipsy particyarly the

stationar ) .
degree o we?ungy of the surface, so as to achieve a specific result. For example,

surfactants are sometimes added to liquids used in cleaning processes so as to achieve
greater surface wetting. In a converse example, liquid repellant coatings are sometimes

added to clothing products to reduce surface wetting and accelerate drying of the clothing.

Efforts have been underway for decades to analyze and understand the principles
and properties affecting surface wetting. There has been a particular interest in liquid
“phobic” surfaces, which are surfaces that are resistant to weiting by liquids. Such
surfaces may be referred to as hydrophobic where the liquid is specifically water, and
lyophobic relative generally to water and all other liquids. If the surface resists wetting to
an extent that a small droplet of water or other liquid exhibits a very high stationary
contact angle with the surface (greater than about 120 degrees), if the surface exhibits a

markedly reduced propensity to retain liquid droplets, or if a liquid-gas-solid interface
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contact angle with the surface (greater than about 120
degrees), if the surface exhibits a markedly reduced
wEe@pesssity to retain liquid droplets, or if aPCT/US2006/036081
i quid-gas-solid interfaceexists at the surface when
i » int YR cBB¥a enerall
e R e SRy gencraly
referrad tto ais yaphitiahydrephobac et ukmlyaphebisisuplases Fof thapurposes of this
.application, the termultraphobic i sed.tqg. I .
oppliGRRR, BRI 6 yrtrbabifie bined BN et B Qrpisfdppopic ana
ultral§opHoBE St fab¥sal nabl e surfaces are of special interest
in comrercial and industrial applications for a nunber
of reasons. In nearly any process where a |liquid nust
béDwlitiablt furfacesars of fprcie] irgergstiin icommeralf indi indwsiréad applications

o oG B 58 0 I R I o

surfadte SigretcRt leBMfidicic@Medul ifdthy ishEfaceigtedt g lifhidi wishat éeating or
not retained in cavities or |ow spots due to_the

extenpive|dipingdingt.  §iftanien ypppisice dae e, desired prieHating s Sryipg such that
. ligui . ' r ' I an
i Bt 5B 96 o G b0 B
surface. As a result, directionally biased wetting
SWIbRLPEr, iV eeRl e tigaidr aidl the karfadedd dedntgically fovese for an
friction in certain directions and increasi n%gfl 0

win, .
ultraphohje susthcops pRRPSeic EcoYEntRR BEATar AiSE PP a%@%@y biased
wettiﬁ% sﬁfg@? L0 SGahRly 3ad.68 %Heﬁh#i%ﬁg I fgﬁe%gfil)ﬁ‘ iflé&tain directions

applications.” Tn-certain mcro idic applications it
and inergadirg desi inabigriid of hydrdsc el hydedyrtamicgpplecatomden & macro
with greater. facility in one direction than.an. - .
scaleoﬁ% §$H‘?ﬁlai)1lyr”é 61@1p1;9!f"1_u1q\{(".] aml}gétpogq. t ﬁ‘]ai:q | m[l?roﬂgﬁlcb@)phcatlons 1t
may HE3LLiBBILrot Ahidstd'd% thvulh of Rhahid dgth %}eﬁeﬁﬁﬁﬂi@y h one direction
portion of an apparatus or for their flowrate to be
than pre dpewsihg ditection.nbvwther situkihenarit miaxbe slasitableefor duiglsrie be retained

. has. a sj.gnificant effect on the deqgr 0 rface
mna ‘?ﬁg‘?’t“iq? . ?§ %@p%@ % g?{éfﬁ?ﬂ ?lewor {s%gel‘?g’ gae‘{“ﬁg ", under
some circunstances, roughness can cause liquid to
adhes Aol RidwAN@BhY surfict RsughHEdsams ats‘i%ﬁ'ﬁé&t 8ffect on the degree
correspondi ng snooth surface. Under other )
of swiaceuwsttiagc e, hasobesnegeneradlyghbprsseednihpt, cindse spme ¢ircgpistances,
to adhere less..strongly to e.rou :
rougfhsS P Edier HDa ) RAER ek st R SHHAGP G |92 Bordponding
smodtR UEHTRRS SUARY ofttd SRcliigaisids flaseven roeginest may eause the liquid to
directionally biased wetting., Efforts have_ been nade
adhepsy lgts wipnely tatthe rugh gudassghah thesmostnsuriage g hiaae grrupstances,
G EdcAGEaly ifsed wetting.
oS8R5 ol QLR Sk SEROB LG e i
substrate nenber with a nmultiplicity of mcroscale to
napfeaaliRve eee ahadenprediously at introducing intentional roughness on a

surface to produce an ultraphobic surface. The roughened surface generally takes the form
of a substrate member with a multiplicity of microscale to nanoscale projections or

cavities, referred to herein as “asperities”.

Wetting properties of surfaces can have significant impact relative to particular
fluid handling products. For example, fluid management and wetting behavior in fuel

cells has been the subject of much recent research. A persistent challenge in the design of
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cavities, referred to herein as "asperities". Wetting
properties of surfaces can have significant inpact
WO 2t0ans3sel t o particular fluid handling productBCT/BS2006/036081
exanpl e, fluid managenent and wetting behavior in fue
fuel cERd iStAAse P&%E%hg %vﬁéfh.hq{i& cBfi. el cél@scﬁﬂéﬁuéeeﬁﬁt%f @8 a rlaction
persistent chafleénge in the design of fuel ls is
produth dindst some agmdigonﬁaweier 1srcvph/@d cvetyi quiide IWl&leri ihg oplt-oblhig evater

a.rea 0 ro Q t
i e PP R et <OBPEE B SLIGF W AP 1y RIRE) o deiftate, may
restriobetr &5lodkSthe M @h"lﬁyei RhRAHE QGIIOrSutChQ. @caiditaﬂieisamﬁmqﬁ thbart as
cell, andif al l owed to accumul at e, restrict or

“cathfleqidodings. flp eddigpnthe Femperaueriitieenges bsi%ff?né ¢ efiband agppient

e R SISl APecBR P PRl Ml s

air m@rd inail euttof @iv/dellaiunieg bperagiothe | arge so t hat
condensati on of water vapor may be caused at tines as
air nmoves in and out of the cell durin operatio

Typpisally,ythe speace offtipelatoplatse poprvidsd ayigs drainage shanaels so that

t
wate%gig-e&g@ iﬁég@hglg%ggrﬁi ofs 8% éohllg{: ks t% Be giatirgeabﬁain the cell. Tn
additidfl,afheelﬁpa‘)lan platdseare elffen rhaieafiolint maimnal havilg palatarelyploat esrface

are often made from.materi al havin tively |
energy §p ke 3@? e ipalR RlpSiRTerRoRY- rﬁjsﬁ%‘i \é’glt%s %ivgaf‘&es has
been Bﬂfr@lyes@ééés)!ful h'?éﬁlﬁﬁiﬁtu%f SR SRR ArRBw RS MBS ment problems

entirely successful in elimnating cathode floodin
in fuelmgllnalievevienn dgeagisulapr oishewmere rio‘fv uaikfage energy hmimpg‘i such as

n_par even I ow
prer e RECL P SRSl bRt 55 ARgHAk BB GpbPlfrces
in thd 181l faktieR hdnOdr@imiiOdwdy @ @Jsﬁsd alWihe@hsh aceded il &Eﬁl&d\lls&ytiha fuel
cell rather than _drainin as desired. What is
cell vithegpapongnts ﬁ@lhnam&mgrow% ‘ﬁatﬁluglamééi’ within the egfhponent s

facilitating i mproved water drainage within the cell.

her ml e, . ifi L .

o JROGREGRIBTD) Rl SRUBLERE oHRBA Lo ki goviee

the rbdisthsbemay Q!ﬁﬁiitmcbv?éﬁ@ﬁﬁdrnpysedoﬁjr aohtaof of | fluid with hsurfaces m the
surfaces in the mcroscopi¢c channels of the device,

micrasggpip ehapesisiod phedgvicee dhingp e fedraplediy C@iﬂtff’]l the Howi ¢ iﬂuilid within
the m?cte}ggﬂ?lg bl &) & gﬁﬁﬁdg Saﬁﬁ?\& bire fréédﬁlgshi}]g cci]fréc‘i?iWn nSn another

Fh one directron than In andt rection.
direc@mrneriml genasrehatmiﬁr&s stiomid dlofd b ianmocafluilccddviagi ai ane or more

devi ce at .one or e entrances and product ou
entrapeg, g brodie BB B ettt S BGIIAIGLT | B flow can

someﬁﬁi@? AR S o8 Rtdhdindtidn GFRERMRAG &Hep%robﬁﬁfét aWh& i9heeded in the
other problens. Wat is needed in the industry is a

industiycis of pu¢rdfluidirededee withhflwid flaw fohannedhhavieg pridaciatig levels of

aniso E)Sl%lo%tdﬁgcl:t?onla 1asecf)r631stance to fluid flow.

SUMMARY OF THE INVENTION

In an embodiment, the invention includes a fluid handling device having a durable
generally lyophobic or ultraphobic surface that has anisotropic wetting qualities. That is,
fluids will demonstrate a variable resistance to flow across the surface depending on the
direction in which they flow. The anisotropic wetting surface generally includes a

substrate portion with a multiplicity of projecting asymmetrical regularly shaped
3
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ani sotropic or directionally biased resistance to
fluid flow. SUMVARY OF THE | NVENTION I n an enbodi nent,
wao b@7iosssent i on i ncludes a fluid handling devi cECTIES100036081

a durabl e generally |yophobic or ultraphobic surface

microbé¥d o A8ncABAIS AkpaRies. VIRE tthé Gupdads 6ff thés applRbtidis fluid handling
fluids will denponstrate a variable resistance to fl ow
devicescinglide miie, ehinaclttingp snbichgllORDEIE, dkecPBps, (Wetlgfifiel cell
f L.Qw. j i j f ral

comphie, suBtLlE BB MO B gl Alg Sy 65 RERET fofoponent
that nryOohecadeti ng hasdleedrsberal coneadn)loarcbyvesha fledin Elnoklradbngdevices

nangscal e asperities. For the purpaoses of this .
may alsp|Hduds _sw,e_ﬁ?q, lhuaetf?énaﬁﬁkﬁggseé@ % é%b%cw&ifsp%ﬁ&gs and other
devickd! HaP gxe fuh%dt td ?r%asﬁf@la}’l& SrankteP BAEL S o 1hB6KRry BY Mmfacturing

wetted fuel ce conponents, mcrofluidic devices and
procesoénymemest, and any ot her device or conponent that nay

be used to handle, transport, contain, or convey a

fluid. Fluid handljng devices nmay _ also incl.ud .

pi et asBeitias PRy PeJOmRih e Oip iR SHES e Al Tl reig, one or
morel] %aﬁ'é O8maftifal ?fsgsgeddcﬁlvﬂ@ QBrthdRdr BeQubsieie | ThEBRBs may be

and transter fluids in a laboratory or manufacturing
any reguwabser ismgiladyishapted tiee dimensiang] edidnarycapisy fiat men be glisposed
te material itself or in one or nore

. th bst
man}(f)gesggﬁgggfm i 3?#%?‘%?@‘88%1 d on the surface of the

substrate. The asperities may be any regularly or

| VIRGS AL Ypshianesedohtife 16lithe it Atish B8 bd PfmEd kY known
and may be di sposed in any regular geonetric pattern
molding andrstrompiyg niitlerds Sabxtueing e toplieg et themaeld pristimmesed in the

i nvention may be forned usi-ng kn ol di.ng. and .
proccsT Bt o rReRbae sy HReL RiotnBORAAR; ShRGjA R 5 tprured
calen@fir BIABFMPESHon hholdifg RFodCaSHhy othe Koeaassesr methbd that may be
_include injection nolding, extrusion with a textured
suitalplg ferrferming gpiprosedppisseon nol ding tool, or any ot her
known tool or nethod that may be suitable for form ng

mgraoscal e, asperities. Shal cal.e_a y :
fdﬁﬂ%gerugﬁa}]eg R?}iltbqsi tnhagg :ggphoy, egr ﬁélggngﬂcﬁéirl}%h%%ﬁ}lgﬁi ﬁg,e“smg
nanofa€iifinp A ABicRGtantping, OfRb&titacp rprivitingg , seKalsfenastimg mhietah geolloid
nmetal coll|oid nonol ayers, atonjic. force mcroscopy
monqlayfEeromif FICe FHPLOGEIPYANaRGhing ohgdlcpldig self-assembled
I j d L.er.ni hesi : i : :
mond30 YAE ARRS BRI R LSRRI Sl e v ool
inks, @ bp dispoginga laygeof prralpd cabbe harpdwtes onribgotbatvgs. on t he
substrate.

The creation of asymmetric asperities can directionally bias the fluid retentiveness
of a surface. This approach can be applied to flat surfaces as well as curved surfaces such
as tubes or troughs. Directionally biased fluid retention can be incorporated into
conventionally wetting surfaces as well as ultraphobic surfaces. The asymmetric features
can be random or periodic in design. Periodic asperities may vary in two dimensions such
as structured stripes, ridges, troughs or furrows. Periodic asperities may also vary in three
dimensions such as posts, pyramids, cones or holes. The size, shape, spacing and angles

of the asperities can be tailored to achieve a desired anisotropic wetting behavior.
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The creation of asynmetric asperities can
directionally bias the fluid retentiveness of a

W@ e7ass11 Thi s approach can be applied to fl atPGUISA0€E36081
as well as curved surfaces such as tubes or troughs.
DiGenetaillgnalidofrobicaseiting lqualitias etre affécive edth deplets on surfaces and

i ncorporated jnto _conventignal ly wetting surfaces as..
stugs a0 BOeIEBNBEFETSE R SHoes THETESPRRERNP Vi Ypltes o
be use@o REsHARIR AN B8HIRIbCsligs Qﬁﬁht_ﬁﬂ-drﬁﬁrﬂlgfjl g[;‘om the surface or,

asperities may vary in two di nensions such” a )
alternstetyy chobedised td help ensirddha, dropletsghislugs afeirgtained so that there is

Peri.qdic asperities may.al so, vary in three dinmensions
tess st of dqepigg 3t 6 epd PLAPRUINEG AT HAFRE . The s ze,

shape, spacing and angles of the asperities can be

tailored t opRehE SHRERIBIIONAOF IMEORAIPINGYL! ti ng

behavi or. General Ty, anisotropirc wetting qualities are

effective wth droplets on surfaces and slugs within

t Higs] isropghianl dongihalinad| ssctidhiat fvaove ofhavenpgh of tubing with an

. anisotropic metting‘qugliti s can be used to ensure

anisofrapic tugdheqniagt syifase Sogrding g Seqresnyv e i n ful ly

fromthe surface or, alternately, can be used to help

e re.: r ;

EnaFe? it Rtog pHIGhE vy SINRSIAER dPBRARERA:d IFtis. 1 faken
alongdectioralimd 249; pr ocess. BRI EF DESCRI PTI ON OF THE DRAW NGS

Fig. 1 is a partial |ongitudinal sectional view of a

l engt h. of tubing w.th an anisotropic fluid contact .

sUFBatis aastil dengitudinal spetignal yieny of %@%ﬂ?ar%?lgﬂ" 53‘51% qegording

- ' j th of tubing

fo th%%%lgegl?glgé@?l&%%ﬁ&ltm akg%te%tlwg]ﬁgkg ction line 2-2; Fig.

3 is a partial longitudinal sectional view of a 90

degipeeised fotioidl tvidw gf adoes-diapyalve cohpopere sectirding to the present
. invention connecting two sections of pipe; Fig. 4is a
mvertiogi j onal view of a three-way val ve conponent

according to the present invention; Fig. 5is a

segct | A K . - -

¢ o g 5 sRHieR dr el TaE oRRRE oo | i resent
invettfonan i n-1ine fl owreter conponent according to the

present invention; Fig. 7 is a sectional view of an

in-line flowreter sight tube according to the present
i nGignoiisret sectional view of an in-line flowmeter  component according to the

present invention;

Fig. 7 is a sectional view of an in-line flowmeter sight tube according to the

present invention;

Fig. 8 is an exploded view of a microfluidic device with an anisotropic wetting

fluid contact surface according to the present invention;

Fig. 9 is a cross-sectional view of the device of Fig. 8, taken at section 9-9 of Fig.

Fig. 10 is an alternative embodiment of a microfluidic device according to the

present invention;
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Fig. 8 is an exploded view of a mcrofluidic device
Wi th an anisotropic wetting fluid contact surface
W@ewonsisny to the present invention; Fig. 9 i SPEI/US2006/036081
cross-sectional view of the device of Fig. 8, taken at
seél§ ot B- syppifieg. crgss-wichonal view ofre Al el attiokeapparatus with
: ' ] £ U di evice . according to the
enis NGRS Lon i, BofTbal Qbbatiel 6 AENERGy Fegion
cross-sectional view of a fuel cell stack apparatus
Wi Flp. ani Bodd eflgef | gakeh] CABK AGH ths Ut EOGES s18QE Qﬁd;%ms o Fig. 11,
the present invention; Fig. 12 is an enlarged parti al
depigtingpnsrchaprel in e apparptugt ack apparatus of Fig. 11,
depi cting one channel in the apparatus; Fig. 13a is a

cragss-sectional view of a capil]ary tube with snpoth
vva??g %3?‘ chcé?ssﬁeﬁt}onféﬁleiwsoé %PH@ 'é@ﬁ f"’l@‘ﬁ&?""{t}f Wil surtage;
capillary tube with a wall surface having synmetri cal
aSPRS i18b 8§ a dibd-sedtRfnal Sy 6F 9S3pHES] uBE A | i
cap%l ary_?ube v?/ieth g W%all suﬁ?g@gﬁ{ﬁ%@?%tha%m%}rl g%lhavmg
symmeisisel asperitiesFi g. 14 is a cross-sectional view of a

liquid slug in a capillary tube, where the slug is

unger 1ghe i nfl uenc%é\(%j‘ an external force. Fig. 15a is

an” Bnl'af §ba CEIsgacHomd! Brevt flba capitlat tube Mathod Wall suifice having
asynfthétficAlnbel;i ng wWith a surface asperity or feature,

wherein the contact line is advancing; Fig. 15b is an

enl arged side view of the contact line of a liquid

s| big. il hier aoss-segtiondl view sfinfigoid shaprd dapiltiry fuba] Whexe the slug
isun\éihetgei' t he cont act lli e is receding; Fig. 16a is an

R ‘3 JEACPY Y T P§8s-sectional view of a

capillary tube wall having symetrical, generally

Saptol 991 1 of RARALLAARRESLW 0F Fhe do i S A % rged. .

fr aggt ment 1ar y Cross- ses?lé&or? g ev@g%c%]ﬂlﬁegd{ca;lbﬁq %p %%tg%gtmg with
a surf@ek |aspreaiy efeatsyaymibierdin te, cogtanelimd ik ydwmeinkpot h shaped

asperities; Fig. 16c is an enlarged fragnmentary

perspecti.ve view qQf ~an anisotropic fluid contact

Fighds
suf'Ba

O W & calapgs sideewiepnot the opfasi Bre af priamid ploginteracting
with AQ0ERG dsyeritd Ok FAREE @ﬁ@é’i‘ﬁ%é LIRS fine is receding;

Fig. 16a is an enlarged fragmentary cross-sectional view of a capillary tube wall

having symmetrical, generally saw-tooth shaped asperities;

Fig. 16b is an enlarged fragmentary cross-sectional view of a capillary tube wall

having asymmetrical, generally saw-tooth shaped asperities;

Fig. 16¢ is an enlarged fragmentary perspective view of an anisotropic fluid
contact surface with asperities in the form of asymmetrical, generally saw-tooth shaped

ridges;

Fig. 16d is an enlarged fragmentary perspective view of an anisotropic fluid

contact surface with asymmetrical prismoid asperities;
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Fig. 16d is an enlarged fragnentary perspective view
of an anisotropic fluid contact surface with
w@goomostsei cal prisnoid asperities; Fig. 16e i s BEI/US2006/036081

enl arged fragnmentary perspective view of an

apt sofdOoRi &, fl g Wk e SHTER tahise@bpic fluid

f?Eétg{"‘c%n?%ﬁ%’%%&e????@?@%&ﬁ%% sﬁg@gr aph of thg
conta¢tatifaceofith etyanhétdnalfforstresoraéal asmsuititsice with symmetric

saw tooth features relative to a correspondi ng snoot h

surface; Fig. 18 is a graph.of the ratio. of retention

{ Gimad b BARAIEE B QTCRLY ROl S REo PHE Pl s2v-
tooth YGRUSrdidiRE 1800bEispBhding Llobth sriéiaph of the ratio of

retention ftorces of a suUrface with asymetric saw

tooth features versus rise angle; and Fig. 20 is a

Sife 18iiew gefphafsiessiibef kétenticth fdreepoha swrfaeivitbcaymmetric saw-

condition where F = f j. DETAI LED DESCRI PTI ON QF THE
tooth foaERTY @RISTEe a08lS: pur poses of this application, fluid

handl i ng devi ces include pipe, tubing, fittings,

val.v .t : ] -

c borde PR i AR e Bes HFR fack 4l ASimptrc saw
tooth dEWturet hekugitsei apglepandonponent that may be used to

handl e, transport, contain, or convey a fluid. Fluid

handl i ng devi ces may al so include pipettes,. bur ttel§,__

f | Bigid) is paiflearaw of yBisaide liggd sropet arcrificalpgad Pnéi‘fiﬁé‘? i~ fi

devi ces that are used to neasure or transfer fluids in

2 abor at ofyghy ERYEAEK PR BECIEERTOBIITIBRTSNC such

as heat or ; t hout
limtation, filters, heat exchangers and conponents

t e QR purlfaest & this' &gpticatisin Thid hasding aeeices @icdide pipe, tubing,
_broadly'to any surface or portion thereof of a fluid .o
fittingma el vasg fowmpsierantankmapumng Wettadn fueh pel cgonppangntg, microfluidic

.fluid. The term}?¥ ' ' ' dl
doviet g R Y AL AL DL ] B
transpEHIPEREHH, Sor ddanéy d Fluddrb Gliideandling déviess dniyanldd iimgude pipettes,

onents according to the present |nvention are

bureigspleskacherkert; Wtnenopzles, tipRy et Stherdgyicss that pis eyt easure
or tr#rl(’)é?ér[iﬁ%igf irggrl'aﬂ{o‘f’z{t!)%/f &?iﬂaﬂ@ﬁémﬁﬁ%%r&%séjgﬁiﬁhﬂﬁnp Qi aéheat or

ransport ulrd. Substrate |ayer 26 is
massdiesgiange dwvias, timliding Wwohent2imitatipwofittelsi demetaxichapgers and

fluid contact, surfagce 28 i or ned,,on. subst .at
compgeieB R PRRES ThR PO ) 0ceohtiet STt ST PORIT P By grtace or
portibA HRYEST SO Auid/han@iRS coRbEndn@YIRR may be in contact with a fluid. The

term “fluid handling system™ refers to any fluidly interconnected arrangement of fluid

handling components.

Various embodiments of fluid handling components according to the present
invention are depicted in Figs. 1-12. In Figs. 1 and 2, a length of tubing 20 generally
includes body 22 defining bore 24 for the transport of fluid. Substrate layer 26 is disposed
so as to line bore 24. Anisotropic wetting fluid contact surface 28 is formed on substrate
layer 26 and faces inwardly so as to contact fluid flowing through bore 24. Substrate layer
26 may be applied to body 22 by film insert molding as disclosed in co-pending U.S.
Patent Application serial number 10/304,459, entitled “Performance Polymer Film Insert
Molding for Fluid Control Devices”, commonly owned by the owners of the present

7
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26 may be applied to body 22 by filminsert nolding as

di scl osed in co-pending U S. Patent Application serial
woenenesssi0/ 304, 459, entitled "Performance Pol yr&r/UFi006r036081

Insert Molding for Fluid Control Devices", conmonly

mveﬁmleﬂldh]\érettﬁqn&w?&ﬁfed Gl Berdféres@ HdrélM e Allﬂh@{ﬂ%]lﬁél Qeﬂaﬁllt@hmstrate
i ncor(ggrat ed f gnng reference herein

layerspigrdgpistestinghe oqhayz@fr ofAggs.-d anspd.dt will bwqaﬁléy appremated that
in otgg%%g% | al?%latg éflygzlgl %er e %%ﬁe GsquJr%te bxgbtlrl gﬁlgétécyplc wetting fluid

contS® kufas28 ft&n&dbﬁﬁebﬁi}t en aiifikardlyi &oingofuiface\iHetdoflg Iﬁ‘ Wwill also be
contact surface 28 formed directly on an inwardly
appreciips dhat prsabepicnwedige. fluid cppiert giréseraan st & silizg length of
a3 L R Bcd b AR SV P38 s
be cypticzl.t | oned at any desired point where flow conditions
may be critical. Another enbodinent of a fluid

handl i ng conponent in the formof a 90 deg@ee el bow
f i foPthgT sobediat of Agluiddanding srmpnept gethsofor of a 90 degree
o A, | :
elbogiefpt tlﬁ%gg cbfin c'tlﬂ%r o (I)eﬁigglgv(\fffpﬁ 3a2nmﬂ80?1rc8ﬂ;r1§ P&%P{/ i Ir*:]lé)ow fitting 30
generdlly mcbmies atﬁtlyspnrﬁam: S842@1tlli armitﬂoplcoweﬁimugeﬂuiducdrm sBfface 28
ner. surfa

diredfly S REA R RGe 30; Tpet ST B ol Rl Bibs e ey §jsf e aganisotropic

wetth@Uéch@act RErfh&AdR | Vit 3PNl 8€icatRE bd @éadﬂg &@Eéc‘ilﬂé@ that anisotropic
wetting fluid contact surface 28 may be provid on

wettipigfliid comspeiguripee 28 mgy bgrmowﬁ%m pweombmgy ﬁﬁmp @n@ ghannels of

any ?ﬂaﬁg eor Is%[ee?ﬁ?@ %_1%816 glttlﬂ)%gg e%ﬁgeegbg\?t gg Ygsééé%ét%(ggl Fig. 3
hereByetier Gtthpesuch eaesyeep)ytbaany teee,nweamd $anithitynfxsings, manifolds and
mani fol ds_and the |jke may al so pbe provided with

the laﬁ gy plsp be prstdsdvyith F‘W%FT%% psttmediinid sefactsuparesiasgerding to
ﬂw;ﬁ&mﬁ %v&# ent invention. In addition, other nore

conpl ex urd handling conponents, such as

two- position valve 40 depicted in Fig. 5 nmay be

pr G hdtitdony dtherandors wotpsxcilvig thahdigng tathpbnenis] ach as two-position
Valvg :{{Oflggﬂeaagé %ngz\é\ﬁépgr;yf,‘lgg gap\éﬁgll%liwdf glqe,lgoe 4 a!bc!y%v I r111{:gI %gieds contact

surf43€£188.a t[))y SShdtOeRvd A0 g&}efagi\kf 1néﬁd@§1?al 9({'}; h 2L POLTve éi%m 44,

connect e cont 1 nuou channe l've stem 4
Valvienbddydd2 gramadilly H2ludeso dhl&t4 perh dtos ead |angotit1m OBi6 48 connected by

Ani sot,r opi,c t L fluid nt ur a
contppRE AOBFE ARSI, | Patvs, et 5 s B8 55 ol T fpaling face
56. Vahi¥&rdhic wa@thrggd 1o d:dﬂtafb‘t siifide 39 mBUbE €Al én 4 éﬁﬂe wetted
fl ow channel 50 or ciudeslred portion thereof wth

surfase jog FverPPYHOR Haliye dfincendinginid gert 4anpaflst peisité and flowrpannel 50

or any desired portion thereof with orientation to promote drainage. Anisotropic wetting

fluid contact surface 28 may also formed on the wetted portions of valve stem 44.

Another alternative embodiment of a fluid handling component is depicted in Fig.
4. In Fig. 4, a three-position valve 60 includes a valve body 62 having an inlet port 64, a
first outlet port 66 and a second outlet port 68. Three-position valve 60 also includes
valve stem 70 within central bore 72. First outlet port 66 and second outlet port 68 are

configured having barbed ends 73 facilitating interconnection to the remainder of a fluid
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fluid contact surface 28 may al so forned on the wetted
portions of valve stem 44. Another alternative
wepdoasssent of a fluid handling conponent is deEI/USm®d6/036081
in Fig. 4. hi Fig. 4, a three-position valve 60
circuif) CA gl Sardsot ' ' iRl :
fir s%tdo ut | et@b%ﬁvaggg gﬁgi ngﬁgdecg %ﬁ?}g uz? Ing%y g%?‘{‘mg@ jovg} the entire
wettqhsustacp 95 valve hodaba endorrled stem i7Aconsglestivellwa any pontisa thereof.
within central bore 72. First outlet port 66 and

se ovgi?gg)ut I.gt t%grtt 68 ar.e configured havi ng barbed )
ends” 73T QT T 4t iaﬁbgoFﬁﬁlér”‘f? : ’t“Flcﬂ?nfa@t béace Sfanaitles applied
to ardf valvd bonfilGirstfod, t Thed® BbMg@tiotQtdoaRi &cltﬁﬁétaggt%lufrdgw 8f intet and

contact surface 28 nay be forned over
outlgfgortadaly Yereiyeofofalvearommettony i6cluding malevandsemaley Ghreaded style

Y n ortion.thereof . It wll be_ evident

comB LI St NGRS 1 AT EB okl Wt B8 SULSN e
accolingfapiht @lesent Ryntical My BOTEVEB dppied T @R 8vide variety of valve

configurations could include any nunmber of inlet and
Stemf_; &l npYose used in kel vadvsp, edte valves apdriieptrigmaalves to facilitate
drairlaBE br\SthBSyiEBbi8s 8P GirdcF FRid%n \Ieg{eg)?ded styl e connectors

and, sanitary connectors. & dition, anisotropic

wetting fluid contact surfaces according to the

pr As dapicted ie Fig. Grandely tieflsie hesdlingedomRRhi B8y bOid M€ form of a
AowM de vari gé% of_val ve stens including those ‘used in

owpggier agsgmply 744 Hlewipstey assembhg 74 igalpmlg:g irojudes drlet port 76, outlet

rt TG dHt hdeR (P5 R on ] ' irect .fl ujd .

P oV eérlrie nt. As&giegié‘%? 24 @%E%M%F%rﬁﬁd@n %{‘(ﬁ gmfs ﬁ?tﬂﬁ’pdc welting fluid

contdeh Fafaaeg2& tnfromedtomely wetied sutfives fofrflovahetar bisewdBE 24, In the
ter_.asse eneral Iy includes

Ssenbl /4. F | 74
sterR g b {iieny deBiRRLE T8y 7 e whe 0 T ertr sihatre dater 84,
with @Risotrpit RectGeP ifil & BorRath Qe iR 3 oﬁg[hé ‘ﬁ{t&l‘?& ﬁv%%ﬁt%ée gbr}& substrate

fluid contact surface 28 is fornmed on a
layeridy 114 36H befappresiaied het amsotieploywdtting Ifmid bentadt tsarfas 28anay be

emhodi i in Fig. 7, .si.ght tube 80 has
o BRI OTP oAbk st e dbrFaive Mg smgors o
transfnittingl ftuidflaet daiy flacRICR &n GRaBdAEmém] SfikSFopit et BGdUontact

fsu?it rate %)ayer 84. It will be appreciated that
surface #€ BBy s et onfgsepsariwilisingraapaddie whee ebirige, mggristor other

flow SRin &K vice claﬂﬂncmn&seafin fatjil, ToNi tori ng appar at us,

i ncl udi ng fl owreters having 'sensors for transmtting
fluid flow data. In such an enbodi nment, ani sotropic

welntsiumg itfbilli tob apprdeiatéd iy fndotrodft Weing Bufdédredt StfRe 28 may
b (s??.n(zqcr utll\hlélng paddl e wheel, turbine, magnet or
© RRRErO WY %ﬂ%nﬁ COMPENEIH HRAF \SUCk dgonertissnaies theydesirable.
Otherl ékafiipRs of i Hanfn ARSI . |Caevi
wetting fluid cont act s‘ﬁ)(rh?g%e SE?rfElu)(}ggié’ﬁ(gE{oolQ’ﬁgddetVbcegﬁ‘s}Ch as
pumpg| mgzaleh,a\rq@irs, and bpdrpdivecumpenente ssaicds qyliageas.t (sl Reeadily
appregﬁﬁe'drtﬁgl e?njsotropic wetting fluid contact surface 28 of the present invention may

be advantageously applied to microfluidic fluid handling components.
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O her exanpl es of fluid handling conmponents may
i nclude fluid noving devices such as punps, nozzles,
wowir®3ssand hydraul i ¢ conmponents such as cyl i nPET/BS2006/036081
will also be readily appreciated that anisotropic
WeFbt the pulpsds 60 setl bfpicatici thd tdre micRTRAdic fluid handling
i nvention may be advantageously applied to
compeneptst refexsi rogdly fajanyaether deyice onsompanant thef mayde used to contact,
r e e i, Rk .
handil RASRE Speatt pRI- SR oRRY nIRd Aherkil g BRIR fows throvgh one
or more® fdidyfldw chmneti dfemhiciescogie dirmemnsionzof@mtthd patposayofike present
used to.contact, ha%gﬁ,l e, Ir angg)or t, contain, process,
appligatiQly n{RSFOSLOPIC)TREANS ARRSIONE AES Y0 MPTA§SSws t hr ough one
or nore fluid flow channels of m croscopi c di nensions.
For £ t i i . . .
oo BHRRERL RS o RaRERS B prPRB B Al depited jo o greatly
enlarged) expladed iviewd 8VFige8 8B eaice 8R Gengali pirichelepbededd with rectangular

invention is depicted in a greatly enlarged, expl oded
ﬂow\ﬁ?@wml r?%ﬁie@.neg thepeip; RodgdOggmmeraivifelndes Hawspptes 8ggnd cover
portih 8. rGHamImAlofik Q@ﬁﬁé@@&f‘ﬁﬁe@ﬁd&e%?ﬁg‘%a&lg §h&h8 surBREY 98 on

90 generally 1 ncludes main portion cover
maippertion 94Gad dEl pucthandeby &R mverdlyffaneg sorfadehk(eors ¢ates portion

96. SlrtaBE el el Bg0 sheRiE e s HranBrtgeR P2 af derigis i Fies. 8
and gover portion 96. Surfaces 98 and surface 100 together
define channel wall 102 as depicted in Figs. 8 and 9.

According to the present invention, all or any desired
poAccendingf todhepreséntvinyantion,2alheryartyedgsired pogignwif tchaznel wall 102

ni sotropic.wetti.ng fl.uid contact surface 2 ough

may ¥4 QSHRR o hiiteomit y e cp Rl A FacP 5., AHERHER two-
piect SortfEirftioadvitirdcta@igulBr flow chhdrel &f depiiedian Hig. 8,61l of course be

appreciated that mcrofluidic device 88 may be fornmed
readily apprpcigied dhatapicrofiudisderiae 88 dnay b fopmed im pny othey configuration
ond Qi SF RS ARG shERE LY BTt A, IR B8 picee
body witagulyindrycal pepyednil, ominepalarie shdped flety ¢Haaneiformeditherein.

alternative enbodi nent of a mcrofluidic device 88 is

depicted in cross-section_ in Fig. 10. In this . )
enedlicaitive gabpdimrat pEa pugraduidigdeyige §8is digpigtedin seass-section

_ i | . g =9I '
R Moy ST, P9t o
channel 106nig defingddwthintbady 184 rdndhas 2 8himmel wgll 108 prdskmting anisotropic
channel 106. | | be .furfther appreciated that the
We“ﬁ%ﬁfﬁﬁ%ﬁ*%‘&?ﬂ%&%é@i W ﬂ?ﬁ%&?’?’c ation in fluid
management within fuel cells. For the purposes of this
app! §d Rfthed :ib%réc%[tgﬁ thhGk present invention has particular application in

fluid management within fuel cells. For the purposes of this application, the term “fuel
cell” means any electrochemical fuel cell device or apparatus of any type, including but

not limited to proton exchange membrane fuel cells (PEMFC), alkaline fuel cells (AFC),

. phosphoric acid fuel cells (PAFC), molten carbonate fuel cells (MCFC), and solid oxide

fuel cells (SOFC). The term “fuel cell stack apparatus” refers to an apparatus including at
least one fuel cell and any and all components thereof, along with any and all of the
separate components related to the functioning of the fuel cell, including but not limited

to, enclosures, insulation, manifolds, piping, and electrical components.
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cell" means any el ectrochem cal fuel cell device or
apparatus of any type, including but not limted to

w@eovosssexchange menbrane fuel cells (PEMFC), BUREF1006€036081
fuel cells (AFQ), , phosphori c acid fuel cells (PAFC)

pglé\]t 1?(%8?1?%? ?@%E%OT né Ot?lelr %e £¢] e@aclé %Epdag%tgl I1‘:110 oa)c(:lcor?hng to the

presappavaition"is rdzbital o shmplifydac@bilSedtiog! ndFizg 1dt  Feaistell stack
one fuel cell and any and all conponents thereof,

appagdgby Apeneralin jochides alqrng ﬂ@ctso@s APRmblies b el are separated
by bﬁ}%lﬁft ﬁgteF |q 1kh glaﬁc}‘ %‘H‘téso'f & Softhint B %}gﬁ}anfsei 1o af B <lfh ?ﬁcf{] 9 Bach

not enc osur es, ation, mani
mem;brqme reigctradel a%bmblyrll 12genemiip dxmhnies ah apodd membrihe atructure 11 8, a

[ 1 k t 110
cadEaitabiage siicnie ifeotan dbaits B TS depi cted in
sinplified cross section in Fig. 11. Fuel cell stack
I c d
OB B OGRS LS, P Sy RIRLANE (RO Sy
condndiive, Eomospdratmek hdat Gesisiantanatetidiesualp pa naitajsor Tafboat ﬁlMlqh)lymer
d . menb I d
st 12 LR S RS PSRBT IEE s 1

typrTﬁijeﬂﬂ@ chhfinétd UPE f32C@on @gﬁh ﬁe@'aﬁﬁt(fx%éﬂt Qo ldémbrane electrode
Bi pol ar plates 114 and en ates 116 are typically

asse KRomddp deain pway Wt@dﬂud@ 15 aprodueirafdbé maactiond Heatttransfer
LT NN G RTIE -

toremnmheﬁtfroﬁambnglburfaces 126 of end plates 116
typically define channels 128 for conveying fuel and
oxi dant, to nmenbrane el ectrode assenblies 112 and to
dr Areprdingyiothe dpveptiomhall er anydesitast pastionhef theaeutenurfaces of

bipof# gfateltsrlqasofr %&% Bpa':[ésl ﬂ%sm%g %18&%(%% @J{ettﬁg %%cejs% R:t‘ geplcted

at es may prov I"Ona ace area

in Flgelm‘fc& dxemplef ammttdpec oetting suffacar2B mgy be pirdeded on the inwardly
[ nvefntl Qn ? desired portions of the outer
facing spriacesd 3g Bl?%laﬁlér %lt%tné%mmwa@r despnpgp i theschanelydd8. Water

dropfé?s @Bl\%@tdﬁﬁﬁé ﬁle"i’éicttlbﬂ g)r&légéc FAPHow SnorbSadi§Rh Q?ia%éé(ﬂ&)éecuon on

Fig. 12 for exanple, anisotropic wetting sur
the amgsptrogic pyetingisufaoes 2 ecausing i watentd dgirs fiofrathe chadR1ni28 by
hannel s 128 to i nprove water drainage in the channels
gravﬁ&s- Wat er droplets evolved during the reaction
process will flow nore easily in a desired direction

OnAk B@;{l@t‘éﬂ SIIQ'FEQ:’ Ri1Cottfet f)bl’ﬁgn§ Bf th%od?éolgxa@la 84$h Q)Q eh!i?lates 116,
wat er drain fromthe channels gravit
SUChoPédhf@t grangfer porgiony 130 @mﬂerutepromrfao(rsslbﬁf thine atsophfl provided with
er Seilild <O ng QI ate ]d
anis o% c wetlinig surfacés 28 o 1mprove rdinage of water collecting or condensing on
these surfaces. Other components of the fuel cell stack assembly, such as fuel and oxidant
manifolds and piping (not depicted), vents (not depicted), and enclosure surfaces (not
depicted) may be provided with anisotropic wetting surfaces 28 to drain water that may
condense on these components due to the movement of humid gases between the ambient
environment and the elevated temperatures within the cell. It will be readily appreciated
that an anisotropic wetting surface 28 according to the invention may be provided on any
desired portion of any fuel cell stack apparatus component in order to improve the water

drainage characteristics thereof.
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such as heat transfer portions 130 and outer surfaces

134, may al so be provided with anisotropic wetting
wWGE7aseds1 28 to i nprove drai nage of water col | BCT/USZP0€036081

condensi ng on these surfaces. O her conponents of the

f iﬁglﬂows&@ﬁﬁ BRsamlhe stel sudhus! ofoRdsdirdpitaRtetting fluid
mani ds and pi ping (not depi cted), vents (not

contacte piraces)) lemdric&ln@amléfm’ ctubes fla6e saqndefiniapi & ik chagnel 138

e [ g r{ 0124
contafifndh WEER HAT RUSTEEET S B rRER B RRR nt ik Qe o
illustlaflvé Parp¥Bsse MBIy 195 depiid flgasemnhet vEseor thdllaybl nts havmg a
environnent _and the el evated tenperatures within the
relatively |smopth well |suface 243 1K2-abihr demiets dlpvy ghanngh, 138 Wlth generally
ni. € 428
SR IR (30820550 AT b ety
exagg@mjted L11163|s1zeef0|c ;fm*;axsks ap pdarity UsFigortpordepicts flowr cennelo138 with

asmngégga%&%mm%%%%ﬁ na%vea&lﬁg@r g)gltgﬁ{ﬁ: %fllrg?ot{qgéc wetting surface
28 acé&rd tH'aft eﬁfbo&ﬁ]ﬁdé@Bf 1ﬁvé?@i5¥1' Wi HHelsfmeRRias an tooth features

ces, cylindrical capillary tubes 136, each
146 agemlhemgggrwtfyl exaggehaiadal siag®r purpossrfiedpridy.l i qui d sl ug
140 are depicted in Iongltudlnal cross-section in

F' .13 f Fig. 1
dBiks SmpoBpiebied P d Sor e SHrRIS e sl mpyement of
slug ?@d) 35 iehofy ?sn&gﬁh t§\Vqthd r&éﬁtfcﬁlcﬁ)rée‘l?n rebiking AR eMER €f the right.

| ow channel 8 wth generally symetrical saw tooth
Slmﬂhvelm ur the tubt4wish Symmetllaﬂs featires 4 4dyof §iag- hl 3be theuretention fJorce —f;

res1s’cg:r]¢ga tvgr_ngrgit é}y sl 39% e{g)aggxtedlehrlsséqéﬁ%lgogélfeo %ﬁﬁ%ﬁf@?& f) resisting
moveRSsHiiEtheirpht. Bavwht atidwitk atym@stritdbleanresdldo dbitted in Fig. 13c,
form ng an ani sotropic wetting surface 28 ac%ﬁ%dl ng t

howesar, oo dNite ApWascrerly; RREHESe o thy prakshanda¥dliatedeimeed by the
featuf’e%vh%oﬁltei}etfe%yfo?ée ﬂ‘%@?&ﬂ% rﬁop&hé}? o¥ 'éﬁlgt 146 6 )%ﬁegﬂa?{l@tlé‘s@ bya

ur pose arity snooth t
measﬁ%ld)degﬁbeghariﬂ& retehaoni fdrea i resistingy meverhent te ﬂlﬁmghtg As will be
novenent o SIu toth eft i.s equal
discup g GRGR FEIATFETRY L RiTEEr Ao foq Fffiermined by

the %oﬁﬁ b¥ rthd @ultfﬁkee raRge t B Sﬁﬁﬁ&ﬁﬁ% GmineRicdl 8rfAdA features

13b, the retention force - resisting
accondm@ttepned@émhﬂbreial@mhlps lae desdribed dewsiy dhe tdtffqrme in retention

ntion f.orce.resi.sti o the right. For
forcetlﬁgg HOSH A2 GHRGTORLS WRHiF rﬂ&% cqngaa?g?rté%}el% depicted in
Fig. 13c, however, with fluid flow generally

LI RARGYehsS §p r@mﬁt@@ tﬂﬁaﬂl@ 1R YRLL a¥e dJroripedi 3ayc, tifgree from the
features 146, the retention force f3 resisting

mﬂum@e::femten@a‘l fericery Will dendotor temaire tatiqnary ésﬁlettyb% 136 since there is
no el?eégy Lsér anl eﬁg ?ﬁean}’ér?&n? tﬁ12eert12rl %ﬁ? %1}3\5 i Wlﬁtgezfn external force F is

applied to slug 140, depicted in Fig. 14 in capillary tube 136 which has a radius R, the
fluid-liquid interfaces 148, 150, distort with both interfaces 148, 150, deflecting in the

direction of the applied force. This external force F could arise from, for example,
inclination of the tube or fluid pressure applied to end 152 of the tube. Capillary forces
present at the leading 154 and trailing 156 contact lines will tend to anchor slug 140,
inhibiting movement, until the applied external force F exceeds a critical value, F;. When

this threshold is reached so that F; equals the retention force f;, the distorted interfaces 148,
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di scussed in nore detail hereinbelow this difference
inretention force is determ ned by the geonetry of
wao b®7ssssince features. By di sposing asynmetri cBECT/US2006/036081
surface features according to predetermn ned
150, o®lsRlol I0SELitSt ASad@R8GhE REStabtemBId) 0,140 ?ea@hfgfc%h%’é@ﬁné 1154 and a
retention force producés an anisotropic wetting f
receding tvalee, G.uaf tagibng bd)ntmtllinekiéGaIﬁ)the ex@tred feroaf is hfm'ther 1ncreased

l j d sl u 40Q Figs. 13a-c,.if free om the
suchithghty o 88 44w Preip W&%&lthmdﬂrecfecgﬁag‘f@sf erteoal force F.
stationary in the tubes 136 SI nce there is no energy
bei r n
an*rgg tn@a%ﬁﬁq;&éfjgl;g% §1§R>ggp | é 3 t taféglsfs filgfp!iegl@ méé\fb% within a
cylinidnicl @upillbdy tube oipadibsaR)is Heteenihdd bytthe ﬂuthTqLad Ilrﬁehfmal Rension,
the fluid-liquid interfaces 148, 150, distort wth
7, ang dhgadviap@ng adrecading contect apges.ect i ng in the direction
of the applied force. This external force F could

for xanmpl e, inclination of the tube or
h 3‘&“@%@U lied to end 152 of the tube. 1)
Caplllary forces present at the |eading 154 and
traihkicng 156 contact lines will tend to anchor slug
140, i1 nhibiting novenent, until the applied externa
force F exceeds a critical value, Fi. Wen this
thkeshnl d is reached so that F equals the retention (2)
force f , the distorted interfaces 148, 150, of slug

140 exhi bit an advanci ng contact angle, ga, at |eading
c oHf the tsutfageds than.amepath ﬂ@@ &gk mé d@&ictﬁetheq the reggntion force can be

oxprhArR s S0 RSk oG R tro 38 o e 140 Sl

begin to nove in the dlrectlon urged by externa

f orce tude of the retention force, fj,
thg)t @Coquolnmap ‘ent notion within a cylindrical )
capillary tube of radius Ris determ ned by the

f | Bukfadd @dtighnésst QankadlyainctaBs Qélentﬁ)n 8516k tover akhitasIC! langnooth
and recedi ng contact angles, fi = kgR(cos %p p cos
e

surface( 1Thigiegreasg azsgspfromoghapge i ghes gqrftg‘é @ngles p their geometnc
1nter§&?o%balltﬁn§?1rifaﬁee ﬁsg%tmgse of %atcture%.hé&ﬁ 1der nP@ tcgﬂe;abto {iné Sf %eslug 140

e express cont ac
mterqamg with aq;urfﬁ)qe zfsper;tylog Ratms 146 di a substsatq aurce 1(53)as deploted in

N L N ER TN (e

ge%.?eﬁg%{?@éiﬁcté Rohti& Wﬁ@f%d@ﬂﬂlr&saé?b’s% feRtubd 46 with an apparent
advancing contact angle of 8,. The liquid exhibits its true advancing contact angle value,
0.0, on face 164 of feature 146. The difference between the apparent advancing contact
angle, 0,, relative to the substrate surface 158 and true advancing angle, 6,0, depends on
the rise angle subtended by the feature, ;. Interaction with feature 146 causes 0, to

increase such that,
02 =040 + 0. )

Figure 15(b) depicts a contact line 166 retreating across the same feature 146 with

an apparent receding contact angle of 0. The liquid exhibits its true receding value, 6, on

13



interaction with surface asperities or features.
Consider the contact line of a slug 140 interacting
wowaoh/ozsssur f ace asperity or feature 146 on a SPUBUSHDE036081
surface 158 as depicted in Figs. 15a and 15b. The rise
r he e
faceglenoc?eiggmtee ?%61 %n %éx?‘r%s{ p}%ec dg%}é%ﬁ% cg.%e, llr?tgrrggil W%tgsthé Yeature
cmmad&&B@bﬁgaﬁﬁbqﬁﬁ feature 146 with an apparent
advanci ng contact angle of ga. The liquid exhibits its
true advanci ng contact angle value, ga,o, on face 164
of 6fefitgr@. 146. The di fference between the apparent (5)
advanci ng contact angle, qa, relative to the substrate
surface 158 and true advanci ng angl e, depends on
t hEOF P@oseigPlecxamle ik e assame a*h@rrfée f@wres 144, 146, on the
: { 4
5 imet BhlcBRr LA L] B8 A e Rk ol br AR dopicted
in Figst 1 éatindd 6ac and shet Hise saughnéssdhuheseldibesmst fadaﬂy symmetnc (the
arent recedi ng contact angl e of

a
feaﬂgg eviend arpdnd o CRLTE RATIRF IS a ROy ga%atloanma%%@sweﬂwnal
pa I t I
shap S St ricl CortiRR 1483H0! £rid I BCKRRT 0 PoRIRA in Figure 16(a,
the tetetiondforags, ef -andif; afd eqiedranduwpitingsis dfotmpanrplim expression for
hat thefe ures 1 n the

10 estispilinet ooifregBndhe Caphntisrhedbaiorsd b st Fe 1 or m of

a sam1tooth or ratchet pattern depicted in Figs. 16a
an :;FPR g er ess in these tubes is

ragli a y[csy :) %?&?19 f% ‘ures extend around the ©)
entire peri rreter wi thout variation in their

Cr OB theSkGkt Qitdce SdTafe)capfiiafy SIENEIF hés ﬁ%ais‘é'ﬁ%tﬁé‘l‘eatures 146

with a rise angle of O 1 as portrayed in ure
depl&ts(l ay Figwre l6€hethendhe mugnidade of 2 r@tn@ncrnt foageedidigueatialard, or the

a5 0Bt 51 o e Bl SORET e i T "t
(5), ft = kgR[cos( gqr,0 - ( 1) - cos( ga,0 + 1)], (6)

15 A= b RESOR S e d B SRR o PRk nlR

the magni tude of a retentlon force dlfferentlal Df
or DuRlQo %&&@ﬁﬁnﬁﬁtaﬁﬁlw’%p for3 nﬁﬁgbé % oo%n RF +SHRAES %60 180°.

in terns of cos( gr,o -
A nyBher-of g g¢gnagagtic fungBpns canotsy appdl,eo te sw&)rate- tarms (and anﬂplify these

i kg HEes A ERTElehln e 57150 A Mumber of |

trigononetric functions can be applied to separate

t exABRAng sHR, ) 16, 5 SRko; + 15A00), @®)
20 can be framed in terms of inherent hysteresis, A9,
Ae0 = 9a,O - er,O: (9)

and rise angles, o;, where i = 0 for a clean, smooth surface, with wg=0;i=1 for a
surface with symmetric saw tooth features where w1 > 0; and i = 2 or 3 for a surface with
asymmetric features, o, # 3. The retention force differential, Af, from equation (7) that

25  describes the tube with asymmetric roughness can be rewritten as
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expressions. A general formof the retention force,
fj, fi/kgR =2 Snm1 2( O+ ga,0)] sin(ooj + 1AA 0),

w@ 3)0703351be framed in terns of inherent hysterkSI/ES2006/036081
Dgo, DQD = qga,o0 - qr 0, (9) and rise angles, coj,

PSS 4 L8 pA0BIGR 0. QAP RUAT et P, Qo

where 1 > 0; and i = 2 or 3 for a surface with

as yiion! 8) hR8IAN &3 usk to WeresENBtehbP RirbQMsH18HGE For example,

differential, Df, fromequation (7) that describes the
retertigh donses of asgpiiary tils widlughmastzicsaw thethfeatnies taethe gedesponding

f3 - =,2 k in(w3 + V3AdO) -
tubes?slﬁt(a\‘/\%%yligﬁs Rfar%ﬁl%ﬁzégaﬁgf}f%grﬁg%%g 2: 25) can be uszed

to express retention forces as ratios. For exanple,
r et et G ot orgRE\Rin(Aaaeapi I lary tube with symretric (qq
saw ooS?[Lt featurogs nt(o tﬁe correspondi ng tube (1
contrasted with a snooth surface yields the ratio,

/ f trarofietlekample/2 r&tid0dfSetedideh ffces(in 2 hibd Wit ASNAEtric saw tooth
exa%e,ma ratio of retention forces in a tube with
12

featuges; creteation &3e¢s are diameicalll epposen @aydespprested as,
forces are dianetrically opposed may be expressed as,

=. 9l ' . 2
{/\A'S/ﬁ]?fgE@@%&%%@@éﬁiﬁ)&%gge%r+t ﬁlzg ?3/0%2 al(io) It(lz)

known as retentive force ratio, exceeds or is |ess
t hanyfiinbd Ypprédifed Widi 3ARnWr thi€f fzp‘iléo RUwP LS Ritive force ratio,
wetting behavior, fornming anisotropic wetting surface
excepds orTip éesgl dypnawityf the sidaservopi eshietanisotyoplie oyettagsisehaviot, Herming
. retentive far ratio oach unity. At unit
snis i hictng Rl g 1R GRE "V phsiote Mgttt a5 he
reteritivatforad rafd fptdapésunie! tAtngity| wéttng tritaedpicur f ace 28
may i nclude asymmetric features of a wide variety of
shapes and disposed in a wide variety of patterns. For
ex&dnpillefurthsr be pppreeidtedrtha ap anigyropimivsdingdhiid comtact sugface 28

1 Ui . be. d b i .
may gt AR Hgb@STo0 % oK BfipuTpERtentY 58 RURERGE HER wice

variéty afipaternASFateRbmbR( ad deprit@bin Hifd1 61 enidSteopid weiigifthid contact
174 or frusto-conical 176 .
surface 28 may be formed by a succession of saw tooth ridges 170 on a substrate 172. In

another example, as depicted in Figs. 16d and 16e, prismoid 174 or frusto-conical 176
asperties may be disposed in a more or less regular pattern on the substrate 172. The
asperities may also be virtually any other asymmetrical shape exhibiting opposing rise
angles at variance with each other, including nearly any irregularly shaped three

dimensional solid or cavity.

From the above examples, it will be appreciated by those of skill in the art that
relations may be expressed for retention forces of any type of surface relative to any other
type of surface. Fig. 17, for example depicts the ratio of the retention forces of a capillary
tube with symmetric saw tooth features relative to the corresponding smooth tube for
liquid/solid combinations with different levels of inherent hysteresis, AQp. Retention
forces are present even if the surface of the tube is smooth and clean, i.e., l o ! is always >

0. As o; increases and the surface of the tube becomes rougher, the relative retention force
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asperties may be disposed in a nore or |ess regular
pattern on the substrate 172. The asperities nmay al so
wheoowiostsual |y any ot her asynmmetrical shape exhP®@i/Us2906/036081
opposing rise angles at variance with each ot her,
1ncré£§§ e} DQameah| YarRel td ﬁl&%géealé %/f Sigélﬂl%grbt I S8thematical terms if
di mensi onal so]I 1d of cavlt M t he above exarrpf
mlﬂl,t’zAW<t<tlhheraﬁrpjaacnatledecbmestﬂ@ose of skill in the art
that relations nay be expressed for retention forces
of any type of surface relative to any other type of
suififaceoA@.+ 1.7, for exanple depicts the ratio of tls)
retention forces of a capillary tube with synmetric

sa 0 hfeatur s. relative to the correspondi ng
S VAL B, BT Gitef e g ot BB o Dribaivine Harger the inherent

hyst%ifs 187 Nstdne Vb SeQf infRBRLSAL ¢ @gseéf Mﬁge will Sxert on the

Retention forces are present e I'f the surtace
reterttm fomae Feor sxaople, asidgdigah? to cempeuie fwd capallaﬂw\aws af equal
1 i ncreases and the ﬁlllérface of the

ube
diangieg eI ageeth irer fufage pybihe otk pyigsaw foolh features where o,
= 10pP S. se o
10 Ol'fgl?e: i 1? %Izgfﬂaté:r&'l of Eﬁﬁshﬁ%h %%vgar% n%nhéljla ht lb%?e_‘r_g of %é‘o = 10°,

then Yetettiverfosguatio Bmadhllhrdee GEV%&GZDG) fhian W Ady D%0° (/£ = 1.63).

appreciated fromFig. 17 and equation (13) that the

I arger the inherent hystersis in a system the |ess

nii aothes exarepleoligh h® depiess raténsion forica casiosiof la teb@awtth asymmetric

For exanple, using Fig
saw E%%%%“FW@%BW <G Ao, R PoBBa e G : iteregh dysteress of
the Sbieh 18 aSHRRIIN0 RN, =S 4o WL Plife -
%oth features where 1 = ? H@rﬁ&gﬁqh gtﬁmﬁ%v‘”here ®2
45° sk rer Fa—ﬂ0°,of3/f£ oris30. Uktei geat&hthwdﬁfereﬂd&dfe&ﬂéenhaf'hlﬁi ®5,ithe greater
thedg then retention force ratio is nuch | arger

SWBLO%“@?)%PH% oree iy dre3vo enposiag direch@s; iff @2 ik rad o; =
90° ?f‘%m% §% ‘h t19 antﬁ aqg(PJcha 1‘%(%}&@6 Hpg ;{]J:f)ia@eco{aglt I osbe cre.%ed using

ettt e saw
shaupbvqﬁdea@hg&galmag =2 ARl oy arioeUsieVd,/H &l 2188 AH&B@J&%@fy if 02 =1°
hysteresis of the systemis assunmed to be = or
and @3 T90% thantfyfraPchet -1 i ke structure where = 45 and w3 =
90, f3/f2 = 1.30. The greater the difference between
w2_and w3, the greater the disparity of the retention
f ofc¥et POt R eXaReP] Bpiigsit éeRi?tF e yastadion jin retentiom fyregrgtios of a

S g e .
of inhéret lgsgtess, AGf. ahis ekampld, ¥3=304.0As Kxhﬂ?ﬁhé Memc%eé’tﬁres the

Alternatively, if GO =1 and w3 = 90, then T3/f2 >
retention force ratios are diminished by increases in A6. For instance, in a caplllary tube

with asymmetric saw tooth features where @, = 10° and @3 = 90°, if the inherent hysteresis
is ABy = 10°, then retention force ratio of f3/f, = 3.85. If A8, increases to 30°, then f3/f,
falls to 2.29.

The above relations may also be practically used to gauge the absolute magnitude
of retention forces of surfaces. For example, a water slug in a horizontal PTFE tube with
smooth interior surfaces and a radius of R = 1 mm exhibits an advancing contact angle of
0,0 = 108° and inherent hysteresis of ABy = 10°. In the tube without features depicted in
Fig. 13a, the retention force that impedes displacement of the slug would be f, = 77 uN.
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In yet another exanple, Fig. 19 depicts the variation

inretention force ratios of a surface with asymretric
waeaw7psssth features, f3/f2, versus rise angl e, PCDES200€036081

different |levels of inherent hysteresis, Dgo. hi this

There?&(x@ r%t:ﬁnen\"’ﬁmﬁoﬁ Qf tfiSwiket Bub Iﬁ?eﬁi@m’t‘lﬁ%&ﬁdﬁ Wedldut@sire ddéternal

ntron force ratios are dimnished by increases in

force DEI 07 pNr  ithat fnddiquid cambﬁqatlblh avith aulesveli interfasighmensioncwere
saw tooth features ere = 10 and w3 = 90, if the
employereihe seteipgiarees pou dsb@SS& 10, then retention force

ratlo of f3/f2 = 3.85. If qumcreasesto 30, then
f2 fall.s to 2. 29. Ns P! $0=06° on th
RS ﬁ%‘@gn?zt Cg%‘{g’gtg&? h{‘g magnlatnuéé o? on e

mnerrﬁ}ﬁ&t bPhel PTER S a8 WEfideeSn ng’flw(@fp* 672 aNvatleis of course
slug in a horizontal PTFE tube with snooth_ interior

impogentiiaces thatdhaextaualifores tomavetherslag i pithes dictipn aikhegeater

t act I f =1
than iffovua 67 s SERSUE A5G J1 THASC I GBPuh ce gL g Sy e Smaller
reteng'blg ?rg:g’afz fsﬂﬁréc?eﬁet@tﬂhe RighOrtee shigakill ﬁﬁ)@é %asﬂy to the left, Figure
i spl acenent of the slug woul d be fO

13(c)Nf eavled ismeadeisfiqperaty snredl ﬂ@mr@erswtenhffmfl@%l tg [igj¢jatenovement

s o RO AR RONET 1D 0.0 o

it 96‘?6‘&"’[1?6% be ﬁ?‘dn%eﬂ"@é@ sBRRk @y 20 und, m@eﬂ the 9Péslsn&6 differential to
or ce B ese. By i ntroduci ng asymretric saw

movd pomter Slmgtin pes dmpdthnmtsus ¢ ot wiildbe gprraximrpsely R &Pa. Thus,
surface of the PTFE t a |cte
s o0 PoiPietol T RechsF B DS R Bt P ol i oes™

external force to nove the slug in either direction

Wi ’Eﬂé Q??N tﬁ@'f&&ur&?%‘% ahﬂ@ipi(t@h uebd fé'lativ'%@ wiRpbhaitbestaticslugs.

and 3 =9 M\N. Since the smaller retention
Small cfeateres fsﬁouldsardducscﬁleosam dlrﬁ@tmn@h’tbla&eﬁewgﬂtlug kghpyior as large

ve ea tothel ft, Fiaqure 1 .
Oneslqg)d’ée §l§? % ‘H}mé’ ﬁ’g#‘(fweveﬁg estic,éétrﬁ%aesc?lx { fer ena%l%glgaﬂt%ge over
largér rUnEé ArBallp BATBIRE Wéuld e ﬂEésvlﬂteYy kadgeupt Fow.t Ifetoé"lIErEe surface
tube described above (ga, 0 108, Dgo 10, w2 10

featureso@yuld jricraape turbwlenes, %té'r inggepEng W%@SW“% %’SWEWY’ o
somc% ?1?1‘8@({ ﬁleﬁtl'sj, 2 il {ntlgliﬁ]t?&} ﬁéreitn f%&\ér@gi@ VVQEE% ﬂﬁid@)rﬂte&t Qlﬂ?aces 28

on versus er wWou e approxi mat el Yy
may %E?eneﬂb&l Auidtfioveg, thy a&ra)ge donsft asperities fommiyg beisogeia Iwettmg fluid

ves or gate of m i di ¢ devices, The.s
contiéFiasee gEdge e SARTPLY st Su DO B aipey anpodifnt gencraly
less Hﬁhgﬁg@ t%ﬁ& id Q411 S8t drsbsdiMOsts 1638 Blah 10@akur es shoul d

pro e same directionally-biased wetting behavi or
as | arge ones. Once a slug begins to nove, however,
SsEVHiRr the aatlysie herenly diavd atcapdtiva itbey evnh/grcular cross-sections, it

also applies to non-circular tubes and sessile drops. Equation (1) differs only in the pre-
factor k. Also, it will be appreciated by those of skill in the art that with the onset of flow,
additional forces must be considered, such as those that arise from liquid viscosity, inertia

or vertical displacement.

Fig. 20 is a side view of a stationary sessile drop 180 under the influence of an
external force, F;. The external force distorts the shape of drop 180, causing it to “lean”

forward. As depicted, drop 180 has reached a critical state where the retention and
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| arger ones. Smaller features would be less likely to
disrupt flow If too large, surface features could
w0 p@resssel t ur bul ence, thereby increasing fl ow PCT/US2006/036081
resi stance. Consequently, in sone enbodi nents of the
extelAY &tté &R SHRAT B1F a0 GRY ERRLE Mol di9n fthd'bsht&R FhAE of the drop
surfaces 28 may experience fluidTlow the average
at thg jleadingf edgs prlibtts sdvahangivalye s st the piadingetdpe agedetinigdralue, 6 ;.

contact sprfaces 28 b enerally I ess than 500 nm
It Fy i btlcﬁ?Fe‘t ﬁ‘{}éﬂﬁ'néﬁ‘i’% qgé n%ﬁlagia%?nl t@s%‘oY%anTlng?ﬁFF'iaWaPﬁn that
descgﬁ)gs% the ¢tBRTorefFRRY bR Bhkd WWiES a 'ii:c'iﬁi@ s%%)inrﬂ'@apm%r* 81sb Rscribes the

! sis here is ainmed at capillary tubes w
retengjonciaregs asspeistsd sadtsesails dréps, al so applies to

non-circul ar tubes and sessile drops. Equation (1)

differs only in_ the prefactor k. Also, it will be

appr eci §t=elﬁy¥ef5§/°spht)§%see% skill in the art that with tkb

onset of flow additional forces nust be consi dered,

su that_ ari fromliguid visco

USROSt 383y BELGRS) LT B HEOR defings gt shape
of theicomtaclire. If theicomactylireed d esdleaRop BQirdRE théche

i nfluence of an external force, Fj. The external force

di storts the shape of drop 180, causing it to "l ean"

f orwar dk~A&5depi cted, drop 180 has reached a critical22)

state where the retention andexternal force are equal,

f = L In thi ritical configuratian, the contact
an bqtge 8?°pteﬁ(§‘3§§e6 a“%{o ti"ﬁ éxﬁe@’%fij f"rgﬁﬁ‘% BRIPHSt s
advanci ng value, ga, and the trailing edge a receding
valrleinithtd - ht IbF 4 | i |
_ begi nmt1 0 t{mn\l/de‘feniléhié Ogedn gﬁgﬁaggga% ggg%%gtdmg%eg%r %%glsl,%hjfélbe’ a
minipgne pxteonl foaee mestassappliad ¢ owtrtbma thd rptindios | forge iaBsoiated with

. api,l | ary al so describes the retention, forces i

imer 2R R i, SE 36K Bk dpes THe maggidoipine reention force

increa@&awith thd i BaEdiiftetBlR]l &R8Rn 48 d3rbOSoHRBMIE R surface
and the pre-factor, k, depends on the shape of the

rougbm gemnsisty plesymmetrip éeagwrns, dotn the ieresked fesistbwssid iacigianpmotion

cts il S A S fone Bt iy 08 P99 B soroni

€ externa

If thé feiatiired sre APMHBITENC, bn the refutithn Srtkisilssan SABredtiodA®Ketting
) gapi [lary tube, a m ninmum external force nust be

will g nisofopls- dhereeeie haesyBmehY| Wnthe suefece fesbipntthel greater the

dispatie} br tHMElhAG Rlred HNAL | i bpploPaste desi
o B B Brod Rans Sl bl lochliR, S BE ot desien

of surifiref featutes| it iretentivine fdrae idiffertetig i MM conld &dedd@sE. Liquid-solid

r.ou hnelsls. If the surface )
combinations that show minimal mherent contact angle hysteresis would be expected to

show the greater rectification.

Generally, the substrate material from which the fluid handling device is made may
be any generally lyophobic or ultraphobic material upon which asymmetric micro or nano
scale asperities may be suitably formed. The asperities may be formed directly in the
substrate material itself, or in one or more layers of other material deposited on the
substrate material, by photolithography or any of a variety of suitable methods.
Microscale asperities according to the invention may be formed using known molding and

stamping methods by texturing the tooling of the mold or stamp used in the process. The
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roughness consists of symmetric features, then the
i ncreased resistance to incipient notion acts equally

w0 poobosdsidi recti ons al ong the axis of the capi PCHU§20861686081
wetting will be isotropic If the features are

proc%ﬁé{smésﬁlrd' ’fnchﬁ% vvé% pgnrﬁgﬁﬁé o&tru%roglg%x}ﬂtﬁplﬁstsé%q%egi Endar roll,

rection *be ani

comgeMremoﬂdmg a&y,msreiﬂyyothér kivawis Wil & endtBéd tHal $nayt Btesuitable for
reat er the di sparity of the retention force in the

BEpsdeRPtietcti ons. Wth the appropriate desi gn
of surface features, the retention force differenti al

I I [ nbi ions that..
srOuR i R By i AP B RRaTryale 38e iites of e
desirbd slmppemﬂs;iadmg wllnde nhgorgachartifg as aixtlobdCial W8N Patent Application
rb ubstrate matertal fromwhich the fluid
Publicgic ﬁﬁ?@g?ﬂ Bali, Wéﬁ@stﬁlﬁpmseasaiwlog%@ﬂdﬂ ?aqelyfd}i%cﬁﬂ?é 788,
micrédontHct &)ﬁﬁﬂﬁg'ag ARIRED 3 HROB M ?\f&b% :§§1f %s%ﬁl%le% metal

nano scal e asperities may be sul
colloghplenolab’@s, am%lsdb@eﬂm esl Ehtmcht,&Q@,QOT hhﬁoﬁmlnpiﬂgadsahsclosed in

it one.or nore |ayers of oth
U B} D SR i PR e PE PRRAI S o igclosed in S,
Patefah®2 62 B34 Oﬂaﬁﬁﬁﬁyhlﬁfngaé‘é/ dkiRed 3h 1 €Y tert LN& a@|493 ,388, sol-gel
met hods. M croscal e asperities according t

momi‘%/%fl}séhs?ﬂaw BleS.  Ratens dNais6.530, ﬁ%mlfmbﬂnbigd amdlolayer directed
paﬁeﬁﬁﬁ%‘gf %grfg&ghgsdﬁls?%séde B rd nlgatq.rﬁelﬁ% gg,glgggz?,f Lhe arimetc%mg as

e proceéss
d1scla)sedl1ndé Si iﬁ’Jatent Non6501,d89\0or tigelStampingd 4Ndidclbsdt I8 S. Patent

h
APPIEANGR SEBFign NEC A ONATSrri! 56 vahsh ot eres M optporated

herelﬁ"bgfrr@fe?éﬁc% TSRS ﬁdn%ﬁlbe%@ﬁlr&%tﬁ')g Ao tb'éq{s Bi8Yo kﬁfm'{ the desired

suitable for formng s 'er sca asperl I'es
asperdygep@@tr@ha psamplés op earbowy nanuttbedsirueanenae Wisslosed &sU.S. Patent

Aovi35) Bt B AP SR BR BV 420 Ry

. t 8 .
1ncorg’<lz’;i’g?lﬂohse§gn |b§ r%ﬁébn@% a?éﬁ G Egﬁfgtyfi%t%&%g??ﬁz ;age ed  psing

knowggnethodyef prmingoyith @glhm@l 1@1@ dDEeduassedt will e @pr@a&tehthat any

ot 83 0 SR8 SIS b e v

used. a$ Iiheio]whsgxdphmnidﬂﬁd thatny bb,s8hahi8 36, foRanRNBihd Bf ASho scale
cI osed in. U S Patent No. 403, 388, Sm@%kl

aspe CIgSp BTGBt APRL s Redisetiow W 3 08984 0k hereby fully

ne rls@fla{ d3RENHY fegRi0l ayer directed patterning of
meo surfeaces a5 disclosed in U S Patent No. 6, 518, 168,

chenical etching as disclosed in U S. Patent No.
6,164 EnleiPated thas tle-idotropienpttige B fate HE HRSREschNinVYertion will be

usefuf)%{ len%ad applications. For example, it is anticipated that if anisotropic wetting
surfaces are applied on the wetted portions of fluid handling systems such as piping,
tubing, fittings, valves and other devices, significant reduction in fluid friction and
turbulence may be achieved. Effectiveness of critical cleaning processes may be improved
by faster drying times and less chemical carryover residue remaining on the surface after
drying. It is also anticipated that anisotropic wetting surfaces according to the present
invention will be resistant to the growth of organisms in a bio-film on the surface, due in

part to the greatly improved directional drainability of the surface.
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Application Publication No. 2003/0047822, all of which
are hereby fully incorporated herein by reference.

w@2a0obosssmanot ube structures may al so be usabl eP€DUSIO6D36081
the desired asperity geonetries. Exanples of carbon

not ybe.structures ar 8¢l i Dy .
PG et 8o BnES 9535, Buse 3o R E0bic sufaces as
well. 2002 PHHI6 83ttingl mefabeireliesdribedyini the dolfooviag &0S heateits aby U.S.
reference. Al so, suitable asperity structures nay[gg
Patent dyppiigatigisnyhikh diith ineetneswed &1 iy RRtinsly W £Hfere8rs ol Patent
! by o0l | 'S 3Wen@ 61205, 788.
ool R o o b RORORsR bl s el
The digtosiiedsalfyhe gomre ceferyced| Ayplivetiorseanid Patqohcdnobe uttizgd aloing with
e S e s e i B PopBe 500 Wt
[ ' Publ i cati on WO 02/ 084340, hereby fully
\ﬂﬁﬂﬁﬁ@gp%gégﬁg% herein by reference. It is anticipated
that the anisotropic wetting surface of the present _
i Mitenpressnt Wiviehtidremag & ebodierdyin iodltbr apgrific &tring rveithoBbdeparting
exanple, it js antici ed.that if. anisotraqpi.c ttin
from sffjp f Foga! sHebTppITuEel %ftl?fﬁ_%’f?ne eﬂluﬁ‘_iS?tFﬁ? &Hﬁg’{}fm%% shottd be
consiQ@Rd!ih ¥ RYUSICERER FUGHRE Bl RoR FesthicthieN oferbhdd béHES made to the
val ves and ‘ot her devices, significant reduction in

appetidedi dlafms gathon thendtheufdsegodng alepariptin W Hidispia) the scope of the

) %ffectiveness of critical cleaning processes nmay be

mventieBr oved by faster drying tines and | ess chenica
carryover residue remaining on the surface after
drying. It is also anticipated that anisotropic
wetting surfaces according to the present invention
will be resistant to the growh of organisns in a
bio-filmon the surface, due in part to the greatly
i mproved directional drainability of the
surface. Ani sotropic wetting surface principles can be
applied to ultraphobic surfaces as well. U tra phobic
wetting surface are described in the following U S.
Patents and U. S. Patent Applications which are
incorporated in their entirety by reference. U S
Pat ent Applications 10/ 824, 340; 10/837, 241,
10/ 454, 743; 10/ 454,740 and U. S. Patent 6,845, 788. The
di scl osures of the above referenced Applications and
Patent can be utilized along with the present
application to design surface that denonstrate both
and ani sotropic wetting and ul traphobi c properties.
The present invention may be enbodied i n other
specific fornms without departing fromthe centra
attributes thereof, therefore, the illustrated
enbodi nents shoul d be
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considered in all respects as illustrative and not
reference being made to the appended clai ns rather

wo ban/osdsel f or egoi ng description to indicate theECEHUSE6/036081
of the invention. CLAIMS What is clained is: 1. Afluid
handl i ng devi ce having an ani sotropic wetting surface

porti the ani sotropic wetting surface portion
co g: a substrate with a multiplicity of

asymmetric substantially uniformy shaped m croscal e

or WighesAghfqasperities thereon, each asperity
defining a first asperity rise angle and a second

opposi ng asperity rise angle relative to the
subst r atefluidHemndEme deticehavided A abibotsTis hRHiHeOsuPfaBS Bottion, the
.a retentjve force ratio (f3/f2) greater or less than
AnISQEFAPIS, WRHIE SpHace Rarion sapeptsHi%e ratio (f3/12) is
determ ned according to the formula: f3/f2 = sin(w3 +

1/ ' + . Where W2 s the first asperjt
ri é %{é%é f\lg,}#% de gng{é@%@l% Of fs}'rﬁ]éleéjecc B%taﬁlﬁ@ i WBFPL}'e ¥haped
micrasmglesori mandegleeaperities dhdverm, sach Rp&ity dféﬁan AW Rp&My Rise angle
disatrue advanci ng contact angle of a fluid in . '
and @ 5EONd; ORPOSIE: FrReIdty sg e TelRitiedasthe shbstatey the asperitige being

strudh@e@ 4b e RN haelenBRY i&cOf hu i
degr eeg.ﬂ ° 2. The %1 Iul d@rﬁgrﬁ%}W%;fae%rig%tgpg% I?%‘slscjj\'[#gr‘nII %,ﬁﬁy when. the
retenffye fesice ratiod fAG pisdieteramed recopdiop éc thedfosnuld:.  The f 1 ui d
handl i ng device of claim?2, wherein the asperities are
po edral |y aped. 4. The fluid handling device of
cl gﬁ%—f}n?%ér@i[‘%%%‘égﬁ@p) ty has a generally square

transverse cross-section. 5. The fluid handling device

A O OSSR e SR s i

angld e dédredsd ahdmd), i=n@, gle Vi ) avike 0] A thue WNBHEID cbﬁ‘t%%t angle of a

..asperities are cavities forned in the substrate.
fluidp gontpgt; Wit i igge Hedaseeesoandcdraisns true wisedioR wontael angle of the

fluiddBRBE g&kﬁgﬁﬁaﬁp&si tioned in a substantially uniform

array. 8. T urd handling device of claim?7, wherein
the asperities are positioned
2. The fluid handling device of claim 1, wherein the asperities are projections.

3. The fluid handling device of claim 2, wherein the asperities are

polyhedrally shaped.

4. The fluid handling device of claim 2, wherein each asperity has a generally

square transverse cross-section.

5. The fluid handling device of claim 2, wherein the asperities are cylindrical,

cylindroidal, conical or frusto-conical in shape.

6. The fluid handling device of claim 1, wherein the asperities are cavities

formed in the substrate.

7. The fluid handling device of claim 1, wherein the asperities are positioned

in a substantially uniform array.
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in a rectangular array. 9. The fluid handling device

of claim1, wherein the fluid handling device is a
wore@nrosdsui di ¢ device. 10 The fluid handling der¢TESWNG6/036081

claim1, wherein the fluid handling device is a fuel

celLl conponent. . nmet hod of _an.ani sotropi c. wetting.
S u%f ac elﬂ‘g‘?ﬁ H’all%f l'l‘at?%lénﬁgﬁ‘éff’? Hgg]ﬂ’é@ i/ cWherethgsprgifies are POS%loned
in a fFRAREMIS ey, Providing a fluid handling device
presenting a surface; and disposing a nultiplicity of
substantially uniformy shaped m croscal e or nanoscal e
asper i t Thsflon Hahdlisgdédceofodflaitthe WHeneid theafivildihagdldevdevece is a
. tg formthe anisotropic wetting surface, each asperity
mlcrﬂﬂ%dﬁg‘[ggmﬁ rst asperity rise angle and a second
asperity rise angle relative to the surface, wherein
t henaspesl ki i . . ..
pr 3ot 1ot PRl g HEMEC o Gl i SR PREH 2 Bl ovice i o
fuel belbsomgomantuni ty when the retentive force ratio (f3/f2)
Is determ ned according to the formula: f3/f2 = sin(w3
+ DQO)/sin(w2 + 1AAQD) where w2 is the first asperity.
ri $& angiecthnd @f gp @pisotrgpc wettngesusfase ARy aflpd hppdlingjdgxice, the
metfA%ofptiGindegr ees, and Dgo = ( a,0 - #r,0) where a,0 is
a trug agvanci ng contact angle of a fluid in contact
wWth the surface in degrees, and r>0 is a true
r epedidige £ duiddehdinglevied preseatihg bisakfae; adie surface in
degrees 12. The process of claim 11, wherein the
asperities are disposed using a_fphot ol i t hogr aphy
pr 6ispesing a gultipicityraf subgansrally vaifesmly shopedrmicroscile or nanoscale
aspcfifBEbh HhE Sufidt 8F AROBEL HldRlo Pl G8 SRR oinE bbb Wretting
the group consi sting of nanomgchi ni ng,” m crostanpi ng,
surfateceamh aispatty havingtd figst asgdrity ass enfleiang aredcahd aspdrioy dise angle
monol ayers, atom.c force.m croscopy nanonachining,
relatiy) o s SFFe MHitgreiR dhe asperussI e YA HEY avggl%ms.eg &P @gto present a
t ! - . - .
BRI COIFFAY AL Uy 1 gHEh SRAROG s o (1
detepained dasbrding todhe fanoidaibes on the substrate. 14. A
fluid handling device conprising an ani sotropic

wetting.surface with a
/s “Bin(cos + 1500 sin(ws -+ Y4A0)

ot

where w; 1s the first asperity rise angle in degrees, w3 is the second asperity rise
angle in degrees, and ABy = (8. - 0:0) where 8, is a true advancing contact angle of a
fluid in contact with the surface in degrees, and 6, is a true receding contact angle of the

fluid on the surface in degrees

12.  The process of claim 11, wherein the asperities are disposed using a

photolithography process.

13. The process of claim 11, wherein the asperities are disposed using a process
selected from the group consisting of nanomachining, microstamping, microcontact
printing, self-assembling metal colloid monolayers, atomic force microscopy

nanomachining, sol-gel molding, self-assembled monolayer directed patterning, chemical
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multiplicity of asymmetric substantially uniformy
shaped asperities thereon, each asperity defining a

w0 eogm3ssperity rise angle and a second opposi PQI/US2006/036081
asperity rise angle relative to the substrate, the

tchBSPESL Job ' . T t.o .presen retentjve
ctch 5P 80!l BBl by S By RS 50 Footneys ot paraie
carbbh parrotiben bh dee Jubstester atio (f3/f2) is determ ned

according to the formula: f,/f2 = sin(w3 +

1/2DQ0) /sin(w2 + V2A 0) where w2 is the first asperity
ri 48 andl Buidrhaadlng deviceugomprising ag @pisntiopis pestiity suifme with a

[ . Do = a,p - .r, 0).where a,o0 is )
a4 o BRSS9 P i i Bty
defining b firft@ssaity siseangle degt se®nd @Pﬁod_iré%’as'péri@ ﬁsrebh%]gle relative to the

cont %c,t angl e of the uid on the surftace in

Su"sﬁg‘%re gllsg.gpefél.es REsHiuryradiadressat aesisntive dorceration(fy/s) greater or
. | . . . . < H . b | H N .
s ARG L ROl L 05, 80 Ryt

fluid handling device is a valve. 17. The fluid

hafidh =nin(dev e 0pkingh 2+ mAbf) wherein the fluid

handl i ng device I1s a mcrofluidic device. 18 The fluid
handl i ng device of claim1, wherein the fluid handling
deWhets @xsisghe fest aspérity abapoglerin deg@es, Avntthededhd asperity rise

L ' l\Wi d handl, devi,ce, conprj si ng:
angl ?‘5@%?‘%@, _g%ff APy rq@wzmﬁr,qg g 03cs sk ehenAge ghntact angle of a
fluidanicenthetopitic thesul fabY irS @ gr@s and! 415 i Hr8@ FeBMhS cWRatd dﬁ%}e of the
. surface_conprising a substrate with a nultiplicity
fluid oot face sdaggessnt i al |y unifornly shaped asperities
t hereon, each asperity defining a first asperity rise

angd e . OpPPOS| as [ r.ige angle . ..

o vtk BuRREREE AR AVARPEL serin B BT gnating device i
tubulat inshipy.ed to present a retentive force ratio (f3/f2)

greater or less than unity when the retentive force

ratio (f3/f2) is determned according to the

f okGrul alheaiiyid handling deyice of/c2bQOl4, sibefen? the fluié Bandiberdevice is
avﬂ%% is the first asperity rise angle in degrees, W3 is

the second asperity rise angle in degrees, and Dgo =

(g - r>0) where a 0 is a true advanci ng contact angle

of 1 f|THediid heAdiACdevideldT cldh@ @n 'v&@fe‘i&ﬁiegﬂﬁ‘i@ hhhdifhg device is

_surface in degrees, and gt is a frue receding
a microfluidic device.

18 The fluid handling device of claim 1, wherein the fluid handling device is a

fuel cell component.
19. A method of cleaning a fluid handling device, comprising:

providing a fluid handling device presenting an anisotropic wetting surface, the
anisotropic wetting surface comprising a substrate with a multiplicity of asymmetric
substantially uniformly shaped asperities thereon, each asperity defining a first asperity
rise angle and a second opposing asperity rise angle relative to the substrate, the asperities
being structured to present a retentive force ratio (f3/f;) greater or less than unity when the

retentive force ratio (f2/f) is determined according to the formula:
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contact angle of the fluid on the anisotropic wetting

surface in degrees; and contacting the anisotropic
wowrdawiosgfisur face with the fluid. 20. The net hoRPICD1S2006/036081

claim19, further conprising inparting a force to the

flyid handlin vice or the fluid to cause the fluid
to¥3ﬁ€\TeglréfP?3f+HgéA(g$ﬁS§‘g‘t)7r&¥?A@0)/\et ting surface.
where w; is the first asperity rise angle in degrees, w3 is the second asperity rise
angle in degrees, and A6y = (.0 - ;o) Where 0,9 is a true advancing contact angle of a

fluid in contact with the anisotropic wetting surface in degrees, and 8, is a true receding

contact angle of the fluid on the anisotropic wetting surface in degrees; and
contacting the anisotropic wetting surface with the fluid.

20.  The method of claim 19, further comprising imparting a force to the fluid

handling device or the fluid to cause the fluid to move on the anisotropic wetting surface.
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