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WD 2004/ 091747 PCT/ US2004/ 011683 ULTRALYOPHOBI C
VMEMBRANE RELATED APPLI CATI ONS Thi s application clains
wo b@4loertef it of U. S. Provisional Patent Appli CBET/082004/011683
Serial No. 60/462,963 entitled "U traphobic Surface
for Hgh Pressure UL%&EYOﬁHb%@C’iﬁEMB&iNE5 2003,
hereby fully incorporated herein by reference, and
U S Uility Patent Appli cat| on Serial Nunber
"Unknown" entitled " URHOLEAMIIICHIIGNSnG", fil ed
April 14, 2004. FIELD OF THE I NVENTI ON The present

| nv This am)hbﬁicﬂi d@ln@ﬂ@r@nbﬂt SOUR. CPEPRI0ALE PABADABHEStion Serial
particularly to a mcrci_?orous menbr ane

NOh 5044@ 93% emlﬂ@dawmmm@ Surfage {or tHigh Pagsswtsi liquidg”, filed April 15,
I
20(?3%] {:H;eg% r%li} gas 06 gfro\ %%%JN% %err, an g’sénalxy 5% @\illt}y Fdeny; Application

SerdlNanhberéEmkhownSéitled FEltvatpophabic MemBraatt fledAPril 14, 2004.
These nenbranes may take the formof a filmor a
hollow fiber. One cog rmmm#iuch a
menbrane is, for exan tion 15
apparatus to achi eve exchange of oxygen and carbon
di oXhelepresst iimvention delates cganatailygtoi mlaopcnam @mdmbranes, and more
arti.cyl ar _exanpl es of bl ood oxygenati apparatus_are
palgpéla‘lg g 4 Micropoup membran vin gaylggrltr o&?@g@ oyz@tralyophobm
surfhed ter&2R; and 4, 659, 549, each full y i ncorporat ed
herein by reference. Other particular exanpl es of

uses for gas per bl e menbranes are discussed in

U.S. Patent No. S,MM@Wrat ed

herein by reference. 20 One exanple of a prior film

t y pRlicioporone rgasl peiidibleanRmbthes Sirdl @RHEY @ded Ho GHR&! InMss transfer

enl arged,  cross-section in prior art FIG 17. Menbrane
betygen @g’rﬂé‘}daﬁll' d/ajgas| Jhess membragaemaydeake the fommawif ﬁgﬁlal or a hollow

I
Ty PN af B G SROE S it 80 LR Ay R gpyecnaton
appaBmlIH @reehRE6 ewl:hahge bf axygdn @nd cadbn slisfides gasih blood cnrculatmg ina
on_the other side of nenbra

ts |
patiggh %%Fﬁla{l'rf v QR ¥ESBR YR pemAtpS e dlivelasen de L5S. Patent
No& 3337947316? Qpﬁ9372§041 37*4%‘02“%@& 6@9 %@9 gﬁeﬂ:ﬁﬁh%Xn%hteh Qerein by

the area of the 'mcropore 20
refetérroud3tbar pytodar ehaeplestaiisesc fcalgab pqmm&ﬂlb@aﬁembﬂae@ﬁre discussed

TS SR R R CTTE SRR

One example of a prior film type microporous membrane 200 is depicted in greatly

enlarged cross-section in prior art FIG. 17. Membrane 200 generally includes membrane
body 202 having a multiplicity of micropores 204 defined therein. Gas contact surface
206 confronts gas 208 on one side of membrane 200 while liquid contact surface 210
confronts liquid 212 on the other side of membrane 200. A liquid/gas interface plane 214
is defined at each micropore 204, having an area generally equal to the area of the

micropore 204.

In the prior membranes discussed above, the interfacial liquid/gas area of prior
membranes is limited to the cumulative area of the micropores 204. As a result, since the

rate of gas transfer depends on the amount of interfacial liquid/gas area available in the
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rate of gas transfer depends on the anpunt of

interfacial |iquid/gas area available in the 1 WO
wWQeMI0e1747 PCT/ US2004/ 011683 nenbrane, the P@BUS2004/011683

transfer rate and consequent efficiency of these prior

mefBMNcA RS teanstet Mt @dd chedquett dfReidRy oMthefephisidsinbianes are
IS m croporous gas pernmeabl e nenbrane having_ _inproved

limifgd. Whaigs apededpn t%maldéeftﬂf 18i IBIGESPOTEYI\gPA ReIfabig- puembrane having
nnl%%%ﬁ%wﬁk%@k{ﬂﬁa%ﬁ? SRBkylavention addresses the needs
in

providing a nicroporous gas

per neabl e merrbrane having a |iquid contact surface

that defines a qu@ﬂﬂ@é&gj’_ﬁﬁ&ﬂm&b@i@ﬂarger t han

the conbined area of the micropores in the nenbrane.

For 1hbe,R npcﬁeelﬁfont Q@dr@gs%§ et ARALI SRkKO 'hldustry by prov1d1ng a

"m croscal e” generally refers to dinensions o
mi¢rhporod @asripermoeabile mse,mlamb having sc digeid  gerient aduriiaw @h’laé rdefines a

dlnens ons .10 an 10 nonet
tiawiens CBleF LG Ut drees Hgt Hiea P RIne A bt s Syiipppies in the
metdrarde® PorCHE [ftikphse ro?dcﬁé Brdbrit tpﬂﬁaﬁﬁ)?lu FRIMBAR” gbli8rally refers to
asperities are disposed so that the surface has a
dinpnsides ef hse dehncliik misrometaes, dech Shanpseaielgenendlly mefarstte rdsmensions

ot B 0 5 bpmcia® s FLRACE e BNl % rbSAR RSB prppertis wp

to a Qbrtaifl ?éﬁefﬁnﬁﬁﬁd RES@ietang. t Thd fipefidsast AispdSedAothatRthe surface
y CcOos Q0 + CO- 90 where Pis the edeternlned

hagp @sedgtesmingd gontagt lige dgasitimeassed ennme s of copfact line per square
[ [ LY, L £ 1>
mekea\c}l)g ﬁ%ﬁf%cgaaggan%@afto ot g%rgﬁeretﬁglﬁ X {EQ&&} deﬂﬁﬁﬁ%’hges o ucfetermmed
acodedifs toathe ifmtggr ees, and co is the asperity rise
angl e. The predeterm ned pressure 20 val ue may be
sel ected so as to be greater than the antici pated
liquid pressures _expected to. be encountered by the
menbr ane. V%eﬂcmﬂQUbd-@t &0 bel ow t he pr edet er m ned
pressure value is contacted with the ultraphobic
liquid contact surface of the nenbrane, the liquid is
"suspended" at the tops of the asperities, defining a
l'iquid/gas interface plane having an area equal to the
t ot alhemy Ras the pé&detdiminddt pragshmvaiues yrif deesurfass tetnl;nen of the liquid,
caonbj ned cross-sectional area of the asperit

ang fly o5 dlie expesimenfrllygasasuesd: e advanding éO%taﬁeanée %@e fiquid on the
asgERBPRARE A RV Erdelr 2190 id e P&IPRRE GRgle. The predetermined pressure

value may be selected so as to be greater than the anticipated liquid pressures expected to

be encountered by the membrane.

When liquid at or below the predetermined pressure value is contacted with the
ultraphobic liquid contact surface of the membrane, the liquid is “suspended” at the tops of
the asperities, defining a liquid/gas interface plane having an area equal to the total area of
the ultraphobic surface less the combined cross-sectional area of the asperities. Gas
introduced on the gas contact surface side of the membrane moves through the micropores
in the membrane and into the space surrounding the asperities defined between the
substrate of the ultraphobic surface and the liquid/gas interface plane. Since the area of
the liquid/gas interface plane includes the area of the ultraphobic surface as well as the

combined area of the micropores, the gas transfer rate and efficiency of the membrane
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in the nenbrane and into the space surrounding the
asperities defined between the substrate of the

wakdionaptiabi ¢ surface and the |iquid/gas interfBCEUS2004/011683
pl ane. Since the area of the liquid/gas interface

maf/ﬂflve 1|§>e|n§re #0¢ Laigsed BRerdiRR tﬂémﬁtﬁﬁ?suxlv%ér@ﬁhtﬁgilﬁuﬁ#ﬁd‘sﬂ?ﬁgﬁ&al area is

W as the 30 conbined area of the mcropores,
limjted tor anlyf the arme eofathg widrprarescyGarerallye toranirimige the ywoount of

liqﬁgigg%/s ggﬁ%%ggﬁ%ég%ggjé 1% 61%%{)1&02.’)?%/ F%ﬁﬁcg; %@gﬁﬁﬁs ﬁl%hg%g %r%gsfer rate
and RERi§RGi02khedmemblane, 1t iidsadbleqo @ithimitzb eheddRBacoliné Beénsity of the
m cropores. Cenerally, to maxim ze the anount of

sutfaoguiitileyasintaniag thepredeterninghpleatire vale eheleypk udlidienite provide
ur f ace ng. t hus,.th r
ultgag)ﬁmi:)@c ep}rg@elglfag tar%eth%e%ﬁ}?%ﬁlg? e?(?&lgtgﬁ &ggsltsﬁraeb?og%teoencountered at the

mdimbihig. ze the contact line density of the 5 surface
whi | e mai ntaining the predeterm ned pressure val ue at

| | ffici t id | t [ i i es.
% asBsi Y bedPair O ESen dhe SRBERE BafALRA &in one or
mdrBSayeFEIPIARSIal ARBoRARSY ihisGEfadBRYf MR JuBstiRsl Mhe Asp@hlies may be

the 'substrate material itself or in one or nore .
any asgultalyodr imagweily khaped plarse dirasnsional snhidf ercavisy andygay be disposed

. substrate. The as ities be Q any.requl arly.or .
in 47y ot5atial egoRRuReRA o oF TATGRS! ol SBFTFoRaERe ffincd using
phefoltHBRYapa§, 6f SRS athnbhadkiiingE eHitraEtaBPRIFE tiicfochabttepiinting, self-
or rando . The asperities nay be formed using .
asysblioe i mefal eelinig mestolaysis, gtoyais opEsenmifrpggopy nanomachining, sol-gel
£l OS ' ' . LNt . sel f;- empling ...
i el Racibied SloB0R0" EreBioh ThhigR LiegBORTHRAIRT sol-ge
stangingrpeihting mdth @dlbidgbinks,oelbgtidigosinglaflags o€ phiatiel carbon nanotubes
npnol ayer directed patterning, chem cal etching,
ondfg S"é’é&at% stanping, printing with colloidal inks, or
by di sposing a | ayer of parallel carbon nanotubes on
t he Thehstdntibe malitsd AVIRIAE b PRodeBryfol hilidgnChitiépdous gas permeable
process for nmaking a m croporous gas, perneabl e
mapahne e thy surfagssr fg@e@g Higphelicu PEPEpEsbRL ligrish draspugs up to a
pr@cfe’;érﬁl%'sﬂﬂ)rggsﬁf‘es Uh1Gs. uﬂ-ret gro@ess Hﬁ&g&ésegtgﬁs{qu seﬁ&ecﬁlgua[ne asperity rise
val ue. e process includes steps of selecting an
anglepéatéerinining ecritizfl conglcelinddeneityri* A} vplde accotdingpto the formula:
contact line density "AL" val ue according to the
formula: P AL _,y cos 0 a0 + CO- 90" where Pis the

predgf er-m —value, y is the surface tension
of the I qeild,.,+ @ — 90

where P is the predetermined pressure value, vy is the surface tension of the liquid,
and 6, is the experimentally measured true advancing contact angle of the liquid on the
asperity material in degrees, and ® is the asperity rise angle; providing a carrier with a
surface portion; and forming a multiplicity of projecting asperities on the surface portion
so that the surface has an actual contact line density equal to or greater than the critical
contact line density. Again, it is generally preferred to maximize the amount of liquid/gas
interface area available at the ultraphobic surface by minimizing the contact line density of

the surface while maintaining the predetermined pressure value at a level sufficient to
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and 0,,,0 is the experinentally neasured true
advanci ng contact angle of the liquid on the 25
w@z@endt7ry7 material in degrees, and co is the aRQEEUR1094/011683
rise angle; providing a carrier with a surface
provdet dlﬁﬁ?pho@[tdp&?érﬁbﬁﬂt tBe Maxithithi ekpédte@preiudd &Fhd élﬁountered at the
asperities on the surface portion so that the surface
melWsangn actual contact |ine density equal to or greater
than the critical <contact line density. Again, it is
gen%@})wcepsr ﬁlfag @ik LiRC1 TR ) st M"&‘eté}ﬁﬁﬂﬁl% Plritical asperity height
i qui dfgas erface area avail able
valué t Zap hoineterssaccdeieg toytharfonnniazi ng t he contact |ine
density of 30 the surface while maintaining the
predeterm,ned pressure valuye at a level sufficient to
3 zgoﬂloexmaﬁ9gc$nwszgﬁh 011683 provide
ul t rfaphobig erfies he maxi mum expect ed
pressure to eegﬂeiﬁﬁte?Q at the nenbrane. The
process may further include the step of determ ning a
critical asperity height wvalue "Zr " in neters
according to the formula: 5 Z~ d(l cos (9Q o+C3

80
o stiee s e o o Biees bR raciacd B, g the rue

advagicinB@ohfabCanghslypie! 1@ E 6 tiRCiurfbg e d&redshend Wivitkt &perity rise
the surface in degrees, and co is the asperity rise

anglpiij degrepsdegr ees. 10 BRI EF DESCRI PTI ON OF THE DRAW NGS
Fig. 1 ais a greatly enlarged cross-sectional view of
a film menbrane proeesiSOR IPTTONNGE FHESHRIA WINGS! i on;
Fig. Ibis a greatly enI arged cross-sectronal view of
ah lIomrfrber nP accor di g to t present
i nvEr il Bis @ gesagh ¥ Golasg Scr%tss&g?tgo&lé YlieWé) e§nbrane according to
the?#s%ﬁ&%%ﬂﬂoﬁw of an ultraphobic surface, wherein a
[tiplicity of nano/ mcro scal e asperltl es are
arranged i'n a rectangul ar array ig.2i1s atop
vi eRigoflbaispdErsably earged CEQB‘F‘F%F@@%‘]‘ Vigwgot horﬂiog/ ﬁberr gembrane
acc%rcﬁﬁgﬁ) tﬁ%ﬁi’%&ﬁt‘ﬂ?ve‘ﬁ'tﬁﬂ‘ of the surface portion depicted
I's a partial top plan view of an
aIternatlve enbodlnent of the present 20 invention

wheFig 4 it Bepessppetives geestly calasged aneie @f ian ulirapbiebigoiwaface, wherein a

muﬂﬁﬂlf’a/ty of nano/micro scale asperities are arranged in a rectangular array;

Fig.2 is a top plan view of a portion of the surface of Fig. 1;
Fig. 3 is a side elevation view of the surface portion depicted in Fig. 2;

Fig. 4 is a partial top plan view of an alternative embodiment of the present

invention wherein the asperities are arranged in a hexagonal array;
Fig. 5 is a side elevation view of the alternative embodiment of Fig. 4;

Fig. 6 is a side elevation view depicting the deflection of liquid suspended between

asperities;

Fig. 7 is a side elevation view depicting a quantity of liquid suspended atop

asperities;
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Fig. 5is a side elevation view of the alternative
enbodi nent of Fig. 4, Fig. 6 is a side elevation view
waelepitotiTmy the defl ection of |iquid suspended PEL/VMEEN4/011683
asperities; Fig. 7 is a side elevation view depicting
a qmrgﬂs 1sYa 6fde!digiiatien Suspaesicth@tiepliqu® casfasting tlRSbottbm of the
04/ 091747 PCT/ US2004/ 011683 Fig. 8 is a side
spask botataen aspariéigs;depi cting the |iquid contacting the
bottom of the space between asperities; Fig. 9 is a
si d@jeloqy alsi eI 80h Yev 0B A BRIbR ﬁﬁ&ﬂ?'lﬁh'aﬁe&ﬁtwe embodiment of
alternative enbodi nent of the invention wherein the
thedgpentionywhereie theragberity sisaangle istan agntplawgles Fig. 10 is a
side elevation view of a single asperity in an
al t 4 abliy & RERRIMIRIicRlof ol BYRAL 19%%%&1%% EhBodiment of
asperity rise ang e Is an ob ng e;
thepavdrtah whepeip lwrasperéywrisé asgle & zmsrbﬁmlangleerrbodl rrent of
t he present invention wherein the asperities are
CyI be?rilc%l Pﬁﬁlr gRgedr 11 Qt fit v@n&fﬂe tr %Y 'the present
de PePeVal*on " vi‘ew o a erna

in\eﬁﬁ@dwhanin thé a@egtlesldﬁe c¥lndriogl arld3are arrangedlih @ rd:dt&ﬁguhg array;
formulas for contact line density for a variety of

asp r| shape nd arra ment S
o ovi 15 §MERERY A Ghv P HEROL R spadinen Do kel
present invention; Fig. 15 is a top plan view of the
al t FigdBiive teblb duiing fiernoflasHiog corit4ct lirs dengity I8 4 warity ofasperity
h%ﬁ%n |em10f S|ngle asperity in an alternative
S MShe present invention; Fig. 17 is a
greatly enlarged cross-sectional view of a prior art
fil g ypeis ai sidopvetien mavbrodnes. alRERAiMeEEMBPEGGIRhESF @he present
OF .THE PREFERRED EMBODI MENTS 20 Surfaces resistant to
Invgaeng by |iquids may be referred to as hydrophobic
where the liquid is water, and |yophobic relative to
ot hdig. l16dsia d@.plaiheiewmmatdﬁmﬁvb empedidnalk byFig ed;erred
to as an ul trahydrophobic or ultralyophobic surface if

the FS ur1f6a1(s:% t(r)p? %) a%tvsiev\\//\% taI SIPI%IC asperity in an alternative embodiment of the

present invention;

Fig. 17 is a greatly enlarged cross-sectional view of a prior art film type

microporous membrane.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Surfaces resistant to wetting by liquids may be referred to as hydrophobic where
the liquid is water, and lyophobic relative to other liquids. The surface may be generally
referred to as an ultrahydrophobic or ultralyophobic surface if the surface resists wetting to
an extent characterized by any or all of the following: very high advancing contact angles
of liquid droplets with the surface (greater than about 120 degrees) coupled with low
contact angle hysteresis values (less than about 20 degrees); a markedly reduced
propensity of the surface to retain liquid droplets; or the presence of a liquid-gas-solid
interface at the surface when the surface is completely submerged in liquid,. For the

purposes of this application, the term ultraphobic is used to refer generally to both
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an extent characterized by any or all of the
follow ng: very high advanci ng contact angles of

WO papaiogh 7dlr opl ets with the surface (greater thaPCHDS2004/011683
120 degrees) coupled with [ ow 25 contact angle

ultfih§ERHREHIS and ltedydghebR subfabesaiDhl teZ@ HRESPRASIs; mémbrane as used
mar kedl y reduced propensity of the surface to retain

heyejimymieensc Bpnbrage haying perch ﬂt%@ﬁ Sthor digmptey bettegmabai] i d
interface at the surface when the surface is
COMUedrAhY SUPIES 9£dad Rnlbodithéht - of@r midi8porBhd %% §rfbable film
this applTcation, the term ul traphobic i's use

mengfrane geh @qurqhygttg tho tnvengom\s demated an zacatly enlarged cross section.

M eaEa00 ReARY Shoih: 6 BERIERT R, S0L nifich B B materiat

withed @hiltipiRaSofomiRoivrén 0N asfimd therefioldher Ml&oﬁbﬁeb 184 preferably
di aneter between about. Referring to

G la,
ham diametastof dfompabeug _9@96 HEUE apayt Hi wiawsdempre mﬁferably from about
AP, PS50, Frb. | G o SRR en 9851 e sie

coﬂﬁmﬁfn@ ¢3¢ 107chndlediqidresiaanairfaoely 08 G edgpbsitiTside confrontmg
nmer material with a nmultiplicity, of mcropores 10

11(151@1‘ e d AckeidiehicothgHnventiono pe rdEaphohicpyusfage 26 iy fonmﬂeon liquid
| f fromabout 0.005 mto about 100 gm and
COﬁa& sa{:ﬁ&fe{eorégbl y fromabout 0.01 gmto about 50 m
I\/lenbrane 100 has a gas contact surface 106 on one side
c onfAmeiher wgbgdincnd P anaicepporapsi gas permenble mgmbrane 110gn the form
n s't | de. ronti (d 10 .
Of%clééllri](e}v ? t%gl&e%ven? %n?@anﬁg ?aph ST }y lnd%s tubular

mdnﬂ)rﬁlwti@@ oI bf golyther @IﬁﬁéthW1ﬁUﬁfIﬂlﬂﬁpﬂﬁ@ of\m@drBedres 114 defined
enbodi nrent of a m croporous gas perneabl e nmenbrane 110

tharsiinaht oMembgmen] Hblh%\ﬂ/ PR AR yefpretld@ qmexterpr pyface 118
co%@%%r%o s 158 98 rbeﬁ(gllh ¥oh .ﬁlgﬁée tl?'f’ l&thltengF E‘H,Fa%@ 928 %g}{frontmg

l'ymer materi ar
liqnidctlﬁaonée:soﬂiinfg t?beﬂaleriﬁdelﬁﬁnl hmnﬁtdphobghsurﬁemr)an eorkdddl on liquid

has a surface on exterior, .surface 118
CORIRGHf wgé’&g il o8 it e ]hﬁa i et 8 epo GOR of gl goact surfuce
119%& i ﬁfd‘ &ntaeH Elﬁ.@é‘cg 123405008 fé?l@ltsb@ 9o tllldt %Hé goriltg& surfaceol 16 is on

According to the invention, an ultrap Ic surface
intergorf surfaesd1 Bhnandi liguidicontash sarbiced R ﬁsa@ee)atel&)r sutfaed 118. be
appreci ated that the relative positions of gas contact

sur B@gf‘egﬂ% ]eﬁlaﬁ%q YibUWc, fé?ér?éﬁt @H&Jﬁﬁ%&?&mﬁﬁﬂo@g surface 20 is

rever gas con act surtace
depintedrin ¢ig. durTlecarfh2el 2@ gendralbyuindludena auhstmtmrz‘zawﬂh 22Rultiplicity of

PropFesRE PR Al e ORI 26 b AT 458 S0 fop 28. Each

asperity 24 has a width dimension, annotated “x” in the figures, and a height dimension,

annotated “z” in the figures.

As depicted in Figs. 1-3, asperities 24 are disposed in a regular rectangular array,
each asperity spaced apart from the adjacent asperities by a spacing dimension, annotated
“y” in the figures. The angle subtended by the top edge 30 of the asperities 24 is
annotated ¢, and the rise angle of the side 26 of the asperities 24 relative to the substrate

22 is annotated . The sum of the angles ¢ and ® is 180 degrees.
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depicted in Fig. 1. The surface 20 generally includes

a substrate 22 with a nultiplicity of projecting
w@zpenyt7ies 24. Each asperity 24 has a pl ural i pgT/082004/011683

sides 26 and a top 28. Each asperity 24 has a width

di meRaeally, sunfaot 20ewill’ ¥khibin ulthphbbigpresertieNdhan Aiqd-solid-gas
. dinmension, . %—3 annotated "z" in the figures. As
interfage d gyintpngd gisthe surtaceq Jedopigted bz V.af fingidoizeepntagts:only the

r n e Uk T (& T

torp P 1 PERIAGH W S P prox PR 17 B8k 30 o RARAHGORA faving o
spazaridt isreeen thy “asperitich dilled guitlesir of lnehearpgh,eths wijuididdijud solid-gas

. .the t.op edge 30 of .the gsperjties 24 is _annotated cp,
mt%fEftfetlﬁ Breseide grqu iy he Selde b yppengled adpeand Dgtavesh the top
eddeRhalorvife dsPerithi® 2aubstrate 30 22 is annotated w. The

sumof the angles cp and wis 180 degrees. 6 WD

2004/ 091747 PCT/US2004/011683 Cenerally, surface 20
wi | Asexhi by disglosehersisbelops dhre farmagionof ihe liquid-solid-gas interface

i qui d- i - ' r " ' ' "
oo . SOUA 805 U AR DL A Wi ot and e
propatties olfithe iqpd. gaccmlﬂlga]? pig preSent @ﬁvmtien,stlhél @Sordéirical properties of
pr.aoxi pate top e 30 of asperities 24 eavi ng a ]
aspgﬁ&%%% mayde s Eateore thatfhe Sitfcs 40 htsglisaphgbic pppertics at any
desPel SlquidfSesshfte requisite liquid-solid-gas 5 interface
I's present. The liquid my be said to be "suspended"

atoEﬂgpd between the top edges 30 of the asperities ]
24. Referiipg fo e mehepwlae grae obifige lody, surfase 26r may ibsrdivided into

: - 80l | r -dep cer .
s, W o LA BB 008 BB i Al 4. oo
are2 dewsity of eperitico (@ i taxh unifotrh ardai3@lhsl be'dasoribidtey the edigion:

present invention, the geonetrical properties of 10

asperitifs 24 may be selected so that the surface 20

exhigbit-s—u) t raphobi ¢ properties at any desired |iquid)

pressurdy” Referring to the rectangul ar array of Figs.

1-3, surface 20 may be divided into uniform areas 36,

acpu P B GRE R ARR b DR PIRHERO 277,

each uniformarea 36 may be described by the equati on:
15 Borasperitigs 24 ‘(Vl@l a squath erass-petiont dsalepistast ind'ige tlvis ¢ine length of

perﬁﬁ&glr fpt) 'o? ?op%aaﬁ ‘t‘épeéjdgie Ryreters.

where x is the asperity width in meters.

Perimeter p may be referred to as a “contact line” defining the location of the
liquid-solid-gas interface. The contact line density (A) of the surface, which is the length
of contact line per unit area of the surface, is the product of the perimeter (p) and the area

density of asperities (d) so that:
A=poa. 3)
For the rectangular array of square asperities depicted in Figs. 1-3:

A=4x/ yz. 4
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For asperities 24 wth a square cross-section as
depicted in Figs. 1-3, the length of perineter (p) of
wWo op4AB17at top edge 30: p = 4x, (2) 20 where RCT/BS1004011683
asperity width in neters. Perineter p may be referred
t 0 @sq@antiepof kqiid kil ée sagbhddd o Bgetidead mhebodyhrces (F) due.
l'iquid-solid-gas ipterface. The contact |line density )
to grayity actingeons theiquid arggss thansufaee fogsrgt(N acting aidhe gentact line with
i . i f .. aC. . P > o) .
the RBRBRL DA} AR ot St LA Gak ph Bl le bocording to
the( B)lowing foahula?25 A =p b. (3) For the rectangul ar array
of square asperities depicted in Figs. 1-3: A = 4x/y2.
(4) gt WO 2004/ 091747 PCT/ US2004/011683 A quantity of )
l'i qui &1 be suspended atop asperities 24 if the
body forces (F) due. to gravity acting on the liquid
ar e whessg ihthe densityage of dhe Bguiflf |g) de thenapcealeratior duore gotvity, and

i B BpIe ° R0 d e BF s doCh L wlproftiig itdhaving an
approkinPué Bhsit G0 k&P hObedy fokrdes (FYWEHR 13 | s the
density (p) of the Tiquid, (g) is the acceleration due

to grayjty, an h) .i,s.the dept f the liquid. Thus,
for %&W&%ﬁ@-éﬁ@@%ﬁ@r—%gmﬁ%ﬁ%&fmmer havi ng an
approxi mate density of 1000 kg/ nB, the body forces (F)

woulGh the otter hinld) G d0gfat8JorSesqNHrdepnd 30 tH¥)surfalk Bnsiod Bfthe liquid
kg/nm2-s. 10 On the ot her hand, the surface forces (f)
(Madpnparsht emac wnglecwith dhessida 265 of the aspeities 24 yyith seppect to the
e s . e | !
weARB0Y T SR oy LS 340 EL 5 8 Bl bffen ppct e o
theclopidi€4): | i ne density of the asperities (A) and the
apparent contact area of the liquid (A): f=- AAy

cos Qs ( The true advanci ng contact angle
(Oafo) 1}){1 Ya(?\()qsiqgg'ui d on a given solid material is (6)

defined as the |argest experinentally neasured _ o
st aflherieneyadyeneing contaell anghf (Ahe ¢fi @jliquidoen a given solid material is

defined as the largest experimentally measured stationary contact angle of the liquid on a
surface of the material having essentially no asperities. The true advancing contact angle

is readily measurable by techniques well known in the art.

Suspended drops on a surface with asperities exhibit their true advancing contact
angle value (6,0) at the sides of the asperities. The contact angle with respect to the
vertical at the side of the asperities (6;) is related to the true advancing contact angle (6, )

by ¢ or ® as follows:
9s=9(1,0+ o0° - 0= 0,,,04_(0 - 90°, (7)

By equating F and f and solving for contact line density A, a critical contact line

density parameter A; may be determined for predicting ultraphobic properties in a surface:

- pgh
A= 1 8
g ycos(90,0+a)—90) ®
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surface of the material having essentially no
asperities. The true advancing contact angle is

wo eadiody4neasur abl e by techni ques wel |l known i PCT/082004/011683
art. Suspended drops on a surface with asperities

exh Ivmete Eheihe dehsl @Y vanR I@id ¢R) BGhe actlledtbneluéab Yeavity, (h) is

at the sides of the asperities. The contact

theaﬁ@ﬂg ofytherliquads gla purfage ttensionyedythe Hgnida(s), tonis tbf: gise angle pé the side
of Qﬁg %g%%—ln%? ﬂﬁ%%'toc‘ tgu?l ‘Eﬁs%%tet th tdg etlzs,r ﬁ@ 3% Gép%r]'_rnentally

méh@umd ape Ed%cﬂrgccﬁntac%gle( GDthByqlﬁd ld)atthm&pEn@fr}ﬂatfanﬂﬁﬂ degrees.
sol vi ng for cont act line density A a critical cont act
et erm.ned f

| AL
or odf & i HaRRLRIT bEcuretiel i B HBBES Zinproducing an
ultrapBbbic %hrfaoé C@meﬁm@e af A €0,; 190fguid ilYIEAASLOGKRY fsperities and

/ US2004/ 011683 wher e g Is the densi m&dz
thq icqatael, iftenfades at e sutaseemalli bm saledy tlmugij j yWItI(qu) ulgaphoblc
pr(% ﬁlegepth of the liquid, the surface tension of the
Iquid (y), ois the rise angle of the side of the
asperities relative to the substrate in degrees, and
(ealiowill bg amhreci@tﬁfb ¢hat by subdtitytingnananpreptiats valuady teaiunggrator of

of LG5S 08 85 e e o o it
dediE®R shffecea@REwi tSin Zﬂtra&i%%l{ﬁblglﬁn&nat d&hkltd'eﬁ%lpi%hé?unt of pressure.

surface. O herw se, if liquid wl

The sanationenahe ganpwlizedasti ti es and the cont act
interface at the surface will be solely liquid/solid,
wi thout ultraphgbic properties. It will be

appr/‘ezpFat-ed—(%—h‘at—by—%tégst ituting an appropriate val ue (9)
in the Auf®luort Bf the equation given above, a
val ue of critical contact line density may be

det g fyﬁﬂﬁ & tho ma(}ﬁﬁﬁlggr@ss@%a " g&ﬁnﬁlgﬁihgvguhlacé’ r?ltugtl Xhibit ultraphobic

ultr I c propert esire
prqqreﬂsesun kllogr'a‘ﬂm per stp.tareametmyy iseheg an&rca ltérziath @sthe Afuid in Newtons
é g ﬁ 0aO+Co ? wher t he maxi num
PeRnES sty rDerIeai b HREAS S 406 AAYATOME,GPISFY angle of the liquid on

thé%sf:éﬁ’t? RO a1 n;éegt?ééagﬁ{dd) &Sthb _a%a& bpﬂéeaﬁ& PRldeSAar e

y I's the surtace tensi t he |qU|

Nevatoirs] generally anticipated that a surface 20 formed according to the above relations
will exhibit ultraphobic properties under any liquid pressure values up to and including the
value of P used in equation (9) above. The ultraphobic properties will be exhibited
whether the surface is submerged, subjected to a jet or spray of liquid, or impacted with
individual droplets. It will be readily appreciated that the pressure value P may be
selected so as to be greater than the largest anticipated liquid pressure to which the
membrane 100, 110, will be subjected. It will be generally appreciated that the value of P
should be selected so as to provide an appropriate safety factor to account for pressures
that may be momentarily or locally higher than anticipated, discontinuities in the surface

due to tolerance variations, and other such factors.

Once the value of critical contact line density is determined, the remaining details
of the geometry of the asperities may be determined according to the relationship of x and

y given in the equation for contact line density (A). In other words, the geometry of the

9
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per, meter, (r)a,o is the experinentally nmeasured true
advanci ng contact angle of the liquid on the asperity
woraioe09 7 i n degrees, and co is the asperity rPGEUS2U04/€11683
in degrees., It is generally anticipated that a
sugfaeef amyg ROdétemmped bymhpdﬁng tho vélne cfbather xebmayiianke contact line
wi Ll exhi ohi c ropertles under any liquid
qu?tB)é’sat?ﬁéoB' 51%1%% F@Vélﬁ‘a Pncl uding the 20 value of P
used in equation (9) above. The ul traphobic properties

Wi | I THediq@idindrfaed dmﬂcﬁitdﬁdﬁwﬁxﬁ&d%eﬁﬁé‘@ adﬁ@n&u@pﬁr@%ﬁ by an amount

subj ected to a t or spray. of ed
Dugsdspicteddn Fig &a{ I?Hw&ar%@gﬁ s greatﬁqqth%fheé@aghrt {2) orthe asperities 24,

th@ﬁ&fﬁﬁ %1ﬁtcgﬂtaEME shb\ra ﬁsﬁh%r 11‘fta$elt’\9e§1 {8 As clpe'f'ltlte§ ghe(ff % occurs,

to be-greater than gest anti
thet ihqumddwﬂ} bsslmvm firdo vsipamh34 hemd mmpsrean&r]tﬁé) ,as;iei:i@l,es Wdstroying the

be_ subjected. Lt wl eneral | y appreci ated .t hat

ultf%?éwﬂ @érasﬁﬂ of e sy gva @degr&s%s # 61H¢ 2 Aspraity height
n f for pressures

R aoR Rl 8 Uity yt@%*f%%%@ ROt han

anticipated, disconfinuities i| the surface due to

tol e an e varil a{CQH1,aoaﬂ@-eﬂB@0 such factors. Once the

val crth 4 gontast_ i%ﬁ? density is deternined, (10)

t he renalnlng i 1*8§  of the/’geonmetry of the

asperities may be determ ned according to the

r el athepn@d)iip thaf distadeelbetdBery adjucedp abpritieg & M/tei BperftPhise angle,
gont act l'ine densjty (A). In other words, the geonetr
g Fet G@er;z@ﬁalhoglfmedv@v ebzoomerenEetange pf thediquid on the

gdefer f e
as%/g?ﬂfy k?ﬁ‘ahe Con?}a{gtq{é éﬂf (2)"%?% | g%@%ﬁé%lé&é \‘/b%nat *etag]t %qqlfél % and is
prafetably greatérabime crifited alspeqmy He1 pit(Bp)t ace defle ct S
downwar dl y between adj acent asperities by an anount

D1 | G n, ki g. 1 1.he unt rea

thazﬁ hﬁﬁ%%gﬂﬁé(% ﬂ]fe %ﬁ’elln&s%geri grﬁgsmzlﬁ% éisetglﬁss Otﬁer asperity
gedrhefrileslatsi doksiblentFae examisle so syt £ atdteddngle #Qepicted i 1n F1g 9 or an

between the asperities 24. If _this occurs, the liq

obiyise pngle 28 dgmisednpd igpHt e Gameralin dt isopefepsd thatep b@rb@tween 80 and

1369P5Eéd i es, destroying the ultraphobic character of
{hé>surface. The val ue of DI represents a critical
asperlt height (ZJ, and is determ nable according to
t he I wil l\/%iw he appresiaicd:thef(awide vgsiciyof, aspertly sha@eeRy arraements

are p&s%ﬂﬁe w1th1r12ﬁ{ensc()ﬁé %?'ﬁg%)rege%g invention. For example, asperities may be
polyhedral, cylindrical as depicted in Figs. 11-12, cylindroid, or any other suitable three

dimensional shape. In addition, various strategies may be utilized to maximize contact
line density of the asperities. As depicted in Figs. 14 and 15, the asperities 24 may be
formed with a base portion 38 and a head portion 40. The larger perimeter of head portion
40 at top edge 30 increases the contact line density of the surface. Also, features such as
recesses 42 may be formed in the asperities 24 as depicted in Fig. 16 to increase the
perimeter at top edge 30, thereby increasing contact line density. The asperities may also

be cavities formed in the substrate.

The asperities may be arranged in a rectangular array as discussed above, in a

polygonal array such as the hexagonal array depicted in Figs. 4-5, or a circular or ovoid

10
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10 where (d) is the distance between adjacent
asperities, co is the asperity rise angle, and 0,,,0
w0 gootlog17éxperi nental |y neasured true advanci ngPCDOS204/011683
angle of the liquid on the asperity material. The
an’amg’eg’mnt ( ZYheotspasifies hta'yeaslstbe rmndorinlg d@ibtribetedt soetpug| ast the critical
a ref er abl. crit caI asperity
COWé?tgﬂ’H %Wy 12\|“E?H%tﬂg‘ﬁ E sugh g 5 I%saﬁrépgwﬂ}tu%@’ have less
pré&fidhifle Gtrh 6%108& HRPESSS aﬂélt ﬁeﬂleﬁ?&%rlbésy preferrdd© O Mt fdcﬁ a random
are possi ble. For exanple, co may be an acute angle
arrgiegsingeing o f iaspdFtigs, e oritieal conbictidine alagdity @il dthpi rfl@eni parameters

Fi ner,al it ref rre t b en
eyt copentagd g abtreps, g Sl hn B larip b fign Thibpmulas for
calBultifle c¥athételine QdnsARp e bého?ll@&tﬁl‘i‘ecr e@;ﬁ%t?rshﬁﬁ&eiﬁﬁnc{rﬁangements are

are possible within the scope of the present

lisiedvent i on. For exanple, asperities may be 20

pol yhedral , cylindrical as depicted in Figs 11 12,

cyl icReERNY, tHe"mAENalsR8 Fors HehPirfe b hﬂg

shape. | nga |r?f§t(g3na va§| 8us est rat egi ge e utrli %téagal upon
which mecxd oF pancwateasperities mmydmmﬂhblwfonhd&rbar&hwhrchtm fidtable for use

; depi ct ed 14 and 15, the asper
@?} P‘f‘%ﬁ%ﬂ% GMWDH%B%\%“% Hopingsbsng 5 %‘s d %@ﬂﬁco%amples of
m161%pof5|ﬂ§ thé@hiS8he BEAHRE §6r Yhidhead Resdnt ‘i‘l‘i‘venﬁg? z?ﬁrﬁ; B® suitable are

dge 30 increases the contact |ine densit

dlSQl@sctdameU SAPgtgnt Neat3sMsA0ddli 3845954, 4@@6&85%664@68’1&? (18,439; and
erities ted in Fig. 16 to
6’%@@5236;@8 Pﬁfeegyﬁé Y HeTRe Efgiéheﬁeﬂn g?ﬁ Seé(gr%ce t her eby

i ncreasi ng contact line density. The asperities may
al sdhelasparties milzaisba‘ formed dimctishm Blehﬂ)tmtlﬁ)dy'ﬂh)e itself, or in one or

asperities nma rra in ul ar arra .
ey G615 LTI VLSl B0 o tRaby BRoiay HCERANGE! Eeo! a variety of
suiBIAAGRRbIAT I AY pﬁ@lﬁhﬁfog@ fHefdd ﬂ’la@'mg{' B Gt or forming

or ovoid 10 WD 2004/0 17)4 PCT/ US2004/ 011683

ml@rpfmng‘@ﬁbn espetities ds gbsqlwseésimﬂ’gﬁiéllia@m eApplimtion yPublication WO
|l ong as .the.c contact line
02@?%%{ eﬁe Y ﬁgﬁ’rﬂ“%?rﬁ%r&%dgﬁe{%hﬁ B‘f‘f’ a random
arr angemant may have | ess predictable ultraphobic
pr opdharinegthodsrttiati rpayt bmstéfab]reefot ésming adperitiexdof the dediel shape.and

r ando arran ent of he crit,ical
sod Bl Heludf ieBOdaTERbe %5 ARERRLN TE8 b ilee AnpliciBbe Rublcation No.
20008503328%9, ﬁﬁﬁ:@ééﬂaﬁh}hﬁ% s AsschSed FOSS f PiterdtNo.53173 888 nhiBrocontact
the table of Fi fornulas for cal cul'ating

prigiéng st disclosedy ensUtS eBatenr Nar 5809, 160heelfassrertiled metal colloid
mo‘?lhl%ggr% & glsca:'lrogéjlcp gleﬁeg]tﬁat te5 6dd &d?e microstamping as disclosed in U.S.

Patent No. 6,444,254, atomic force microscopy nanomachining as disclosed in U.S. Patent

5,252,835, nanomachining as disclosed in U.S. Patent No. 6,403,388, sol-gel molding as

disclosed in U.S. Patent No. 6,530,554, self-assembled monolayer directed patterning of
surfaces, as disclosed in U.S. Patent No. 6,518,168, chemical etching as disclosed in U.S.
Patent No. 6,541,389, or sol-gel stamping as disclosed in U.S. Patent Application
Publication No. 2003/0047822, all of which are hereby fully incorporated herein by
reference. Carbon nanotube structures may also be usable to form the desired asperity
geometries. Examples of carbon nanotube structures are disclosed in U.S. Patent
Application Publication Nos. 2002/0098135 and 2002/0136683, also hereby fully

11
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Generally, the material used for nmenbrane body 102 nay

be any material upon which mcro or nano scale
w@zpenyt7ies may be suitably formed and whi ch i BCT/US2004/011683

suitable for use 10 in the processing environment in
1ncmpm’atet1hlerdmfm§uraﬁ&mncs IASSIx;i suififde bépecityestanpires may be formed using

SRS ORS00l A BB
othéi‘t 1§Btholia5, v@a&oﬁllégﬂ‘ranéscll%s %éﬁues“nfh?%@% ed w1th the requisite

4,664,681, 5,013,439; and 6, 540, 953, "each hereb
degm:bqu prn@app cmat glgo herwsed, tﬁurﬂmef deteils gene“fhiday &ﬂqsmrg toi elaraphobm

be forned rect itsel f, )
suffies AgesgfinErs (it epich By GF TGP bt Anogigirederial Nos.
101438172100 10/254,pBD 1RV A S408F 20/2%4,9%5 210655, 55?5 \ifadi 116/6%2 @f79 all owned
sui tabl e net’hods. A phof ol i t hogriaphy ret Rod t hat

byfke ewnerabf thefpaesehtonventign anil bersby frllysinedrpomsddrerdin by refsrence
di scl osed in PCT Patent Application Publication WO
02/ 6843 nelys il HehHN
refer enﬁig .m%e[her msétIJ h%% gb&ﬁg(tﬁpgnf;ﬁgﬁlgmggll? g’b lk(%]x%aly be understood.
Liquwd ti0Agwhshdwas tipesssaf dt loe bellogi ﬂlednaadmapm prasytire @3() under which the
chining.as disclosed. in

sulfontet Bt BB BroReHPol faactesnh disydheompict surface 108
andi€ 5Q§cAlRd BY vitPaphobie! R88Ee PO dtbpPandd %glﬁ’g%:eflose Jop ed%jas 30 of the

5,725,788, mcrocontact printing as
aslﬂmtl@ﬁfm Ngﬁmag adoyuidgas me’lrfacapkleﬁﬁll&d chpam(ﬁgascmtdrfacdplane 128 has

anréfp%? é%‘%g tpﬁ grsegd leﬁtgaa?lgglg&upjﬁjcq}% less ! gﬁ?ﬁlgl%gd cros$-sectional area
of Gsptificd 54 Gk a0V Gs friFodacdd &4 %%hﬁ)éoﬂ@!?@ﬁ?ﬁ@é PO GidBDf membrane
disclosed in U S. Patent 25 2,835, nanonmachi ni ng
10@ gngij asdepistad hynthe) agowpameres thtougb mll@B)pQ% 104 ghtogh¢ space defined
e
befiefl sy 2,35 F Syibodid okl TR Pt 6050 Tiaid 109
ligsidy gaaﬁﬁﬁrfaaq)ldleslf%o S@wilhbéJa recﬁ’ﬁé@ Rhe {¥8al aﬁea%k‘a}qﬁﬁﬁgas interface
chem cal etching as disclosed in U'S. Patent .
0 énmhras%éo%il%dﬁ -helarep afhbnwg/ses intesfew plaei 1r28uo15s the area of
plication Publication No. 2003/0047822, all
mlgﬁb@h%éﬁ@are hereby fully incorporated herein by 30
ref erence. Carbon nanotube structures may al so be
usafihe membrgneml 90 el 19e sayeafie significantly jepravediges transfer rates and

eff@f&%@gegggt gﬁ?lr té%g nﬂ 1}621% %%@I%?aé%% ie(guﬁar X tgé Sl(r:llcr%gseq available

liqRid0s GReBAGE e Elﬂﬂ%f&h@ @afE&phobic Sarfher @Ry bé sk pronkko clogging
2004/ 091747 . PCT/ US2004/ 011683 i ncor porated herein
g@‘?&ﬂéf’@w}é@ d pRygies o piosdmegra®er i ty structures may

be formed using known methods of printing wth
col Mak ghadsentikSentich HHLHS BmbbdiedVid bthbe s ceotAs §4thbledeparting

an
from %/he spirit or essential attributes thereof, and it is, therefore, desired that the present

embodiment be considered in all respects as illustrative and not restrictive.

12



ot her nmethod by which m cro/nanoscal e asperities nmay
be formed with the requisite degree of precision my
wab®e/ods4used. Further details generally rel atP@yUS®04/011683
ul traphobic 5 surfaces according to the invention may
be Xg%ﬁgﬁ%n U S. Patent Application Serial Nos.
10/ : ; 10/ 454, 742; 10/ 454, 743; 10/ 454, 745;
10/ 652, 586; and 10/662,979; all owned by the owners
of tWkatps egimmrd isnventi on and hereby fully incorporated
herein by reference. Turning nowto FIG la, the
operjati o : - snpybe under st ood.
Liqdfd 135?ﬁﬁﬁ?%ﬁﬁﬁ§§m§ﬂ%ﬁgéé_Pg t or belowthe
maxi mum pressure (P) under which the 10 surface nust
exhiabirgerpbrepe phedyi cpgstiepehavies, ai sndiiplicityt ed wiictopores defined

LAl d c r e nd_ i s.suspended o .
the{rﬁtﬁ#)gglﬁ,otg%r?e%brr aclgoq% O%&Q%pﬁ%{%%g %(lelfp\’@ec nf'aﬁgsqrgaﬁe a7dyan opposing
gasSQonthctt hafacas fer lifjiidScordact &hut-facen gaﬁngiﬁuhﬁfa?ﬁébic surface thereon
. interface plane 128. Liquid/gas interface E{ane 128
inghying a substiate wiih aimylgplicity of eihstantialivtynifonobi shaped asperties, each

hess ,t i - - ti r f s
R e e—
positoneicho thatrthatkraplébis sweace defilssty @neacl bnd @hsapeheadfied in meters

dggi cted by the arrows, noves thr ouglh m cropores 104 )
of CHRIGel FRe BiatWatfeEitE@T SHERGR#2 SUBE: i0aeterpdicn fiant ; gontact line

: Rt TN S . nt liquid 109 at

de‘?ﬁ%ﬁ?ﬁ‘?é‘%& ekt %@%%F%ﬁ%t&l@% wign 1

appreci ated, the total area of |iquid/gas interface

of menbrane 100, 1é9,=is t he -arfta of |iquid/gas

interface plane 128 pl yscidie 9qqg.obojn1cropores 104.

20 The menbrane 100, 110, y of fer si‘gnificantly

i nproved gas transfer rates and efficiencies over

prior art mcroporous nenbranes due to the increased

available liquid/gas interfacial area. Further, the

ul t j J : i NG

Foul T Ea s e fncfoK o8 Mo RoRaB, bty Betdblain hwons per
meparedants the\eaperinentaliyy nisesueerb ode edvancingt dodtact peglé oif ¢he liquid on

forms, W thout .departing .25 from.the spirit. or .
the SPEHDT Faat A Hlfetses %epeg‘ﬁ SSRAFALY; 115 &nglp rgr diggees; and P is a
prede@ihiagd lifadd fréfuitRaRITh kilBBRRAI TR RlctdSsCAMHAG Bhill At a liquid

all respects as illustrative and not restrictive. 12
Preyoroop 49 o9d inindpgThypeaipteninee 3iguidJrassve: villee isientacted with the

ultﬁbf%‘tﬂ@ gur'tﬁc'c:e, il}ie Iﬁ‘]uq}i GRRY D Hauig}:“ggso ril?tgr%ac%oﬁg{é gplaggd apart from the

substrate.

2. The membrane of claim 1, wherein the membrane is a film.
3. The membrane of claim 1, wherein the membrane is a fiber.
4, The membrane of claim 1, wherein the asperities are projections.
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a menbrane body portion having a multiplicity of

m cropores defined therethrough, the nenbrane body
w@ertiogri4having a | iquid contact surface and aPCT/US2004/011683

opposi ng gas contact surface, the liquid contact

surface having an ul traphobic surface thereon

including a substrate with a nmultiplicity of

subgt ant i o) S : | L a

aspar 1y TavienliRile Rl Mot ARG AR el B e 3P ey ghaped

to the substrate, the asperities positioned so that

t he ul traphobi c surface defines a contact |ine density

nmeasured in nmeters of contact |ine per square neter

of gurfa 0 ta

e densy chaf i or AL Aieh o By T S engrlly square
trafgyersalczossPectibh. ~ yCos 9Qo+CO -901 where y is the

surface tension of a liquid in contact with the

surface in Newmons per neter, a,o0 is the

experinmental |y neasured true advanci ng contact angle

of the liquid on the asperity material in degrees, co

i s The adpermembrangeofaslfim #n veegeinethe agpdrifes sira cylindrical or

' l'iquid pressure value in kil ograns per

Qﬂﬁgﬁgggﬁé%hgﬁgt when liquid at a liquid pressure up to

and including the predetermned |liquid pressure val ue

is contacted with the wultraphobic surface, the liquid

defines a liquid/gas interface plane spaced apart from

t heg sub e r aj . rein,. :

t heSiramby i embidng YEECRTY, Wty fleobdbertied' AR Bbtioned in o
substatigliynunifeemeerdyr ane is a fiber. 4. The nmenbrane of

claim1, wherein the asperities are projections. 13

WO 2004/ 091747 PCT/ US2004/ 011683 5. The nenbrane of

claim4 wherein the asperities are pol yhedrally

shaped. 6. The nmenbrane of claim4 wherein each

aspeér i t y Thagnembrene o] ¢lgins fu awlecreinr thasaspegiges are positioned in a

- ion. 7. The nenbrane of claim4, wherein the
rec%ég@%%?ays are cylindrical or cylindroidally shaped.

8. The nenbrane of claiml, wherein the asperities are
positioned in a substantially uniformarray.

10.  The membrane of claim 1, wherein the asperities have a substantially

uniform asperity height relative to the substrate portion, and wherein the asperity height is
greater than a critical asperity height value “Z_” in meters determined according to the

formula:

dl - cos(9,,+o - 180°)
zZ, = ’ :
‘ 2sin (0,,+ o —1807)

where d is the distance in meters between adjacent asperities, 0,9 is the
experimentally measured true advancing contact angle of the liquid on the asperity

material in degrees, and @ is the asperity rise angle in degrees.

14



9. The nmenbrane of claim8, wherein the asperities are

positioned in a rectangular array. 10. The nenbrane
w@booglogi7wtr 1, wherein the asperities have a PCT/US2004/011683

substantially wuniformasperity height relative to the

substlr at eA pesdeboof makihgwhei@bporbhemespesrel with ah @kaphdbic liquid

eater than a critical,L asperity height value "Zr" 'in

‘mﬂ%¥5$§aﬂ%ﬁ%ﬁﬁ@ﬁ%ﬁcg@éﬁﬁéghg tothe fornula: Z

d(1-cos(9Q o+co-180")) 2sin 0QQ+(O 180 where d is the

di stpaovidingna TRIcRpOrdILt eRBbrad] Rt aaﬁlléﬁibkétl!e‘;@odyoﬁo@ion with a

iSs the experinentally neasured true advanci ng contact
mylHplidtyopt pHeropprgs i defigpd theelns e mopbranet bedyapoition having a first

. , and co is the asperity rise angle in degrees.

Suﬁ}%&r\’@?‘goom 091747 PCT/ US2004/ 011683 11. A process of

meki ng a m croporous nenbrane with an ultraphobic

| i qdPaning gptulicaphobict lhpud comfactprunies on dloerfirst sitrface, the ultraphobic

soffhl g WA Sl I BRSO eyl informly shaped

aspigftics|esich heesitynhavifiea FBMRIANRPEAY YisB AhfleQBIalteY td e Rubstrate, the
first surface; and formng an ultraphobic |iqui

aspegities pesidenedsedheithe Hirapheie suifadedwe a cohtaculing dgpisivpimeasured in
f L. AG ' ith a multiplicit f
mlt o oA B Bt B Tt 5B el orgfd Bl @ conacr
lina dpesitiytvlue &, h detarmaipsaaetodipe td th férnsiga:angl e rel ative
to the substrate, the asperities positioned so that

the ultraphobic surfage has a contact line density
measur ed An= act line per square neter
of surface aneeosa@uakt ©#o- 80 Jgreater than a contact

line density value "AL" determ ned according to the
formula: P ALy cos O0ao+ Co - 90" where ,y is the
surface tension of a liquid in contact with the
surface in Newtons per neter, ea,o0 is the

expevhiereeniahd yurfrea sensidd off b UiguRidiviaBaiaBowRR Heabl fadd @l ewtons per
%ﬁ he.liquid on the asperity material in degrees, co
mefeL, Yoo issbip expeymentally meatueed Hue adrassing eontacpangle of the liquid on

the asperity material in degrees, ® is the asperity rise angle in degrees, and P is a
predetermined liquid pressure value in kilograms per meter, , so that when liquid at a
liquid pressure up to and including the predetermined liquid pressure value is contacted
with the ultraphobic surface, the liquid defines a liquid/gas interface plane spaced apart
from the substrate.

, 12. The process of claim 11, wherein the asperities are formed by 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
etching, sol-gel stamping, printing with colloidal inks, and disposing a layer of parallel

carbon nanotubes on the substrate.
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predeterm ned |iquid pressure value in kilograns per

meter, , so that when liquid at a liquid pressure up
wa o00aeli7#ncl udi ng the predeterm ned |iquid preBCSI/US2004/011683

value is contacted wth the ultraphobic surface, the

li quBd ddherpesceas bf claimil §awhérainghé auwesl Anbesganmises the step of
d %art fromthe %Légbﬁ.rahe. t12 The process of claim
CPRMINRE-3 B COact fny Sy & formed by a process

sel ected fromthe group consisting of nanomachi ni ng,

m crostanpi ng, mcrocontact printing, self-assenbling

metal colloid nonolayers, atomic force mcroscopy

nan chi S | di

rondlayert Bioree: B AR £ iopily R FBAER thline o liquid contact
suSfe- @ith Hiraghobitg prapeities iabdiquid Presairboiugab 4 pi&ictetinthed pressure

di sposing a |l ayer of parallel carbon nanotubes on the

£ PEICESS COMPWSINEH04/ 091747 PCT/ US2004/ 011683 13. The
process of claim1l, wherein the process further

Comgélb&ﬁﬁgg];nf@pﬁ@@lsgﬁnglset erm ning a m ni mum cont act
line density. 14. A process for produ0| ng a

m cropor pus nenbr ane ha a.li cont ac f ace
¢ OB o eeb s fpe Bedkity | R alSe peding 5 fs Togmuta
a predeterm ned pressure vaI ue, the process
conprising: seleeting an asperity rise angle;

det eknF chont act line density "AL" val ue
accordlrf/ ehd Yor mil/a: PAL vy Cos 9 -"0 + CO -
90’ vvhere Pis the predeterm ned pressure value, y is
the surface tension of the liquid, ea,o is the

experinentally nmeasured true advancing contact angle
of t in de I ees,

on.the ter|
ona Yreres P e S stottnndt el aloe. s St ires Mrsiomafhe tiquid

%’Oigythé’%&bérﬁﬁer%ﬂ}h nfealbd 'tll%le' aﬁ!vﬁﬁ(clﬁ’é cHﬁtﬁétoﬁ?r%’l@%f QEJ 'hElﬁﬁll on the
herei n form ng an ultraphobic surface on

asmrmmteelabmdiegms,tamdm isttheaspktityapshebgle; surfac e
conprising a substrate with a multiplicity of

proj ?&Iléhﬂ eia Brﬁ%eiﬁg# ggrti%ﬁp\%fthtd ﬁﬁlltl;fiic?tgoéd[gﬂnég ores defined

that ¢t he ctual contact nsi
therejuaéndt o or gr eat er than the
forming an ultraphobic surface on the membrane body portion, the ultraphobic
surface comprising a substrate with a multiplicity of projecting asperities, the asperities
disposed so that the surface has an actual contact line density equal to or greater than the

critical contact line density.

15. The process of claim 14, wherein the asperities are formed using
nanomachining, microstamping, microcontact printing, self-assembling metal colloid
monolayers, atomic force microscopy nanomachining, sol-gel molding, self-assembled
monolayer directed patterning, chemical etching, sol-gel stamping, printing with colloidal

inks, or by disposing a layer of parallel carbon nanotubes on the substrate.
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critical contact line density. 15. The process of

claim 14, wherein the asperities are forned using
wmasve/giIoT ni ng, m crostanpi ng, mcrocontact prPar/UsYH4/011683

self-assenbling nmetal colloid nonolayers, atomc

for dé. m dihespwpyssnafeiamhildj dgrthes otomymiising|thé nsp of selecting a

sel f-assenb) e nonol ayer directed patterning,
ge‘&tﬂﬁ‘i’?icg]aﬁia }Eﬂ‘iiﬂﬁgﬁsf’%tgqugel stanping, printing with
colloidal inks, or by disposing a | ayer of parall el

car bon nanot ubes on the substrate. 16 WD 2004/ 091747
PCT/ US2004/ 011683 16. The process of claim 14,

further NRLISi ng.t te f select.ing a .
gooridt r i AP Fpdst O b Ruer FEpBEknghe sigm of seeuting an amay
patém Gbtheadptritibsir t her conprising the step of selecting
an array pattern for the asperities. 18. The process
of claim 14, further conprising the steps of selecting
at least one dinension for the asperities and
determining at | east one other dinension for the
aspégi t i @heysborgs aflclitidy anthepcompritiagthd kBes 6L fGdctivg at least
19. The process of .claim 18, further conprising the
ong {dimensiory frathg; asperdics and; determiniag rat deast |angeotherndimepsion for the
; ] j t$ her conprising the
asps??t@i gggggn%él?gf%ﬁﬁﬁ%ﬁgﬁ{agllgﬂfei (%:eglF%%s perity height val ue
"Zr " in meters according to the fornula: Z - d (1 -
cos (0 a,o0 +co- 180)) 2 sinO0-"0 + w 180 where d
is the distance in neters between adjacent asperities,
0a, @oI's tie prosds AMARE 189 fisetl AonpARAHCHR! stbf1®f determining a
liquid on the surface in degrees, and 0) is the
mipgpen cenfaqtiline dergityl e i n degrees. 17

20.  The process of claim 14, further comprising the step of determining a

critical asperity height value “Z_" in meters according to the formula:

, _dll-cos(8,,+0-180)
y 2sin (@,,+ o —180")

where d is the distance in meters between adjacent asperities, 6, is the true
advancing contact angle of the liquid on the surface in degrees, and o is the asperity rise

angle in degrees.
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