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FLUID HANDLING DEVICE WITH DMECTIONALLV-BIASED WETTING
SURFACE RELATED APPLICATIONS This application claims the benefit
of L.S. Utility Patent Application Nos. 5 11/229,478, entitled FLUID
HANDLING DEVICE WITH DIRECTIONALLY-BIASED WETTING
SURFACE, 11/228,866, entitled MICROFLUIDIC DEVICE WITH
ANISOTROPIC WETTING SURFACES, and 11/229,080, entitled FUEL

%‘Wé%ﬁ%%&%%ﬁl%%%% ereln%%%g#erence N Eber

Petitions have been filed to convert the 10 above referenced utility

applications to provisioraagpeticatiens,omener, such conversion is
intended to have no effect on the claim to priority to the above referenced

apph@hons F!ﬂELD QF THE %w&NEWSTW%% b}m&%ng@lly

to flu V|ces an more s eC|f|caII to ‘wetted surfaces of fluid

THERURE @eﬂiie@él NAREREEFON N1
wndusit@l processes invobedie w&eraatlommmmdsmm snﬂmfawé'fh

A egree%?f%%&%'%%ﬁ?%%%%‘iﬁ?%%@ﬁéﬁfé?ﬁ%%%
ADFEEITR PRIG P EBFSkafiphd A aé@aﬁ‘f%da%’%%?ﬁ%ﬁlﬁ?eg%dé?ﬁtai iGerRy
ﬁﬂ@eg;&erg&ﬂaingxame@ssa&m AU TR ewtoR0 igre diemshida oe cattngbdn
BRI e @ample gﬁﬁgn@ete%Jaﬂsﬁgﬁtaggﬁc%&@%@m@m%ﬁ%@m

clothing products to uce surface wetting and accelerate drying of the
ixiomming FEROTROKEVE BRES ﬂmm%v% B ARt TRy 7 AL
understand the principles and properties affecting surface wetting. There
has been a particular infEEES? {HH G INYEMIECSurfaces, which are

surfaces that are resistant to wetting by liquids. Such 25 surfaces may be
referr %&%ﬁgﬁlﬂa@ E@Q&é@ bigaiere the diguidiis:speaifically matenanidaly to
‘?y gg%%rel &?II%\ ta water and all other liquids. If the surface

? 8l extent thata small droplet of water or other liquid
exhibits a very high statlonar contact angle Wlth the surface (greater
than about 120 deg AR () J}J! ‘?‘ TEE LN

Many industrial processes involve the interaction of liquids with solid surfaces.
Often, it is desirable to control or influence the mamner of the interaction, particolarly the
degree of wetting of the surface, so as to achieve a specific result. For exampie,
surfactants are sometimes added to liquids wsed in cleaning processes so as to achieve
greater surface wetting. In a converse example, liquid repeliant coatings are scrmefimes

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 properiies affecting surface wetting, There has been a particular interest in Lquid
“phobic” surfaces, which are surfaces that are resistant to wetting by lLiquids. Such
surfaces may be referred to as hydrophobic where the liguid is specifically water, amd
Iyophobic relative generally 10 watsr 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 Hiquid droplets, or if a liquid-gas-solid imerface
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markedly reduced propensity to retain liquid droplets, or if a
liquid-gas-solid interface | exists at the surface when completely
submerged in liquid, the surface may be generally referred to as an
ultrahydrophobic or ultralyophobic surface. For the purposes of this
application, the term ultraphobic is used to refer generally to both
exislirahdrophobiciandomibiabionhiehia sy faces.ib Brainahle sufagesniniof
special interest in ¢ mme%ricial_and '&ndtgtgal applicati nsﬂ;‘or a ngsrysbgfr &fis
referted RS At FBE s WSV PRI FSt be aried From &
apréisefiame, tsignificalitpiidiensiessresuttfetmersmioce Shdusitbitjemtomichmat
. ' sive drying time. Often an appliance has a desired
um%ﬁ%%tﬂagﬁg{lsﬁgli%%ing such that fluids are not retained in cavities or low
spots due to the influence of gravity. 10 Moreover, friction between the
|iquigrm%é@éﬁff%ﬁsoaﬁa?ﬁah@gﬁgﬁéwet}ofmw%|ﬁf§plﬂ8m*&ﬂ§ﬁ??£8833§ﬂs
foropposeeriefarenprentionaksuriacebcs reselt, ditgctibnally biaded! from a
surfel I RGeS Qe L ey Aoslrabln JoLequaing suace e oniR, o
certaindirections and increasing flow in a myriad of hydraulic and
exthydrodiyan irap phésti ohspriangralerd 2 siealeedpripaspestitydpying such that
aufichefidic anRlications: b esrtainicraiuidicanplicationsd;l5 may be
desirable for fluids to flow through a conduit with greater facility in one
direction than.an opposing directian. In.other situations it may b
e e P e e el e S
ultfeplibisiy flofceate dppbeddd acetvitinmb\wett kievaTebidt Sinfeitaaliy biased

welQHERess.0as aignificanteliect pnthr dedren . obsubace Watlingithas:

been generally observed that, under some circumstances, 20 roughness

and preaae fqlidnd HuHere b e ory RCMRE S AP Ers oF & macto
scﬁarmpﬁpéiwﬁmﬁﬁiﬁcﬂiﬁﬁﬁgpbﬁmebﬁhén citowin stémoasidiowelieations it
maPho HQ&S%@% ﬁ;%%%&%%&%egu@ 200081655 SHQNg 10106, T OO rection
urface than the smooth surface. .n so_me cwcums_tances, sqrface )
thaw ey HiRResng diyee Bers e lihelhsy Saeaionsoié menBer selaRlecis Fap Brdsagtained

in Welting, RHashavahasndaade previpushuatinieadaeiag intentional -
roughness on a 25 surface to produce an ultraphobic surface. The

rougpened suifgce generall akes the form, of A suhetiale MEmpe &
multiplicity of mieroscalé 16" nanoscale projections or _

of surface wetting. It has been generally observed that, under some circumstances,

roughness can cause liguid to adhere more strongly to the surface than to a corresponding

smooth surface. Under other circumstances, however, roughness may cause the liquid to

adhere less swongly to the rough surface than the smooth surface. In some circumstances,

surface roughness may cause the surface to demonstrate directionally biased wetting,

Efforts have been made previously 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 muliiplicity of microscale to manoscale projections or

cavities, referred to herein as “asperities”™.

‘Wetting properties of surfaces can have significant impact relative to particular

finid handling products. For example, fluid management and wetting behavior in fuel

_ celis has been the subject of much recent research. A persistent challenge in the desi g of

2



10

26

25

30

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 30 cells has
been the subject of much recent research. A persistent challenge in the
design of 2 fuel cells is that of managing water in the cell. Fuel cells
fuelQdUgaateras ATeacien iproguell Umler sameroanditions; wateristion
evolved very quickly within the.cell..This water. | 2 d
PYOQH@CHR%%X%}%@OE% 8'ce I%%l}l}é it 3“’5\%\% oqglglclz%t?gmu atggyr%%%ﬂ'rgz%ﬁ(‘f%?
is ghieckihe-ftonediohutidnthtive edi. Siith colbomfitibaleYaloR FFrmE%As Be%

resegathoge floadings, I addition qibedempgrature.difiesencesRaiween weas

t
cell and ambient environment may be Iag}%e SO ti}ljat condﬁns jon of vxéate{

“capagiofiardiPBe daaddiion tHAsT RS U HB eI R ST th & & GETRG

| envaBeRaliofal WRitally shesudataealbipofarplatesis providedusithad taiwage

._Channels so E@%%t acteq{%s d_xilgectg%grough the channels to a collection
A WS E BE i AiRed from the cell.-n 10 addition, the bipolar plates are

often made from material having relatively low surface energy so water

draifiepleshy-thes BRSHRE GRS AP RISHFE P SR tasBgh SRl 1484
walegnieatiralynsucsessiulitnelinpinatingcashose londingiantituateire cell. In

management problems in fuel cells, however. | rticular,.
ad%%%a@?éﬁe?g%}%%’iee ﬁggfzsn dlie ea%o%fﬁ:gﬂgrag ]l%%%"iﬁ%%?%g I?g\,(%\l/]v%{%cf3
encliggpletsamagcingrombhpbipeiplatet anerotaahsubfeites 15MeshmeEsyFes nas

beéﬁgi&%& | draining apashamdesired. Whatds aeedad:inthedadustiydsidns
~ fuel cell with components facilitating |mp|:§vedw terdrzli.lna %é%l;@ré&%as
in. Sl SebF- ARG o 8 BT rSi G Y RETA Y ﬁ’ﬁﬁ oS ot
TR RigicORicels, thecresisiancedp fliid mbvenientlimpesédtiyy surfaces
o ARl Ui AuTaces 10 he, icrasqanicelannele g vice b
m F%\%)?ggem eesrigg%ifeé%%gﬁt?qlathesf ow of'ﬂgio[ within 20 the microfludic
celtiwiicesepthianidbe it giow s resaiARisRe e didvftthan in another |

direction. In general, reactants should flow into a mircofluidic device at

ONe PR B L BtENGE S angifkedt cisshpules s ous td onediurioréeeiditss

Backwards flow can sometimes result in contamination f fieagtants af e
R
microscopic channels of the device. It may be desirable to control the flow of fluid withan
the microfiidic device so that fluids can flow more readily in one direction than in another
direction. In general, reactants should flow into 2z mircofluidic device at ome or more
entrances and products should flow out at one or more exits. Backwards flow can
sometimes result in contamination of reactants or other problems. What is needed in the
industry is 2 microfiuidic device with fluid flow channels having predictable levels of

anisotropic or directionally biased resistance to fluid flow.

SUMMARY OF THE INVENTION

in an embodiment, the invention includes a fluid handling device having 2 durable

gsenerally lyophobic or ultraphobic surface fhat has anisotropic wetting qualities. That 15,

fluids will demonstrate a variable resistance to flow across the surface dspending 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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industry is a microfluidic device with fluid flow channels having predictable
levels of 25 anisotropic or directionally biased resistance to fluid flow.
SUM tAR.Y OF THE INVENTION In an embodiment, the invention
includes a fluid handling device having a durable generally lyophobic or
-ultraphobic surface that has anisotropie wetting qualities. That is, fluids
mioniicadiemonsteatela ygriahte. résistdngmtocienwcdchisssppiesinfafeid handiing

._depend the 30 dikection in.whi low,. The anisotropi ti
Rt gL R R s e R R A
COTRRERI N FLEEY NI FERICE PR A BPRISEE: 3UR st BFiREndseeeponent
thagﬁ@§g$@age5% %&ﬁd@é{c@@ﬁﬁ&@fﬁﬁm i ﬁ@&i@aﬂ@y ﬂ@!ﬁlc(hapﬁi@ﬁaﬂﬂmig@ivficeﬁ

Inciuae , tubing, fittings, valves, flowmeters, tanks, pu S, wett e
i 3150 SRRSR GHRE P ST G OB S Ay Bep e
deviepgiceabEcOmpd ientetsatznaay bensie dlitodsaindlie lransppror comtaiastonng

meQgg\é%ﬁﬂ}AQnF'Uid handling devices 5 may also include pipettes,
"~ burettes, flasks, beakers, tubing, nozzles, fittings and other devices that

are used to measure and transfer fluids in a laboratory or manufacturing

proceSsAERTIHSA NPT HURSHEHAESMEY FERSHTeRATH didhstheiats
moradigaal dselanih dfeet mote hybrs off matetahdispodedorthessurface
f th bstrate. . sperit] r ' |
e B ol b o
in pEGTAGHYIsATRLHE PatteFrOoFisaBnly. Microscale asperities according to
the invention may be formed using known molding and stamping methods

by texuttiagithesieatiog aiddhempold plestarepissestin the fpreeeasing hgrown
ocesses could include injection maldin extr ion with a textured 15

R o R s e B DR B e 3 e

pragrethodbth atremaspese coulitaliefér fopnsieay nicrdstal exaspmitiesths matherred

calSh@|EBEPESHERMBY PEIRRH: Using PHRIQ!HROGFARBY oPfd8iRd that may be
‘nanomachining, microstamping, microcontact printing, self assembling

S O SR TR REASRAS €52 force microscopy nanomachining,
sol-gel molding, self-assembled
Smaller scale asperities may be formed using photolithbography, or using

nanomachining, microstamping, microcontact printing, self-assembling metal colloid
monolayers, atomic force microscopy nanomachining, sok-gel molding, self-assembied
monolayer directed patterning, chemical etching, sol-gel stamping, printing with colloidal

inks, or by disposing a layer of paraliel carbon nanotubes on the 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 hased fimid retention can be incorporated mto
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 swripes, ridges, troughs or fiurrows. 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 amisotropic wetting behavior.
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20 monolayer directed patterning, chemical etching, sol-gel stamping,
printing with colloidal inks, or by disposing a layer of parallel carbon
nanotubes on the substrate. The creation of asymmetric asperities can
directionally bias the fluid retentiveness of a surface. This approach can
be applied to fiat surfaces as well as curved surfaces such as tubes or
troGigmeraDirestioneaihjciesies furk fetarRt s Hecay ith dsvpista et gband

slugORvenYanallywetling shriaces as-well agwiraphebipeurkaees gldities can
asymmetric features_can tfae random or erlofg in WQE P%Odlc

be %?Béﬂt%”?ﬁeﬂﬁa?ﬁﬂ &5 fﬁw@nﬁﬂ’ﬁﬁs‘) §fPu PRripes e

alteftatti S ar armevisioRetioeismas ietitiespinayalsogsary imtthrekt soifre isions

eSS RERORIE PURINCE: £80650LPGIES N5 g8, shape, spacing and
angles oTThe € asperities ca allored to achieve a desired anisotropic
wetting behavior. 4 Generall anlsotr0|c Wettln qualities are effective
with droplets orESUBEEYES P LIGRE GG RA B GEhs or channels.
Surfaces having anlsotroplc wetting qualltles can be used to ensure that
Smaéﬂodrpnlsefé pﬁr&hlgﬁa@ﬂnﬁmdi ckrmﬁﬂlyvﬁmndﬁe Serftice Drptalte rmételyy

i EhRE HESddaeln ensue hat dionlets AL alyda Al retained so that
%ﬁ €ss risk 0 rlpplng at e end of a pouring or draining process.

BRIEF DESCRIPTION OF THE DRAWINGS Fig. | is a partial Iongltudmal
sechitindl (e BFEERGIHIOTRIb RigitIg S5 ShWEpREmGie Bnidet | 2k

alofblEtReerdesording to the present invention; Fig. 2 is a cross-sectional view
of the length of tubing depicted in Fig. 1 taken 10 along section line 2-2;
P19 anartiabiongiicingl seeienalivipys'sd B0.Aedies ek IHon
accor |ng e present invention connecting twosections of pipe; Fig.

o WQ@%W@WWQWP&MéWVW@EB%onem according to the
present invention; 15 Fig. 5 is a sectional view of a two-way valve
compenent Aeeatingiehe Piesertaynuevdionnbiget ismsaetianak viewent

. of an |n -line flowmeter component according to the
wnvention

3

Fig. 5 is a sectiona! view of a two-way valve component according to the present

invention;

Fig. 6 1s a 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 exploeded view of a microfluidic device with ap anisotropic wetting

fluid contact surface according to the present invention;

Fig. 9 is a cross-sectional view of the device of Fig. &, taken at section 5-9 of Fig.

Fig. 10 is ap aliernative embodiment of a microffuidic device according to the

© presemnt invention;
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present invention; Fig. 7 is a sectional view of an in-line flowmeter sight
tube according to the 20 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. 8; 25 Fig. 10 is an alternative
embBHiment &t SRIERFUTRRE REGHBHE CESIHiRG 2 itplecPi it MapaRtisNwEh -

anfigtrbhis Aukt BARMIGEMAHRSS seaiinnal ey eEanfuslsal.stack apparatus
with anisotropic fluid contact surfaces according to the present invention;

Fig. 12 is an enlarged partial view of the fuel cell stack apparatus of Fig.
R D R R S S T B R
degieting pee chpinahinttisenprte®mooth wall surface; Fig. 13b is a

cross-sectional view of a capillary tube with a wall surface having

symmgtrisaliasperiiesioit +3%is chgamisasionaWiaweel Raanitary.
tube with a wall surface having asymmetrical asperities; 10 Fig. 14 is a
crosgzsectional view of a.liguid.slug in a caﬁ)illar tube, where the slu

IS
A e L O R

under theinfluence of ari externa orée”
sygfReiesd esp@ttivre of a liquid slug interacting with a surface asperity or
feature, wherein the contact line is advancing; Fig. 15b is an enlarged side

viewref the:Gontaesding ehadiauid Jud sl gLt R:3UHRE . naving
asggx%%% or feeqltgée, wherein the contact line is receding; Fig. 16a is an
n arge& f?%\vgmeﬁtary cross-sectional view of a capillary tube wall having
symmetrical, generally saw-tooth shaped asperities; Fig. I6b is an
enlafied frisghveastarscroet wewtidndl gishslof ancapifidisrubesweliere the sing

is under the mfluence of an external force.

Fig. 15a1s an enlarged side view of the contact line of a liquid shug interacting with

a-gurface asperity or feature, wherein the contact line is advancing;

Fig. 15b 1s an enlarged side view of the contact line of a liquid siug interacting

with a surface asperity or feature, wherein the contact Iine 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 1s an enlarged fragmentary cross-sectional view of a capillary tube wall

having asymmetrical, generally saw-iooth shaped asperities;

Fig. 16c 1s an enlarged fragmentary perspective view of an anisotropic fluid
contact surface with asperities m the form of asymmetrical, generally saw-tooth shaped

ridges;

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

contact surface with asymmetrical prismoid asperities;
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having asymmetrical, generally saw-tooth shaped asperities; 20 Fig. 16c
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
prigmoid @spesities; S i fbeismary gnafgestfragmentany peispestiveuid
view of an anisotropic ﬂui&a%%gl;act syrface with asymmetrical

conf BREROH A ASPBATBS ARG S

IS aagr%gB?'unolf“the ratio of retention forces
of a surface with symmetric saw- tooth features relative to a

corisspthgingraphortins mfaced BiFIGo1 Sorsea of ashrErHuiaATERTEteAtoN
mﬁg@ggﬁrg; Iaeﬁgl{[qu%\g\g{{:g HieRaWrteath features versus rise angle;

Fig. 19 is a graph of the ratio of retention forces of a surface with
asymmetric saw- tooth featu;%s Versus rise an?;fgzh : and Fig. 20 is a 1§_ilde

|
Vo8t e8GR Na ST 4% BTHCR SBRONIch WREfe P e S

erer, =1,
too D ERANEREHE SERIBEION OF THE INVENTION For the purposes of this
application, fluid handling devices include pipe, tubing, fittings, valves,

flowgneters, [anks, PHIRSWeHRS fekcelkconRQuants wRickefiuidierc saw-

devic&s and components, and any other device or component that may be
toofiEEasR FTENE HEFAI8Fo A ontain, or convey a fluid. Fluid handling

devices may also include pipettes, 15 burettes, flasks, beakers, tubing,
nozrigszfitingsiennther devigesitihat drepusediiosneasdieoovbansier
fluids in a laboratory or manufacturing process environment such as heat

or mass exchapge, devices: deelusingithautimitatianyfiters, heat
exchangers and components thereof. The term "fluid contact surface”

refers broadly to any surface or portion thereof of a fluid.handlin .
oo PR g B BT RO S0 T e e

sisysiemivelefs denatysfluidlys intergonnectel] Arangémenpofitid themdiige
de%%n[:g 2] %Q:E[r?ponents, and any other device or component that may be used to handle,
transport, contain, or convey a fluid. Flnid handling devices may also include pipettes,
burettes, fiasks, beakers, tubing, nozzles, fitings or other devices that are used to measure
or transfer fluids in 2 laboratory or manufacturing process environment such as heat or
mass exchange devices, including witbout limitation, filters, heat exchangers and
components thereof. The term “fluid contact surface” refers broadly to any surface or
portion thersof of a fluid handling component that may be m contact with a fluid. The
term “fiuid handiing system” refers to any fluidly interconmectec arrangement of flud

handling components.

Various embodiments of fiuid handling components according to the present
invention are depicied in Figs. 1-12. In Figs. 1 and 2, a length of tbing 20 generally
includes body 22 defining bore 24 for the transport of fluid. Substrate layer 26 is disposed
<o 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- ba applied to body 22 by film insert molding as disclosed in' co-pending U.5.

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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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 25 so as to line bore 24. Anisotropic
wetting fluid contact surface 28 is formed on substrate layer 26 and faces

- invieiandiydseeas tancamtaetfdidif owintineughcboré 12 uSu b stetatisusst2s

1a§,@% l?? éggﬂt%ﬁ%%%g&ﬁgng Bf‘ﬂ@? ft Qe @,i N9:A8 Qé-%m%daﬂam{:iated that

co-pending U.S. Patent Application serial number 10/304,459, entitled
in oeFrEHRRMBE PoIYPAE LR IRTINEER MERMGISr R HHiCEReBPPR Yekwe flud
coR@mReRk: Qwnaehby dhecawsers ahihedprasant shifventievcand:kerehyo be
incorpaorated fully by reference_ herein. Although a separate substrate -
DR H S ReEHIE NE Bk HESt FT Sl 5uh o B o
tutapp Péciateel trascircithiemestbudihue aty, dsedsiapimayheer flovasapdtions may
beSihstFate, with anisotropic wetting fluid contact surface 28 formed directly
on an inwardly facing surface thereof. It will also be 5 appreciated that

anisotropic wetting fluid contact surface may run the entire length of .

i e R A e s Ch R R
slieenditinn s nayinbeicgiticalisAgibthemamBodiniepitof anfltig hamidierg fitting 30

0 in t r . itting 3Q:conpacting ...

et R, %%%Z%a%%%%%f%?%%%%%%ﬁ%ﬁ%@?ﬁ%ﬁaﬁ%@, .
dispriti PBSTHEEIBEREGH 3R BRSO O BICHFB Y OB BoREIR St fAlErsRPL
waiecthyncinaer.surfaceB&ilnngr aurtace S8-ofeaapipipRidd thay.alsa:bsic

an anisofropic wettin ntact surface 28. It will,,of.cougse, be readil
R S P g el B 0l s o
anprehvipke dr Giepi e takimy ititpegned thdearetscdioariyisiaseionsivbrye. 3
n%ample, although-a 20 degres.slRowditting isdepictad kg, Shdfifolds and

_herein, other fittings such as sweep elbows, tees, wye and sanitary din

R BB BHEP R e iy ifs B BenB rovt SeVfth HHfSS B e me

thywettiag: fluiehdontact surfaces according to the present invention. In
addition, other more complex fluid handling components, such as
twﬁi%%%ﬁgoﬁﬂ%%{%rfxgoqggkﬂﬁ%wfﬁl@ rRmaY RERMIFRd N ANROURIG,
wetting fluid contac

valve 40gdepicted in Fig. 5, may be provided with anmisotropic wetting fluid contact

surfaces 28, Two-position valve 40 generally includes valve body 42 and valve stem 44.
Vaive body 42 generally includes inlet port 46 and an outlet port 48 commected by
continuous flow chamnel 50. Valve stem 44 includes handie 52, rod 54 and sealing face
56. Anisotropic wetting fiuid contact surface 28 may be formed on the eniire weited
surface of twe-position valve 40 including inlet port 46, outlet port 48 and flow channel 50
or any desired portion thereof with orientation to promote drainage. Anisotropic wetting

finid contact surface 28 may also formed on the wetted portions of vaive stern 44.

Another alternative embodiment of a fluid handling component is depicted m Fig.
4. In Fig. 4, a three-position valve 60 includes a valve body 62 having an miet port 64, 2
first outlet port 66 and a second outiet port 68. Three-position valve 60 also inciudes
valve siem 70 within ceniral bore 72. First outlet port 66 and second outlet port 68 are

configured having barbed ends 73 facilitating interconnection fo the remainder of a fluid
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20 surfaces 28. Two-position valve 40 generally includes valve body 42
and valve stem 44. Valve body 42 generally includes inlet port 46 and an .
outlet port 48 connected by continuous flow channel 50. Valve stem 44
includes handle 52, rod 54 and sealing face 56. Anisotropic wetting fluid
contact surface 28 may be formed on the entire wetted surface of

cirtwid- pesitio rniadue 0 indiadifig dnletportdfco ek potc48rand H@whe entire

wetRARe) 20,29.9r, lesired porfion thereof with. orientation to promote
drainage. Anisotfc%%ﬁvet%#]g u?dsq contac Ié%%%ﬁclgei‘éorrﬁgnf &igﬁt{%&%‘%ﬁogn
the wetted portions of valve stem 44. Another alternative embodiment of a

fluioh 3R RS EEREH Gite AR B foredtinerigid Aomiar gudfacs #i eeapbsitiemiied
to valveabR inglfiges ivalvecbodn82:ha\ng aninietpest 84, duiisst SUel: and

rt 66 and a second outlet port 68. Three-position valve 60 also includes

o S S A BT B A ST PR e8 dnd SERHFO
CoRRANETTp BRE GBI Younfiepiwed eaddigidrarbedends W& fagifitatingntact surfaces
ac¢e;@ﬁggm@tga@s&gttt}ser&m@m?a@gae@%ﬁ3%5%95fﬁ&@%&”@g@% valve

wetting fluid contact surface 28 may be formed over the entire wetted
Steg%frfa%%%?%i\?é%a% BOEh A LR Y65 Gd <TeBhtRa SRR D Sttt
drehepeok: dthwilh ke Wwide dirthatiaidi satvepienyvetting fluid contact surface 28

may be applied to any valve configuration. These configurations could

include any.aymber of | : rts, all variety of valv
connectians incll%ﬁogr%%a%% 21%% f%}?igl%eg}{t%@éggrg Oélt?ﬁtengg hnee Ogrlg fack%, ofz

floganstempissmbbetrs i sagitorrsapistdprenmatiin g fufscontasesuifacatet
poRCEDEiNG 48 praseat MveRtian may:be eteatively, appiieshio theamids:q

variety of valye. stems.including those used in. hall valves, gate valves
e b R e S T
alipmidinsovebadreen0das deiotEikiry Fitgh6 aind 70 fvs flusithibandiingte layer 84,

wiPPAReRepLMRYRE hthedom ofa.dlovemeterassembly 74, Flowmetsr, . .
% 74 generally includes inlet port 76, outlet port 78, sight tube 80
t

assembl . 6
iaygﬁ%‘ﬂo%’ TR T R S S TR G e R SR e s RTARTRIZ E B i
appiinfaoen28tigfaried amationejteshsurfaces ofiflowimeieras semblwaidodtor
416 alleraat] gi icted in.Fig. 7, sight tube 80 has.interior
el A e bk e
suResinte g QGrfaEBd e RaiTBET atdizing & paddie wheel, turbine, magnet or other

flow sensing device commonly used in industry.

Ju sum, it will be appreciated that anisotropic wetting fluid contact surface 28 may
be applied to any fluid handling component where such properties may be desirabie.
Other exammples of fluid handling components may include fluid moving devices such as
pumps, nozzles, weirs, and hydraulic components such as cylinders. It will also be readity
appreciated that anisotropic wetting fiuid contact surface 28 of the present inveniion may

be advantageousiy applied to microfiuidic fluid handling commponents.
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layer 84. It will be appreciated that anisotropic wetting fluid contact
surfaces 28 may be applied to any type of fluid monitoring apparatus,
including flowmeters having sensors for transmitting fluid flow data. In
such an embodiment, anisotropic wetting fluid contact surface 28 may be
formed on a sensor utilizing a paddle wheel, turbine, magnet or other 20
flowEsensingraesicet tim mesiyt aspidcatiimd thstngrin ‘soire frowdlf flid handiing
cm%gs’ﬁ%'sat%%@ %E@J&ﬁ%ﬁ(?ﬂg%ﬂ@%@%%@ SONRGLSUTAGR 8 MAYs Bfcontact,
applied to any fluid Handling component where such properties may be
hagfie IO WA AR ATASTES OF ACRIH EhENKy BB HEn T ith ) dateehgre
or MG EVAGE SHEUER ASF RUMBSOZZISWRIISFanthYaHAHE of the present

components such as cylinders. It.will be readily 25 appreciated that
APRIR ?%p%‘%%?f’ﬁpdcﬂtﬂ%%g Elog %ﬁ??a%(?g% ‘&Fihe Bﬁ'%ésent invention may

be advantageously applied to microfluidic fluid handling components. 9
For thenpupfosie dfvibe §5receriiap frliutirasahiarerni orriic fFepsiancf aigreatly

enANAInG, CRMRORE IS seferp hroadly 16 aaM oS Le WeS, O GHMRARHuLr
that may be used to contact, handle, tran%port contain, proce

b A iR O DA SHE GPROTE R G cove
poehanpel Fofwniarasebficidirfersionshieo st puipesed ofthesmesent & on

m%%%!&ocrﬁéix(l)gll " Jic 58%09&1&%;1 @ge%agi EBQIA%&?J‘ %a%gggrﬂ{'cg ritﬁ)s§n _’ﬁbver portion

o

Idic device 88 according to the preSent invention is depicted in a

96 BB A BT A DR CFTReEE R E B3 e AR G B

anR@dy 90 with rectangular flow channel 92 defined therein. Body 90
generally includes main portion 94 and cover portion 96. Flow channel 92

's defined on tree sides by inwardiyfacing surfaces 95,00 AQMAIR wa 102
portior?cgﬁd%lﬁ onaHiourth side by an inwardly facin s‘ur%ace 1%?% cover

mgortorTogged urifacus WS erPisUEtes 100 ¢cyathe sEERtRe ChafiibrighI 182

pifS UERIGIe S i Rigs: :8caheh A AGCRING 1 thepresantinvention alkogsnye
desired portion of channel wall, 102 may be provided, with a anis%j[_t{%g_it%

o R AP S A PA R 8 ATt I BT bR R PA e o

andithiteetangilanflovkeh&nnetlisndepitspd in FighiBwittwill afctelinsealyme piece

b BRORRIAAC 0L RIS G bidiGieY R A MAY RRATRGE.I BRYeRineT

iguration

An alternative embodiment of & microfluidic device 88 is depicted I cross-section
in Fig. 10. In this embodiment, body 104 is formed in one integral piece. Cylindrical flow
chanmel 106 is defined within body 104, and has a channe! wall 108 presenting amsotropic

wetting fluid contact surface 28 facing into fiow channel 106.

Tt will be further appreciated that the present mvention has particuiar 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 celis (AFC),

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

fuel celis (SOFC). The term “fuel cell stack apparatus” refers to an apparatas 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 hmited

to, enclosures, insulation, manifolds, piping, and elecirical components.

10
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and with virtually any other flow channel shape or configuration, including
a one piece body with a cylindrical, polygonal, or irregularly shaped flow
channel formed therein. An alternative embodiment of a microfluidic
device 88 is depicted in cross-section 20 in Fig. 10. In this embodiment,
body 104 is formed in one integral piece. Cylindrical flow channel 100" is
definegbwishinbadudRdiAad bas aehannabwallbO8nEesentii@rding to the

anisotropic wetting fluid. contact surface 28 facing into flow channel 106. It
IS G R oy ISP AP e PRV B Fhas parcifinp el s

ap;aqumﬁeati@) gererfliydnciadmgeemening tlvicrfulel cetisbEer the m_bipio&e$@farhiisi
by SRRIGATRR. NG Jerm, Jughi2S el means.any slegtociemicaliugl celk.

device or apparatus of aqx type, including but hot limited to proton
IERER Y& TERTEFARE HUbl CEC TR MR ke FURrEBIr tATEyire L1E, 2
cathbespbatsaci-iuetcells ARG emelienicarbonate fuel cells (MCFC),

and solid oxide fuel cells (SOFC). The term "fuel cell stack apparatus”

refefs 1o an apparatys including.at _legst one fuel cell and any and all .
oS B i g Ly S5 AT oP S 0D Shac g cibical
corBmipenedTosietatad reatresisantioniag a0 Fuvhe Fu i bisebainglisarabimer.

suliRiedr40,renclosyies. INsUIAHAR. Manieldechipagrandieleeiicalyiates 116
components. 10 A portion of an embodiment of a fuel cell stack apparatus

Wpi‘fg?%éé‘%ir‘f&aﬂ}‘?ﬁe LBt S riaH o r’ﬁ% FBIQREET ShIBmERRrogscrode

asssettion In2Hgd id dietrelees] w@@i@h@paxa'ggs)ﬂlﬁ@ otthershytin] uﬁas transfer

pom&_@@é@%?%&%‘?ﬁ&e%sﬁ%}?!ﬂ%ﬁdjﬂi%e\éwﬂi%@@{ ERALUEHDY.PIRAIAL v
plates 114. End plat

: es 116 contain the apparafus 110 at each end. Each 5
to FRERTs AT 8 assembly 112 generally includes an anode

membrane structure 118, a cathode membrane structure 120, and an
elecxelyténi? 2 Bipalatplaiesl b4 and @eg:plates ki Gamdypically-madeos
. from electrically conducti rrosion and heat resistant material such
L B I A
i alrel Kpr Se e S iceSopEorstEsspiiess 33 6nep bppleaijedefinge mwardly

fadhannelsd 2& for apavaying ldehand.oxidankigmembrane.slecliade water
aﬁsembllies 12 and to drain awa wafFe which is a product of t% o

A R S i ey e e

thel 48smmpiprevidecauditier disorfaoe dregvater to drain from the channels 128 by

gravity,

As depicted in Fig. 11, other portions of the bipolar plates 114 or end plates 116,
such as heat transfer portions 130 and outer surfaces 134, may also be provided with
anisotropic wetiing surfaces 28 to improve drainage of water coliecting or condensing on
these surfaces. Other components of the fuel cell stack assembly, such as firel and oxidant
manifoids and piping (not depicted), vents {not depicted}, and enclosure surfaces (not
depicted) may be provided with antsotropic wetting surfaces 28 to drain water that may
condense on these components dus 1o the movement of lrumid gases between the ambient
environment and the elevated temperatures within the cell. It will be readily appreciated
that en anisotropic wetiing 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.

11
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to remove heat from the cells. According to the invention, all or any
desired portions of the outer surfaces of 15 bipolar plates 114 or end
plates 116 may be anisotropic wetting surfaces 28. As depicted in Fig. 12
for example, anisotropic wetting surfaces 28 may be provided on the
inwardly facing surfaces 132 of channels 128 to improve water drainage
in therehanels:d 28. Watetadioplets ewolvedidariv Ahecrepttioreiprac duil

will flow more easily in a desired direction on. the AnisotropiGWetling; 13s
mméiﬁtrfg%regc%,Cg&as?%itﬁgp\}vﬁa%r to dra(lin from the c;ﬁgé]%nels 128 by 20

congiaiigy: Aguilegictdd(ramigenistedtielpeimene brate Hpsaip s Prrdp”
SRt Rales a6, suchas hsakirassienparions130.apdpyiesGusfagesg

134, may also be provided with anjsotropic wetting surf 28.10
relafipio Ve LAY St a ol é%titll%%oile %%j\gf o 158 St eneraliy

r?éy‘lfng B “these Surfaces.
synRifacgompootnisaithefuehcelistackiassemblybskiehras fdébang greatly

exagxciag %Qc{ %*5 srpzéaryc]:? ldv%z&ﬂg pi&_ircl,gal@yqt dﬁp'qgg)d Als ﬁ@@zt E#?a?ﬁ?é?%sa{%ﬁih
ghclosure surfaces (ot 3eplcted) may be provided with anisotrapic

asyweinigrbetats BagEr dindveaarelhaf Ty Nt AUSGRIiseYgng surface

28 £QNRAREHTS dusdatha movrmerteilumicigassshetves natheoathfentes
environment and the elevated temperatures Wi_}gin the cell. It will be

146 BRI AP RS e‘e&a%ﬁ%f”ta%é ISt St Wetting Stirface 28 according to
the invention may be provided on any 30 desired portion of any fuel cell

stadk dpperettistonigoruditin bbb rorRpevddre WatsHsHRSMRYgmen: of
slughlqir(ﬁ%eﬁiéft-@ﬁtﬁeéﬁ%ﬁ- L E@%Bﬂ%BQVYoE@eaﬂ Bé?ﬁﬂiﬁé&ﬁdi;@%@fttﬁtﬁthe.l?ght
. S_tI'UCtU_I'EO anisotropic wettin id cont t§ .90 , Indrical ¢ I
SiogiBs 3 eER HEREECHAN RS 138 comaunha s e 2l 140
res@téxglepictadin tongituditakerossiskdtionial Figshd Sxcation Murstrativaistng
mo@%&?&%’? Sk et SR GaRICTTLAW 6 138106 caRilaus l3Gashaving &9

relatively smooth wall surface 142. Fig. 13b depicts flow channel 138 vyit
howerreraiih Syintiof s {ostASTEERINg s BEReia TARHH SRR (SotH™
foal@RiVIRS drheing:0rqat ), exagaeraediissizé fargpuipases Giclaneys Pig
13c % picts flow channel 138 with ¢ srymmetri I Saw t%oét!efﬁ ures, 146
7 FOSISE t . T bhe
G T M S SHCBIGE ety B . (LSRR
discussed in more detail hereinbelow, this difference in retention force is determined by
the geometry of the surface features, By disposing asymmetrical surface features
according to predetermined relationships as described herein, the difference m retention

force produces an anisotropic wetting finid contact surface.

It will be appreciated that the lquid shugs 140 of Figs. 13a-c, if free from the
influence of external forces, will tend to remain stationary in the tubes 136 since there is
no energy being applied fo overcome inertia and friction. When an external force F is
applied to slug 140, depicted in Fig. 14 mn capillary wbe 136 which has & radius R, the
fluid-Hquid interfaces 148, 150, distort with both mterfaces 148, 15C, deflecting 1n the
direction of the appiied force. This external force F could arise from, for example,
inclination of the tube or finid pressure applied to end 152 of the tube. Capiliary 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, Fi. When

this threshold is reached so that T equals the retention force f;, the distorted Interfaces 148,

12
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28 according to an embodiment of the invention, with the asymmetrical
saw tooth features 10 146 again being greatly exaggerated in size for
purposes of clarity. In the smooth tube 136 of Fig. 13a, the retention force-
fo resisting movement of slug 140 to the left is equal to the retention force
fo resisting movement to the right. Similarly, in the tube with symmetrical
156eafinies 14eahibigad 3y aimenetentioh furce 8ff atdsisimyomine iient of shdgp

re %éé%ég the left is t%i%iggé t&g@a%tf%%nﬁ%? fﬂg@ émgsaﬁé@% 15, MOMEIPENL 0. e

it Eorthe tubeswi asymmetrical features 146 depicted in Fig. 13c,

sutiolwever: withfl D fioligeinaramp trandhe et ahar pebivg cafremphifeye F
formed by the features 146, the retention force f3 resisting movement of
slug %@ﬂﬁ%@fw ﬁ%%a%@oﬂnh@&%; r:ﬁ,blﬁa@(iﬁgﬁ% thamihe £§$ﬁ§lﬁi Qlithin &
orce f~, resisting moyement to the right. As wij .discussed in more .

s A TERION® (S ot A P BHACH HFci i€ BT e By o

v, e geamatimafdiie-cisface deaturegiBy disposing asymmetrical surface
features according to predetermined relationships as described herein,
the difference in retention force produces an anisotropic wetting flui
con%&ekgﬁg%%seg; itc\(/}vslﬁ%e appreciated that the liquid slugs 140 of Figgsi.}
13a-c, if free from the influence of external forces, will tend to remain
stati&f#y in the tubes 136 since there is 25 no energy being applied to
overcome inertia and friction. When an external force F is applied to slug

140,;6epieted in Fig. 14 in capillary tube 136 which has a radius K, ttm®
fluid-liquid interfaces 148, 150, distort with both interfaces 148, 150,

defl gﬂg in the .dichtion of %Qe a(pgliedtt rce. This external Eorc% E coul
. g ace 18 clegn, smo %Il ?@ Cr %ﬁ SCis nghe FElenrion orce Cé]l oo
arise from, Tor example; inclination of the tube dr tluid pressure applied to

expnaists 2nafthedlinberCu piltdnyfargls, 8Qopralsent at the leading 154 and
trailing 156 contact lines will tend to anchor slug 140, inhibiting

movqgn_ek%ﬁggg toh_ecmlcifd external force F exceeds a critical value@I‘f.
When this threshold is réached so that F; equals the retention force " the

distorted interfaces 148, 12 150, of slug 140 exhibit an advancing contact
anglS BAC QI SRR AR NS BRSNS HeE BTG VXitie 18T, &t fraffify™
suepatactTineitbtat theeeiemalforgeik adudherinomasédt: sudkethatdeeric

inhe 3G A40 L bedin o move Jn G ditecion:uosd Ry aXIETR! [ea s 140
interacting with a surface asperity or feature 146 on a substrate surface 158 as depicted in
Figs. 15a and 15b. The rise angle of feature 146 from the substrate surface 158 is denoted
;. Fig. 15(a) depicts contact line 162 advancing across feature 146 with an apparent
advancing contact angle of 8,. The liguid exhibits its wue advancing contact angie value,
B.0, on face 164 of feature 146, The differenca_ between the apparent advancing contact
angle, 8,, relative to the substrate surface 158 and true advancing angle, 8., depends on
the rise angle subtended by the featurs, @;. Interaction with feature 146 causes 6, to

increase such that,
B, = ea,(} + W (4)

Figure 15(b) depicts a contact Hne 166 retrsating across the same feature 146 with

an apparent receding contact angle of 8. The liguid exhibits its true receding value, 8.4, on
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The magnitude of the retention force, f, that resists incipient motion within
a 5 cylindrical capillary tube of radius R is determined by the fluid-liquid
interfacial tension, and the advancing and receding contact angles, f
=1cyR(cosBr - cosBa), (1) where k =27,. (2) 10 If the surface is clean,
smooth and free of defects, then the retention. force can be expressed in
faderms of isherenteontactanglas, aLantey, oasta mil(easBiiDthe feature
. (é) %) 32 Surttm%e roughness generally increases retention force over
&?ﬁ“st ft% SMooth surtace. This increase arises from change in the contact
angles due to their geometric 15 interaction with surface asperities or
featrestConsider the contact line of a slug 140 interacting with a Sajface
asperity or feature 146 on a substrate surface 158 as depicted in Figs.

15a ﬁ&%ﬁ%@@ﬁ&%ﬂﬁg%ﬁﬁy B3R89, e sbslteesuiReR 9

is denoted "wi. Fig ; epicts contact line 162 advancing across
IHERRHTECPAS %ﬁﬂlﬁﬁ %ﬂﬁfj 78 ﬁ@%@ﬁﬁ%ﬁb"é@ﬁ%ﬁ%% st qﬁﬁr@rﬂﬁfﬁmd

in B{Rdbitsdtai U dMaN GiRgieo ndagkaag e viakse, :db-Ba, Gadililacerlbdeaf (the
feature rence between the. arent advanc(%l contact

49. The
featurs %:LE} g Ull g&&e gla%g)trnfleletﬁr Wlf%g Cross-sect onm

ange S tefAtive t SUrface 158 and true at vancing angle
sh@ze)o, Hepondseorr frwise! &hgieise bienaaicby theafeetureyedon FiEswactise.

iVIRERINNE 146 CausesBa-lo.dnorease el inal BasRa. ot QL (AL 2m, for

Figure 15(b) depicts a contact [ine 166 retreafing across the same feature

oSN %ﬁﬁ%ﬁi&@%@mg%ﬁwm (k&) #Wdiuid exhibits its
true receding value, Br,0, on 13 face 164 of feature 146. In contrast to the
advaheingrias€s)ptesgctian(ih-thgfeature causes Or to decrease &)
that, Or = gr.o - wi. (5) For purposes of example, it may be assumed that

the f?ta {Hé 144‘1111‘[ & GF 1‘513 capillary tube 136 has the asymmetric features 146
depicted in Figure 16(b), then the magnitude of a2 retention force differential, Af, or the

difference between f; and £, may be expressed m terms of @, and o1
Af =1y - £ = kvR{cos(B; 0 - @3} - co8(Ba0 + ©3) - 008(Bro - @) + cos{l,p + 021 (7)

Due to geomeiric limitations, O.p - @; must be = 0° and €, + «; must be < 180°.
A number of trigonometric functions can be applied 1o separate ferms and simplify these

expressions. A general form of the retention foree, £,
TifkyR =2 sm[ %85 + 8,0)] sinfm; + ¥2ABg), &
can be framed in terms of inherent hysteresis, Abq,
Aby =830 ~ Oy, 9

and rise angles, m;, where 1 = 0 for 2 clean, smooth surface, with e =0, 1= 1 fora
surface with symmetric saw tooth features where ) = {; and 1= 2 or 3 for a surface with
asymmetric features, w; # w;. The retention force differential, Af, from equation (7) that

describes the tube with agymmetric roughness car be rewritten as

14
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5 inner surface of capillary tube 136 takes the form of a saw tooth or
ratchet pattern depicted in Figs. 16a and 16b, and that the roughness in
these tubes is radially symmetric (the features extend around the entire
perimeter without variation in their cross-sectional shape). For symmetric
features 144 with a rise angle of tat as portrayed in Figure 16(a), the
retention;fofces, ifrang] fh(are:cnypl anthwetling is- isatiopic.AR).  (10)
expression. for 10 estimatingf comes from the combination of equations
(1), 4 @ cos(8r,0 - w,) - cas t(6) If the inner
surfg 2éao cap ary fjbues‘('g %’5 tﬁerea{%%%%%ﬁ?gsf)gg é%g 1%%r SKEpIe,
retefsivicferrth Higoreillemhiuthanthi gt etie topd feadhtiole fbreerresponding
wrditfgrential »AR ibendifferencaetwesn f3 and f2, may be expressed in
terms of 0)2 and w3: 15 Af = {3 - f2 = kyR[cos(2r,0 - w3) - cos(8a.o + 0)3) -
cos(Or o - 02) + cos(Qa,o + (02)]. (7) Due to geometric limitations, Qr,0 -
w; MUSHESeG a/ 8)59‘8(-(2‘9\?0}1“13'[ be <_180. A number of trlgon%etrlc
functions can be applied to separate terms and simplify these
expiessiohs: #gepiesaltomeiitheireténtionterodsNyiiikyRmhetnic saw tooth
reoRIAY O O QRN HIRE A?é%e@zaﬁ?o%w& dramed.in.Lermgs, of
inherent hysteresis, A0O, AOo = ea,o - ef,0, (9) and fise angles, wi, where
i = 0 for a clean, smooth surface, with wo = 0; i = 1 for a surface with
symnEtTieBEw tostPrgifes ke wt > 0: and i = 2 or 3 for a surfdd
with asymmetric features, w2 x w3. The retention force differential, AS,
fron‘nesqﬁnaﬂ@apﬁbcmﬁtd 2mdereiivesithie tbeinstRrasymneiEeraughnessio,

be rewrit 14 Af 2 sin °/ ar o +.8a, sin(w3 +
GRA S e A Al A S B
anw@m@m@%@s HERat OB F&Ihéxém@@ %Wﬁ%ré@@@ga@a{ﬁm%%
ret R SHRBHIC SR onthfeaturasdpthe £eresReRding. tube contrasted

with a smooth surface yields the ratio, 5 f1/fo = sin(w; +
~ 0
hADOYaI(ed%0). (LI In ansther example, 3 fato, of eiention forces i
a tube' W h asymme Jet
may mclud.e asymmetric feamrm of a wide variety of shapes and disposed in 2 wide

variety of patterns. For example, as depicted in Fig. 16¢, amsotropic wetting fluid contact
surface 28 may be formed by a seccession of saw tooth ridges 170 on a substrate 172, In
another example, as depicted m Figs. 16d and 1ée, prismoid 174 or frusto-conmical 170
asperiies may be disposed in 2 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 nsarly 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 reteniion forees of any type of surface reiative to any other
type of surface. Fig. 17, for example depicts the ratio of the retention forces of a capiliary
tube with symmetric saw tooth features relative to the corresponding smooth tube for
hiquid/solid combinations with different levels of inherent hysteresis, AG; Retention
forces are present even if the surface of the wbe is smooth and clean, i.e., l £y lis always >

0. As o, increases and the surface of the tube becomes rougher, the relative retention force

15
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features where the retention forces are diametrically opposed may be
expressed as, f3/f2 = sin(w3 + %2AB0)/sin((&2 + %2A%). (12) It will be
appreciated that whenever this f3/f2. also known as retentive force ratio,
10 exceeds or is less than unity, the surface will exhibit anisotropic wetting
~ behavior, forming anisotropic wetting surface 28. The degree of
InCEpRgRS troi sy dedierdes g Tiie etdhtivdinsice fatiatispromehtssms, if
m;ur%}iepé&'["%eﬂ"@cfﬂﬁﬂﬁ ﬁ%ré?ﬂ%slﬂbw'" further be appreciated that an

anisotropic wetting fluid contact surface 28 may include asymmetric
features of a wide variety of shapes and disposed in a wide 15 variety of
pattéris™ B 8Ratmble, as depicted in Fig. 16c, anisotropic wetting fidit
contact surface 28 may be formed by a succession of saw tooth ridges

170 prvaisidspateidd@ fomangtherauamplens e piet i narigsmib thadeht
prismoid 174 or rusto onical 176 as erti e disppsed in a
hy?]%%sries or Fes)s’qregufgr pa em 1itl>3r111 aésu ate 17 1:hlehs}a%ac e eg}ﬁgﬁtayn the

reigigiorh éovietu iy amgrapte rasyniizettitab shagemexhibitagi Bpposing nse@e!
aANes,Al varangs with.sac @@ttt%rateqltédaﬂ&p@ﬁlﬂxawg&%%tx shared

three' dimensional solid or cavity. From the above examples, it will be

= HbpretiaistrByuHgaeistas il spriiacaanisen v eriibaesph Aysirsesieiosted 16F.

ndeleRbe Rree .05 W EXRERES \(’ff/@ecﬁ ] @t@ttté%ttﬁ ARy -O8er (riype PEB
surface. Fig. 17, for example depicts the ratio of the retentlon forces of a

capilla 25 tube with etric saw tooth features relative to the
corré%ﬁf}é a&m%l&fly@&é HSP G PR BB R o s R aibrargmmetric
sateugt&;dﬁaﬂhﬁe@/ﬁbyﬂtmms@aﬁ@m%msmgmam present BxeRdis of

th(}e,s%urface of th 89 % utt))e A8 1ﬂ;m%gthvand g €1l et” Sgﬂvﬁ%?e‘? aﬁ%%%s _

W, increases an Réstifhce of the i tub ecomes ro
45fetehtion @it el/ Ib-incbeades. grares malldffoenvakiescthennate ase ti fifpier

S ath atlcal term a+ t/2A << 1, then equatiqn.(
e e Tt e Sl T )
908 cfwatiod .01 3t hmtthedargeththe $trh&emec$¢1y3fewlsqm1®as§(smmai lessg
shﬁggpﬂ&eaﬂé%go%rr}n QS%:;OJH‘EI%SLJ r{@Eetthm 'e)f»;e a! Q.le.h%temaﬁvely, if = 1°

and o3 = 90°, then /T > 0.

In yet another example, Fig. 19 depicts the variation in retention force ratios of a
surface with asymmetric saw tooth features, {3/T, versus rise angle, @,, for different levels
of inherent hysteresis, ABy. In this example, ©; = 90°. As with the symmetric features, the
retention force ratios are diminished by increases in AB¢. For instance, in a capillary tube
with asymmetric saw tooth features where @p = 10° and ©; = 90°, if the inherent hysteresis
is Ay = 107, then retention force ratio of fi/f; = 3.85. If A6 increases to 30°, then /6
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 i 2 horizontal PTFE tube with
smooth. nterior surfaces and a radius of R = 1 mm exhibits an advancing contact angle of
B8:0 = 108° and mherent hysteresis of Ay = 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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retention force. For example, using Fig. 17 to compare two capillary tubes -
of equal diameter, one with a smooth inner surface and the other with
saw tooth features where cai = 10, if the liquid and material of
construction show an inherent hysteresis of AGo = 10, then retention
force ratio is much larger (fi/ffo = 2.97) than if AGO = 30 [%ft/fo =1.63)10 In
Thegrfothencxanhpletimig! 18 dere el ta FHEF OFESRBLT o058 Wi ™
forcBSYMMEIC saW IRiN;RAlUEsRbiRkerDRE th agaiaSine thofal atinits wiere
values. Inherent hysteresis of the system is assumed to be AGO = 10.

emifes, P E R RARRET HRBIE BRI R re where cat = 45 and w3 = 90, f3/f2 =

1.30. The greater the difference between tae and w3, the greater the

disparitnefitbe reientinmioresyintie fwaeppoting difdCtiodsoif ta “opghe
__and 0)3 =1590, 3! 2 = 3.85, It.is anticipated that a gtrong.dirgctional hias
mﬂ%ﬁﬂﬁ%&&ﬁ@%ﬁ?@&“&%iﬁa “ShE c?vﬁ%ggazgfééflf WZ:ZQ%én w3 = 10,
imphends/ffor hud8hiaenatively ib carvs thealnteeihgndsarcrsaldogater
e P TNCE XRMBIR G lepisis (i vasiationdiy giRntiondorge taiios:

oy Shiface with asymmetric saw tooth features, f3/f2, versus rise angle,
retan@qricuiffctert foweled 20 BEiFEBHE RIS BRE Y MidEShple™e
R 30, Fot rance. in 8 capilary b with o
. . = P - 2 = = 10°
is TRIBAN GBS RRTBISth Teat s SHERS %J%Viéeé:ﬁd w%é)iz 3% if the’inRerent
andWStermsisiind @R GdhathernretantiondaceratiooffSiresS1B85iFaGH! w©

increases to 30, thep f3/f2 falls to.2.29. 25 The . abgve relations, fay ajsQs.
oy HERFT NS HBE %%cgggg %?%333%%8 ufé\xrﬁgén‘i}tu% of_reten%pn forces of
thisunfacésoforeiample ba welBrs KRS or 196192 ORI TIE I B iRfth

smooth interior surfaces and a radius of R = 1 mm exhibits an advancing

contagt angle gf 8a:0a 1R8andinherent hysipresisofAfths 10 simithéugs.
tube without features_depicted in Eig. 13a,.the retention. for oo
Sl G SR L o TG ST B oo N Sp Pt as tor

erefore,
onHRCipiest NeniiGrof e ate rslugyin, eithlerdisetinmy R Pég diigearEe OVer
iare?e(zteorzg]eas! é%ra(.:l?ex? fZ%%sl%ﬂH'%é'%kdlﬁ&wqma withva lowss intesfactddee
t&hsion were employed, the retention forces would be less. S
featares could increase turbulence, thereby increasing flow resistance. Consequently,

. some embodiments of the invention wherein anisotropic wetting fluid contact surfaces 28

may experience fluid flow, the average size of asperities forming anisotropic wetting finid
contact surfaces 28 may be generaliv less than 500 pm, in other embodiments generally

less than 10 wm, and in still other embodiments less than 100 nm.

While the analysis here is aimed at capillary tubes with eircular cross-gections, it
also applies to non-circular tubes and sessile drops. Equation (1) differs only in the pre-
factor k. Alse, 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 Hquid viscosity, inertia

or vertical displacement.

Fig. 20 is a side view of a stationary sessile drop 180 under the infiuence of an
L N : . [ kdd
external force, Fi. 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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By introducing asymmetric saw tooth features with 02 = 10 and w3 = 90
on the S inner surface of the PTFE tube as depicted in Fig. 13c, AS = 672
N. It is of course important to note that the external force to move the slug
in either direction will be greater than the value for the smooth tube, f =
228 N and f3 = 900 N. Since the smaller retention force, f2, is directed to
exttrealigicethe storglwilEriove hisHyticthenftrEigurse t8(t)ct htges tefabdsizop
fici SF e.n di [ initiate 0]
e e e B e Ao (B oy &
If To isvinaeppedapidehiy =dom), ifthaliReginieeteriwerd Bhrgamkied 20upkon that
detbsmethg-ntessiverditierantiakies mave sowatanshi ans-diretinametsus:
the otger would be approxim; telly 20 kPa. Thus, this type of construction
*REGB Oﬁ%eéfﬁisﬁ?@g%ggﬂweé 8§ SPrnicrofluidic devices. The size of the
features are anticipated to be relatively unimportant for static slugs. 15
Small features-shiouttl pradbge the same directionally-biased wettingi)
behavior as large ones. Once a slug begins to move, however, smaller

featyres mav,nave. anad YanRge AU JRIaRNeD8S.Smaller JSRIISS. shape

would be less likely to disrupt flow. If too large, surface features could

of {he RRGe iR u e aarE By AL TSRS 6Y0m &si&EiEe teBnsequently, in
some embodiments of the invention wherein anisotropic wetting fluid
contact sutfaces 28 20 may experience fluid flow, the average size ¢f2)
asperities forming anisotropic wetting fluid contact surfaces 28 may be

gen “? stlhg 200 a ,&p %Q? r. embodiments generally less than 10

m, a%rﬁﬂln sﬂ?ﬁ ot g? em%log%meents ims%? an ﬁ)%%r%% Wﬁﬁ% the analysis

here is aimed at capillary tubes with circular cross-sections, it also applies

to norf:ciréiakr EpETaHddes HEvi opes ByuatBiiil1 faimees ANt thabe. a
mipiernRbdasia kobdsonit wilkbeiappresiatadbyibesenabskitria thearkdhatitn
._with the onset of flow agéjition | forces must be con: iderfegn, such as thiose
migriacial tension acting Al the confact Emes. ne .m ale 3! ¢ rerenti Oree
~that arlsg-:-nﬁom ﬁq_uﬂwscqsﬁ , Inertia " or vertlcéil%llsp acement. Fig. 201s a
ingiesyievitiofe Jiaokaingd setssiksial 6indig0 emblevwthceinfeneess offathe surface -

rofieERal Jorse, irsyhigaudernaldoree distonts dhe share9f-droRA8 %t motion

causing it to "lean™ 30 forward. As depicted, drop 180 has reached a

acig.rﬁg&lg]l A é’?fs}h%’?&c‘m}émr é{gt}ﬁlg}? e O{J;he capiilary and wetting will be isotropic

If the features are asymmetric, then the retention foree is less in one direction, and wetiing

will be anisotropic. The greater the asymmetry of the surface features, the greater the
disparity of the retention force in the two opposing directions. With the appropriate design
of surface features, the retenfion force differential Af could exceed 3¥. Liguid-solid
combinations that show minimal mherent contact angle hysteresis would be expected to

show the greater rectification.

Generally, the substrate material rom which the fiuid handiing device is made may
be any generally Iyophobic or ultraphobic matenat upon which asymmetric micro or nane
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 anv of a variety of suitable methods.
Microscale asperifies according to the mvention 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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external force are equal, f; = F. In this critical configuration the contact
angle of the drop at the leading edge exhibits advancing value, G, and
the trailing edge a receding value, 8 ,. If F; is increased slightly, drop 180
*will begin to move. The general equation that describes the retention
forces associated with a liquid slug in a capillary also describes the 5
pro@IGBiaRN (I CesIaEs asjalesh Witb1sesSIedteRs, fwiff KYRISRSS: <6R3EB2) +(1)
co Whgsre in thi?,ca&rste, R is the drop width and the pre-factor, k, depends on
& SHap & bf e EohActTin @™ HR°CohtaRt Rh&oe iusans Brclieble for
forgiregiaisitrerikasp@B¢22) 10 If the drop elongates due to the external
force, then Ic increases. To initiate movement of a liquid slug in a small

dianegter GapilALHIbe:-H $inknwR externaliyree musthe appliedto - . .

overcome the retention force associated with Interfacial tension acting at
e SHME CRATRES R S HEOE ST RE FetofirelaTet é Ui Rage S walithen
Publidelilie it interfackaigmsiorandmiface muphaessult tresuntace 15 735,

- sg,consists of symmetric feafures, then the increased resistance
A g ST
coligipimemp laverwastiiervsiche idotrSptery FthevfeaTureisrasemapinm metiicictrann

U.8hesetention forcess 18ssin BRL diteckionARshweiting:Willhe AnisatioRic,

The g the asymmetry of the surface features, the greater the
PG s o e SRR R B I e B osiri e Horfeh i go-£<

modppgopridieidesign lsofsirfabe feaiBiesidheleientinetoimendifipreniieded
parfiAOMIdexcand SX. kiguidsqlid;co 'P%J%ﬁtﬁ%‘?ég% SROWLINMAL i as
. inherent contact angile hysteresis would be ‘expected to s(iwow the greater

AsplosficHgn: SaRRrAIR, $Hé sSiSstPaterirascTAMPES Wiiskiosed finidS. Patent
Appadiigraetiesids INadeonsyodreanyyerekainLePRobic o5 tianhelite:
rial upon which asymmetric. micro or nang 25 scale asperities may
e kS Cola® e vt e i e
SN EleERIIEEHS oF Hatapiesor witrer ayersibt sthefumater s depesite Sn ivent
Appubsicatepmatosial byRhoiglithratapby Ql:aMeld vasely ofsuitabls s Iy
e

. _methads, Microseale asperities according to the invention may be form
meg |(r)1rgmﬁ§ &\ﬁﬁ%@fdﬁf@r%a Also, suitable asperity structures may be formed using

kmown methods of printing with colioidal inks. Of course, it will be appreciated that any
other method by which micro/manoscale asperizies may be accurately formed may also be
used. A photolithography method that may be suitable for forming micro or nanc scale
asperities 1s disclosed in PCT Patent Application Publication WO 02/084340, hereby fully

mcorporated herein by reference.

1t is anticipated that the anisotropic wetting surface of the present invention will be
useful in myriad appiications. For example, it is anticipated that if anisotropic wetting
surfaces are applied on the wetted portions of fluid handiing systems such as piping,
tubing, fittings, valves and other devices, significant reduction in fluid fiction and
turbulence may be achieved. Effectiveness of critical cleaning processes may be improved
by faster drying times and less chemical carrvover 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 2 bio-film on the surface, due in

part to the greatly improved directional drainability of the surface.
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stamping methods by texturing the tooling of the mold or stamp used in
the process. The 18 processes could include injection molding, extrusion
with a textured calendar roll, compression molding tool, or any other
known tool or method that may be suitable for forming microscale
asperities. Other methods that may be suitable for forming smaller scale

aspekitiesopfthetindesireshapepredapaciagribaludesnanbohachiningass

disclosed in. U.S. Patent.A p|IC tion. bI| fi / rg
welli %3 ng%%s (r)é%d in %egc nBatent (%%1%‘%@%%98% %r%?;%ggg%r%a%t
vatqmu mmmaxdmsdﬁséd ire UnSrprreest NOUSI0EULTED, e rEEgsmbled niatar

'@&@Rﬂ@mbs 1@ sisslosedinlt B, Patent HiSAUI0T, Picrosaes gy
as

isclosed in U.S. Patént No. 6,444,254 ic forc osc
Th‘ﬁﬁff&%ﬂ%‘é}@ﬁﬁ}ﬁ%@ SRR PR F P Bist e RS AT

the @&@ﬁ@é@ggshﬁmut@d@@emﬁ& H403:388(rs6 g mmam@mwm
; Uu.S Patent No 6,530,554, self-assembled monolayer directed patterning
USR5 isclosed in U.S. Patent No. 6,518,168, chemical etching
as dlsclosed in U.S. Patent No. 6,541,389, or sol-gel stamping as

disCTbs iR ISV MERRTIAA SBIRERRIER ifb REXH THANES Jo GO P S AgE
srohigh asaherahynfisly iﬁ&@bpofﬁéﬂﬂoié hies eindeyasrefepnedirtiarbahonld be

nanotube s ructures m SO be us bIe to form the des&reﬁ Eyt the
CORSISHS e E‘??BFHEI@%% %%aﬁlanotu%e str%]ff:etur%fgrgre uz%‘f)se inU.S.

aprRatedt ciipplication mabl|ﬁ&tl@1€l¥1@%2@®2¥@@981@51aﬁ63?0@27(ﬁ£8%8’§ the
V@{&%{nereby fully incorporated herein by reference. Also, suitable asperity
structures may be formed using known methods of printing with colloidal
inks. Of course, it will be appreciated that any 20 other method. by which
micro/nanoscale asperities may be accurately formed may also be used.
A photolithography method that may be suitable for forming micro or nano
scale asperities is disclosed in PCT Patent Application Publication WO
02/084340, hereby fully incorporated herein by reference. It is anticipated
that the anisotropic wetting surface of the present invention will be 25
useful in myriad 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 30 drying. It is also
anticipated that anisotropic wetting surfaces according to the present
inehfdNill 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
sugface.. 19 Anisetropic wetting surface principles can be applied to
ultﬁiﬁﬁﬁ%o i(g:l %ﬁ?%%es's as well. Ultra phobic wetting surface are described in-
the following U.S. Patents and U.S. Patent Applications which are
incorporatedinitheirdmigrdtyricy tefarence abiStBatentetipplinatiansportion, the
: / Q; 10/837,241. 10/454,743; 10/454,740 and U.S. Patent
anm%%‘:%%éﬁygﬁ%% Fsgf)c%tsﬁﬁ?e%c’g%pt & Above referenced Applications and
Patent can be utilized along with the present application to design surface
that defmioastratétb ethratdpdicisy s yettictgl @ nabet e phibbicrifepeitiesiaped
T inyention may be embodied in other specific forms without
e O S R P eI et e amele
and Eshouhmmsssipaigdrdy scongideredtineatbréspoctsiasdl uatratipertiad being

strus w&ae%tgﬁ%x&tr%f%@ iR Pseads pdsd gaims rather than
ct.he foregoing descri‘é%llon t?c!gr}? Icate tr%}:? 0 e%%{hgr i%\?(sén |(E§Ir11.157(5{y When the
retenTyNiNS Naiedii S0 s dricinired Adtoidingridithg Sevickhaving an

anisotropic wetting surface portion, the anisotropic wetting surface portion

COF}P{@Q%' gﬁ”%ﬁ‘éﬁ%ﬁ@{gﬁ? Q%Rgiiﬁlicity of asymmetric substantially

unitofmly sF‘uaped microscale or natioscale asperities thereon, each

asperity defining a first asperity rise angle and a second opposing

aspérity tisdsatigléirsl ativerity thee sulgdtr ateddpeasperitiethbebignd asperity rise
gl SHUGMIEEL I RICRENLAGEINNS (HGR AR AR B5R e o o
fluid in contact with the surface in degrees, and 6.4 is a true receding contact angle of the

fluid on the surface in degrees.

2. The flaid handling device of claim 1, wherein the asperities are projections.

3. The fhwd 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 fransverse 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 I, wherein the asperities are cavities

formed in the subgtrate.

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

in a substantially uniform array.
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retentive force ratio (f3/f2) is determined according to the formula: f3/f2 =
Sin(0)3 +'/2A80)/sin(co2 + %2A80) where cat is the first asperity rise
angle in degrees, w3 is the second asperity rise angle in degrees, and
A8o = (02,0 - Br,0) where 8a.0 is a true advancing contact angle of a fluid

in gontacryéthdhetsuidtag ibdeg@esaand r wlissitlderegreingcontgsditioned
. angle of the fluid on the surface in degrees. 2. The fluid handling device
in a rEgtARGHIAY 2A%rein the asperities are projections. 3. The fluid handling
device of claim 2, wherein the asperities are polyhedrally shaped. 4. The

flugd handiirgrideyieemoafialaievicanieneimn aaorhaspenity hasiagederalbevice is a
. _sguare transverse cross-section. 5. The fluid handling device of claim 2,
mlcr‘?/ﬁ‘l‘é%%ﬁr‘is?ﬁ@%sperities are cylindrical, cylindroidal, conical or
frusto-conical in shape. 6. The fluid handling device of claim I, wherein the
asperitiegTasefleavitiesiifoprdedids Hiekihst ai@erkid he it handling device is a
fuel dﬁvice of claim 1, wherein the asperities are positioned in a substantially
S GHifSTRPSAAY. 21 8. The fluid handling device of claim 7, wherein the
asperities are positioned in a rectangular array. 9. The fluid handling
device ofclaishdd whereiniherpid wanling:eevicens: dluhidiaiitiisic device, the

thdgvice. 10 The fluid handling device of claim 1, wherein the fluid handling
MEFGEERE T fuel cell component. 11. A method of an anisotropic wetting

surface on a fluid handling device, the method comprising: providing a

flutddvadidng tkéy icenresaitingeasuciates andriispasidg a multiplicity of
substantially uniformly shaped microscale or nanoscale

disposing a multiplicity of substantially uniformly shaped microscale or nanoscale
asperities on the surface of the fiuid handling device to form the anisotropic wetting
surface, each asperity having a first asperity rise angle and a second asperity rise angle
relative to the surface, wherein the asperities are stuctured and disposed so as to present a
retentive force ratio (f3/f;) greater or less than unity when the retentive force ratio (f3/fy) is

determined according to the formuia:
Bty = sin{ms + %ABp) sin{m, + %A8g)

where w; 15 the first asperity rise angle in degrees, ws is the second asperity rise
angle in degrees, and Aby == (6.0 - 0r0) where 8, 1s a true advancing contact angle of a
fiuid n contact with the surface in degrees, and 0 is a true receding contact angle of the

fiud on the surface in degrees

12.  The process of claim 11, wherein the asperities are disposed usmg 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, soi-gel molding, self-assembled monolayer directed patterning, chemical
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asperities on the surface of the fluid handling device to form the
anisotropic wetting surface, each asperity having a first asperity rise
angle and a second asperity rise angle relative to the surface, wherein
the asperities are structured and disposed so as to present a retentive

etchifigrceianid (fahp)mgreptetiop|edththalicidityuientheitgiosiivefascerratigaraliel

b is..determined according to the formula: f3/f2 = sin(c)3 +
o %?}A{%{ﬁs}f%c%% @W%&%%Vhere w2 is the first asperity rise angle in
degrees, w3 i; the second asperity rise angle in degrees, and AGo =
(ko - (dr, Brithereddiap dsddsuemngvianging conantangtecatey Buihid with a
1ERARIacL W h.the surface in degrees..and 8r.o is a true receding contact )
. gnéﬁoﬁﬁﬁﬁf’ on Cbé{%ﬁ? ai;1 eqﬁlfé)gmmé’eséliff%ge&%% {%Oaa?ﬁ?%i gspenity
definigler dirstthepesperitiesrarie dispasecbusiogpasiphetglittiography proreasvd & the
bstidlS Plogessefelaim 11, wherein the asperities are disposed usi )
Subs protess i‘%e%?g fom %ﬁg%%eﬁkpt%gﬁ%?gﬁ% o %%ﬁvgr@%ﬁiﬁﬁ%’,%ggj greater or
less thaickostampanrghmictenbridotcp rmting: Selisadsembting soetadiagliviths formula:
monolayers, atomic force microscopy nanomachining, sol-gel molding,

self;assembled layer direg atterning, chemical 22 etching,
o) -7gla“el sstlélrﬁwﬁing%;gﬁﬁ}% w?tﬁc%%@‘?gal inks, and disposing a layer of

parallel carbon nanotubes on the substrate. 14. A fluid handling device
comsrising artlanisotrepenvettiog mufade wdgheas naultipliatysefasy Bpretricrise

o1eSHP lally unifoymly shap sperities thereon, each asperity definin
an“f eaﬁlﬁ rzz%%gé%%é?ét?/({r]iégoané?é”%n?gﬁ?s‘é%gﬁed%;ﬁﬁ%g r%f %5@5%1# & %ﬁtﬁfé angic of 2
finid relevviedoviid thalssirfate, ihdaspevitied Beity struetediigpagsent éigle of the

fuid gﬁtﬁ{giw%%%r Igé&i/ﬂ) greater or less than unity when the retentive

force ratio 2) 1S determined according to the formula: f3/f2 = sin(c)3
+'/2A80)/sin(co2 +'/2A00) where cot is the first asperity rise angle in
ddgrees, Mwafivithbadtiogdiasiserityaisien aglelierdadghedbyidrichdBime device is
tubulé?ﬂx%ﬁaﬁé:o) where 0a,0 is a true advancing contact angle of a fluid in
contact with the surface in degrees, and 01,0 is a true receding contact

angle of the
16, The fiuid handling device of claim 14, wherein the fluid handling device is

a valve.

17. The fluid handling device of claim 14, wherein the fluid handling device is

a microfiuidic dsvice.

18 The fivid 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 wetiing 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 refentive force ratio (f3/f) greater or less than unity when the

retentive force ratio (f3/f2) is determined according to the formula:
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fluid on the surface in degrees. 15. The fluid handling device of claim 14,
wherein the fluid handling device is tubular in shape. 16. The fluid

handling device of claim 14, wherein the fluid handling device is a valve.

17. The fluid handling device of claim 14, wherein the fluid handling device

is gyeickafleidic davipeid@Jhedigg) 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
deVRE D rsstintiigHF é‘ﬁ%‘ﬁbﬁi%@é‘&?ﬁg}l’sgﬁ&f@é?th@ SriRe feRI SR Y rise

angl STAEE-SQMALISING, a-sybstrate, Yithad iy finlicitnof ARMRMAIWentact angle of a

substantially uniformly shaped asperities thereon, each asperity defining a

fiuid fips pordpel ity thides AATe EIMICam B BTSSR g e a9t altfe Fatdirreding
contd@ theisulsamitherashariet-Reingsinciwer o pmReenkasetentive

force ratio (f3/f2) greater or less than unity when the retentive force ratio
(f3/f2) is determined according to the formula: 23 f3/f2 = sin((0O3 +

% SATATENS (S WTLIDE) guiehuithdbadpédity rise angle in

degrees, C03 is the second asperity rise angle in degrees, and AGO =

(Ba - Brray wheiedlarQisia troe mevanehamomact-ansenof ardhaidin the fluid

contact with the anjsotropic wetting, surface in degrees, and er,0 is a true

hand{ine-dakice G ite WA R GHF IS ATRONS SBHRD RNRRHRRY SUFHHRS firface.

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. 24
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