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fluid flowrate through the system It is known that

t he physical character] L . t act

surfaces of flui dﬁééégﬁb.gﬁ@%i@ua F :\l;gﬂgn ef f ect

on friction of the fluid with the conponents.

CGenBlruid hyndlingreompanpits, sushae cthamels, pipes ctsibeseahuc associated fittings
friction, while rougher s rfaﬁes .dncrease . i on.

fric
anqa\ptélgr! coppngaisshays Rect P e PErs to égql@&multisoé‘om one place or
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riction. Surfaces that are resistant to wefting _
howgvek, s iabhsaya peesented arsighifitaot etmllepgrotol achieyingfrawemumSffpiency in

Rk T e, 8 LRI, C bt Lo b s
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handl i ng systens have been only partially successful.

While fluid friction may.be reduced r.Qvi di n .

smobtih éﬁnowmf;a thep 8?55&@@%%%3? t%h@ﬂgﬁsﬁwtg Y faces of fluid
had @B CeIrpbrRARI BHAPLE difect Il B&dionlbEaKE SRiid 1HRh URE @mponents.

Generally, for example, smoother surfaces reduce friction, while rougher surfaces increase

]

friction. Also, surfaces made from materials resistant to wetting, such as PTFE, exhibit
relatively lower fluid friction. Surfaces that are resistant to wetting by liquids are referred
to as “phobic” surfaces. Such surfaces may be known as hydrophobic where the liquid is

water, and lyophobic relative to other liquids.

Previous attempts at reducing fluid friction in fluid handling systems have been
only partially successful. While fluid friction may be reduced by providing smoother fluid
contact surfaces, the amount of reduction achievable is limited. Likewise, the use of
conventional materials with improved surface wetting characteristics, such as PTFE, may
result in some improvement in friction properties, but the amount of improvement is
limited. Also, the choice of materials may be restricted based on the compatibility of the

fluid with the materials to be used.
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conventional materials with inproved surface wetting
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uluﬁﬁ,@,?ﬁgbqgsgr@acgé an ul t rahydrophobi ¢ or ultral yophobic

surface. For the purposes of this application, the
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ul traphobic surfaces.. are extrenel esirable .for. . o
hydraiscAndg o Bemic 3npEstisRs SR PACPSSLEr i eatyinlly ip microfluidic
amﬁ%ﬁﬁ@ﬂ-Of hydraul i c and hydrodynam ¢ applications on
a macro scale, and especially in mcrofluidic
“applications, 15 It is now well|l known that. surface

r ouljtinasy Welkkaoven g FrdapsroRghnges has pigmifigany ediect o the degree
of 3&?55&0%%&@ | fOhad ﬁoeaﬁgeﬁ’&ﬁ[& ge8si& Itli/at,oﬁﬁ(%i'vs‘%ﬁlleit Bﬁfmamstances,
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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 multiplicity of microscale to nanoscale projections or

cavities, referred to herein as “asperities”.

Previous attempts at producing ultraphobic surfaces with micro/nanoscale
asperities have been only partially successful. Generally, while the prior art surfaces have
exhibited ultraphobic properties under some circumstances relative to liquid droplets
carefully placed on the surface, the properties generally disappear when a droplet is

impacted with the surface or the surface is submerged in liquid.

Moreover, fluid pressure in fluid handling applications where ultraphobic surfaces

may be desirably used often exceeds one atmosphere, and in extreme applications, may
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drainability characteristics.

SUMMARY OF THE INVENTION

The invention includes a fluid handling component having a durable ultraphobic
fluid contact surface that is capable of exhibiting ultraphobic properties at liquid pressures
of one atmosphere and above. The surface generally includes a substrate portion with a
multiplicity of projecting regularly shaped microscale or nanoscale asperities disposed so
that the surface has a predetermined contact line density measured in meters of contact
line per square meter of surface area equal to or greater than a contact line density value

“A;” determined according to the formula:
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sufficient 'adhesion between the fluid and the fluid

conégct sur fapexso that individual fluid droplets

adhecL & TOQ f d ntact surfaces in the system
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.90~ - ' ; S . i i
ity e shpd hife AREhRER! ApGlicl 2P Lut feshiltes up 10 2
predi@asnined! ptessee adien c Thg pramessaatchaleg |seepe foftsekecting) an casperity rise

the asperity .5 teri i.n deqgrees,,and co. i h i
gl derrpying Seritabpeniol haegrens  Arnaslé fesinedo ftgopata:

formed in or on the Substrate material itself or in

one or nore |layers ¢f material disposed on the

surface éﬂ=fhé“§gp§rig$éj§ﬁge asperities may be any

regul arly or Vi gl arTy Shaped three di nensional

solid or cavity and may be di sposed

where P is the predetermined pressure value, 7 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 substrate
member; and forming a multiplicity of projecting asperities on the substrate so that the
surface has an actual contact line density equal to or greater than the critical contact line

density.

The asperities may be formed using photolithography, or 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. The process may further
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in any regular geonetric pattern or randomy. 10 The
invention may al so include a process for making fluid
whamdiodaegs conponents with fluid contact surfaP@€BUS2004/011626
havi ng ul t raphobi c properties at |iquid pressures up
incfu@e Bhe RELORIRETIRIRY alviitisslisBeritgheight Fl@e PZOT BEMeters according to
i ncludes steps of selecting an asperity rise angle;
thedein@fl®d ning a critical contact |ine density "AL" val ue
according to the formula: P ALy cos 0-"0+ CO- 90
15 where E is t predet ned pressure value, y is
the s urf‘éetcéﬁ ent &t )IC]UId and 0a,0 is the
expefl nentmlhy(en%aswredst)r)ue advanci ng contact angl e
of the liquid on"the asperity material in degrees,
and co is the asperity rise angle; providing a
substrate nenber; and formng a multiplicity of
projecting asperities on the substrate so that the 20
surfacR §as 1o cﬁs‘%&r&é@' inCRIBAS betwdef ApRshit ¥sRAHS, 4,9 i9the true
greater than the critical contact linhe density. fh
ad\aﬁpﬁglcbmast amgle bethe digustow hengrfahe iroflégrersg arbiis thr asperity rise
nanomachi ni ng, m crostanpi ng, m crocontact
an ?} 58§ sel f-assenbling metal colloid nonol ayers,
atomc force mcroscopy nanomachi ni ng, sol-ge
ol ti is gntisiphted athstefiiill ecndimp cayponetis batieg ukfaphobic fluid contact
atterning, chenjcal etching,. sol-gel. stanping, .
surBieen op R IOPHIE GhirplcaficeicBid e chRedBttng leading dp sreatly
r e 0 0 e
1m€r&g§l€s@hg& bm‘%‘d@lﬁ? E‘&sfbfi’ig e%/f\%@i%g%g? o%lg nﬁﬁlk?ﬁ'tedl afi@d FB& throughput.
DrR6AiLIS2604/181 4620y enhaicod eluehte ﬁmewnééncsleqfeﬁm frirfage 4o suspend

I tical. agperjty heigh al ye ." e
croett g T forp Pk T in Bl nteoll 3t B gusfoce slope. The
ultrapRSHi Hrf@dGOwill B8 durable, and capable of exhibiting ultraphobic properties

under fluid pressures up to the design pressure selected according to the method outlined

above.

Other beneficial properties are also anticipated. For example, ultraphobic fluid
contact surfaces 20 are anticipated to be resistant to bio-film growth, due to the tendency
of the surface to repel liquid water. As a result, the fluid handling components of the
present application have applications where inhibition of bio-film growth is desirable,

such as for example warm water storage and circulating systems.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. la is a partial longitudinal sectional view of a length of tubing with an

ultraphobic fluid contact surface according to the present invention;
Fig. 1b is a cross-sectional view of the length of tubing depicted in Fig. 1a;

Fig. 1c is a partial longitudinal sectional view of a 90 degree elbow fitting

according to the present invention connecting two sections of pipe;
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5 where d is the distance in neters between adjacent
asperities, Qo is the true advancing contact angle
w@bootlog26kd qui d on the surface in degrees, and POI/US20041€11626
asperity rise angle in degrees. It is anticipated
t hatFid. [1diisl akactitnahgiewarfpoment sy have ngmpéranapdvobding to the present
. fluyid contact surfaces 20 will exhibit sharply
mveplbed fluid friction characteristics, |eading to
greatly 10 inproved fluid handling system
ef f iFgd. a8 ¢d £8eotiogali vigw of & thréd-uiagl vhlvevoinpomerg ptdirding to the present
. Drainability will be greatly enhanced due to the
inveghefincy of the surface to suspend droplets, causing
themto roll freely by gravity in the direction of any
sur 11*‘@% el fSik AP Sectidhdl viewtdfehablife Flownat@ScothpddneRCaccording to the
dur ab and capabl e of exhibiting ultraphobic
pr%e@p@‘femes, under fluid pressures up to the design
pressure sel ected according to the nethod outlined 15
aboys, 1@ [ieh sBaRRhI Gied opﬁﬁﬁﬁﬂ&b%vﬁh&e@s@ﬁt tube accordmg to the
ant i CI pated. For exanple, ultraphobic fluiid contact
presentfiacmsio®0 are anticipated to be resistant to
bio-filmgrowh, due to the tendency of the surface
to
corrg g?]ltlg g}&sﬁi)emeb reall eﬁaﬁﬁ%@vtf IogEﬁﬁg}aghgblt?%ﬂl%de%cordmg
to thepireseat invastiont) ethereimé ndmltipleity of nba@rniidrb svae asgehtiesare arranged
. deS|rabIe 20 such as for exanple warm water storage
in 3 FR§tAERRT ey 'ng systems. BRI EF DESCRI PTION OF THE
DRAWNGS Fig. lais a partial |ongitudinal sectional
vi elWig? isea foppitovied of dporipnwiftie amfacelbf Figphobic fluid
contact surface according to the present invention;

L2 B e ETIOERES U s Bl pl R e,

| ongi tudi nal sectional view of a 90 degree el bow
f | t Figagt imecpardaintppt plan hee\prcésmtaltemmévﬁ embodiorene of ithg present

two sections of Q04/.092623
(st U RSH6H) Bt Feps B ArORga 1S & JOXRRRALHEN vi ew of a
t wo-way val ve conmponent according to the present
i nvE&ig. Basma 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;

Fig. 8 is a side elevation view depicting the liquid contacting the bottom of the

space between asperities;

Fig. 9 is a side elevation view of a single asperity in an alternative embodiment of

the invention wherein the asperity rise angle is an acute angle;

Fig. 10 is a side elevation view of a single asperity in an alternative embodiment of

the invention wherein the asperity rise angle is an obtuse angle;
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Fig. 1 eis a sectional view of a three-way val ve

conponent according to the present invention; 5 Fig.
WO tooumom23ecti onal view of an in-line flowret ePCT/US2004/011626

conponent according to the present invention; Fig. |

g i Fig Bleat patial top elinovieanof nnl alkendtivewsmbadimehgbf the present
. tube according to the p,esen{ invention; Fig. lhis a
invgharpwhenelpcthe geregifies arg sy indiic! JGARP aFrangedn Aregimayia array;

surface according 10 to the present invention,

WheFgi N123as ailde elRkattod Wiewfof Barlerfiativ© embadigneas pEFigt i BS

are arranged 1in a rectangular array; Fig.2 is a top

pl an. vi.ew of ortiqn of the surface of Fig. 1. Fig. .
B! " Big, 13158 aflaRlibe Poyfies B <BilAc i diosty Bird tarictof asperity
shapePhtd SehrigBmbhg; 2; Fig. 4 is a partial top plan view
of an alteéernative enbodi nent of the present 15
i nvention wherein the asperities are arranged in a
hex b%n]zﬂn ispryge etgvation; view of anqalicpative P@EOS%PEW of the present
inveRBo:fl t ernative enbodi nent of Fig. 4, Fig. 6 is a side
el evation view depicting the deflection of Iiquid
sus%ended between _ asperities; Fig. 7. is a _side
el el il6as yiopplaepiewtafiee dtegrphive empodment gfiFig. 14; and
suspended atop 20 asperities; Fig. 8 is a ,side
el eyad 11615 WitEYpHRAPIiEX 071G sid}e hdpakityHinCANiIRehdtNG chi¥ddiment of the
bottom of the space between asperities; Fig. 9 is a
preseianednéionRt i on view of a single asperity in an
alternative enbodi nent of the invention wherein the
asperity rise BRGAE KIS DASEOVTRORTH SHEANVENTIONR s a
side elevation view of a Ssingle asperity I n an
alternative enbodi nent of the invention wherein the

asp&PY the purReses fithe Prese appliGabianaiig term gl handling component”
ref&%%é&ﬁ?@@%@%@%ﬁfﬁ%@& ]Vg?V%S, flowmeters, tanks, pumps, and any other

device or component that may be used to handle, transport, contain, or convey a fluid.

The term “fluid contact surface” refers broadly to any surface or portion thereof of a fluid
handling component that may be in contact with a fluid. The term “fluid handling system”

refers to any fluidly interconnected arrangement of fluid handling components.

Various embodiments of fluid handling components according to the present
invention are depicted in Figs. la-1g. In Figs. 1a and 1b, a length of tubing 100 has a
body 102 with a bore 104 defined therethrough. Substrate layer 106 is disposed so as to
line bore 104. Ultraphobic fluid contact surface 20 is formed on substrate layer 106 and
faces inwardly so as to contact fluid flowing through bore 104. Substrate layer 106 may
be applied to body 102 by film insert molding as disclosed in co-pending U.S. Patent
Application serial number 10/304,459, entitled “Performance Polymer Film Insert
Molding for Fluid Control Devices”, commonly owned by the owners of the present
invention and hereby incorporated fully by reference herein. Although a separate substrate
layer 106 is depicted in the embodiment of Figs. 1a and 1b, it will be readily appreciated
that in other embodiments, body 102 may serve as the substrate, with ultraphobic fluid
contact surface 20 formed directly on an inwardly facing surface thereof. It will also be

appreciated that ultraphobic fluid contact surface may run the entire length of tubing 100
7
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Fig. 11 a partial top plan view of an alternative
enbodi nent of the present invention wherein the
w@zpendtepes are cylindrical and are arranged iPCHUS2004/011626
rectangul ar array; Fig. 12 is a side elevation view
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b°§n r@ic%e% lvsm? Bereth éﬂ%ﬂ%ﬁﬁgt ad awlﬂm%@% qogpggted by a
cohﬁl%h@”ﬂbwﬁ Eh@Del P3(P°%?«Pet stérhuiod iﬁlkﬁ%m Haﬁ&l@Ulgsb Q%@ 134 and a
04. Substrate layer 106 may be applied to bod y 10

seaiylgffattqﬂ Jon séittaphatiicl fngl qmtastt wfa@s e may lszOpan@l on @wunsre wetted

Pat en [.l.cat] 10/, 3 entitd.ed
sustiss, P weRBatin g, T2 ity AEen 89Kl iy b PoR {AKGEhd fow
ch481e1 190 o2 difred pEHIGHRRdYO O WGEpibid ﬂﬁld%@ﬁﬁicﬁ si@fact 6 may also

present invention and hereby incorporated fully by

foreddegrethe wetied poriiong\pk Ydvrgtiera 13épar at e substrate

Another alternative embodiment of a fluid handling component 138 is depicted in
Fig. le. In Fig. le, a three-position valve 140 includes a valve body 142 having an inlet
port 144, a first outlet port 146 and a second outlet port 148. Three-position valve 140
also includes a valve stem 150 within a central bore 152. First outlet port 146 and second
outlet port 148 are configured having barbed ends facilitating interconnection to the
remainder of a fluid circuit. Again, ultraphobic fluid contact surface 20 may be formed
over the entire wetted surface of valve body 142 and valve stem 150, or selectively on any

portion thereof.

It will be evident that ultraphobic fluid contact surface 20 may be applied to any
valve configuration. These configurations could include any number of inlet and outlet
ports, all variety of valve connections including male and female, threaded style

connectors and, sanitary connectors. In addition, ultraphobic fluid contact surfaces
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| ayer 106 is depicted in the enbodinent of Figs. |la
and | b, it will be readily appreciated that in other
wepmedizsent s, body 102 may serve as the substrBCBEUSM04/6011626
ul traphobic fluid contact surface 20 forned directly
accORligto theaieieyt thagition may basdedtivelyeapblied to thiel widalvadetp®f valve
30 %ﬁ)pteci ated that ultraphobic flui g copltvact ﬁurface
stem jnciusting thescirer mebalbyigfves: 8#te valrhgnd digp alves.
2004/ 092623 PCT/ US2004/ 011626 or may be sel ectively
posjkidepietdah F?%])lfaﬁ& il %,etﬂe PiRidkandtigs eofmbpeiént angtitel ia s form of
may be " critical. Another enbodi nent of a fluid

a ?Wdﬁ@h@“@l@hhdrﬁéntﬂqﬂﬁmﬁﬁ’é agsemplo S 4agengraliy drdudes@ngplgt port 156,
S . . - '
an gl P 8. YR hloB ot nd 3G 164 Dy et conbodiment,

ultRPRdHiO Mluld Zontdet sttfideapboki Prinkdich atintvattéd surfhces eof2@owmeter
directly on inner surface 114. The inner surface 11

. 6
assemblyab¥. pinpibe pltgmatiye smbedigenh Aerirted 4 Hdhi 18 sight tbe 160 has an
3 r f il . . i i . .
5 55 L8ty e R PSR 216 i
surficovicg et substpte dayet 164.ndt whll beiapgseciutd thatnhepbolsif flnd contact

shape or size. For  exanple, al taough a.90 degree . .
surgicBow i Ry MPligdpioc eBY tpe Migud engndiopng s, including
. 42 o VW .
rof 315 il SRRRSLORD hEohogB, 0, cppimen
ultjaphobid éldidie dritact Istrfager2fbinay bk fdonaloon astnsunfibizieg a paddle wheel,

according to,th resent, invention, |n_.addition, other
turbig angiehpethet MRl SRS GeHISe COMBRbAISd TR RS R
two-position valve 120 depicted in Fig. | d, may be
pr o e, wi Wil bt tappyebiatkdcthbt ultchphabit fbtid sunfaeic aefa2®.20 may be
Two- positjon valve 120 generally includes a valve b
applied tg gy {lujd hendlwe somprentyrhcre s4eh BORgties ﬁlaazweffeé}riﬁag- Other
| hig! iR deetiuiR Hhbvikg Yevi h
oL OP A AR Lok G Ry B i s o
pups mozAds, iweiispateishysrdvdicdiompdBats suchad cyBudess dit avill also be readily

seal ing face 136, U traphohic fluid,cont.act surface.20
spiEgGR T R AITRIGS TR Pl trots 28 A fikcireght ihention may be
adV MPrcBAS lapPlidete’ enidrd@uidi€ [l HandIige tomBbiends? Garticularly where
outlet port 128 and flow channel 130 or any desired

higher fliid preshenceniay bejusgdaphobi ¢ fl ui d contact surface 20
may also 20 forned on the wetted portions of valve

st e%ﬁﬁﬁ’g now to Fig. 1h, a greatly enlarged view of ultraphobic fluid contact

surface 20 is depicted. The surface 20 generally includes a substrate 22 with a multiplicity
of projecting asperities 24. Each asperity 24 has a plurality of sides 26 and a top 28. Each
asperity 24 has a width dimension, annotated “x” in the figures, and a height dimension,

€% 3

annotated “z” in the figures.

As depicted in Figs. 1h-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.



Anot her alternative enbodi nent of a fluid handling
conponent 138 is depicted in Fig. le. In Fig. le, a
W booee9sesi ti on val ve 140 i ncludes a val ve bodRCT/uR2004/011626
having an inlet port 144, a first outlet port 146 and
a seéraadilpuilirephabir fluild@ntdbh sedagedX] wilbexhibit wéraphObic properties

al so.includes a. valve.stem 150 wthin central .bore _. )
wheg 3 hqi}lﬁ@?h@_aﬁ erfge ds mpgangd @L?&nﬁﬂ%e-p&% &P}%{ {o Fig. 7, if
liqha8 2L A1 P WL Bpd 8% LR@ 2 RFRAC. BRE 8idEAS6 bf&x%hht@gol% edge 30 of

I nterconnection to the remainder of a fluid circui
aspagidies 24 ulenviap rotpace BH hetwespntha asperities ddted2@ithrair dreother gas, the
formed .over. the entire wetted.surface of  valve hody .
5 recpite o G ifeeaS tnfirizet ® WFsoE] B HBmay DE A e egrpended
atdpn@l Befwech thdop led B F\dfdBNAsplRass 24.t raphobic fluid
contact surface 20 nay be applied to any 30 valve

configuration. These confi gurations coyld inc)ude any.
unterovgF bs mse{osaf _36%3?{9[% th .f?@}atlamol%\}g? gpigl-sofid-gas interface
de%&'d}/ Cor® QBIGA L InfRR 14t | GinB i IR Erafidehrf &FRIE: asﬁ»@fiﬁ@sd 8d and the
tyle connectors and,” sanitary connectors. |
prayediesiodithe liduid.aprotmiding touthel prsertanvensionf the @som8triddd properties of

2004/ 092623 PCJ/ US2004/ 01162 i. t .
10 asiSBERAR TSIy HOTE S LRy TeIBHERobE pipgeties at any

deMdighf prebirdf valve stems including those used in
bal | ‘valves, gate valves, and di aphragm val ves. As

depicted in Fig. If and 1 g, .the fluid handling .. i
conPEHEADS fafiserecnghar pEROEE1LS 1htle v 2A 8%y is (ivided into
i pleag W= ict8F SIHIY pARETERS, simd QR Boniperity 24. The
arch@Rnsitytbfaspdrives (3)62 eadhnuntifoemcheqi 31 mdy berlediiberhby, the equation:
ul traphobic fluid contact surface 20 is fornmed on all ‘
wet t ed sijrfaces of floweter assenbly 154. In the
15 al t ef ra g enbodi ment depicted in Fig. 1 g, sight (D
tube 168Yhas an interior substrate |ayer 164, with
the ultraphobic fluid contact surface 20 on the
interior surface 166 of substrate layer 164. It wll
be appreciated that ultraphobic fluid contact 10
surfaces 20 nmay be applied to any type of fluid
nonivtherd g thppemebstweon @eRAIItsy MopsisogEt BeEIShavi ng
sensors for transmtting fluid flow data. In such an
emb @} BRRkiies 24 WitBRRGRArE cfdstisebtioank Aepicuih Ff%@. AQ3 MY length of
el,

be formed on a sensor utilizing a paddle whe
perimeter (p) of top 28 at top edge 30:

20 p=4x, (2)

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
25  of contact line per unit area of the surface, is the product of the perimeter (p) and the area

density of asperities (8) so that:

A=po. (3)
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turbi ne, magnet or other flow sensing device comonly
used in industry. In sum it will be appreciated that

wabkdonapeedi c fl uid contact surface 20 may be BEI/US2004/011626
applied to any fluid handling conponent where such
properties may be desirable. O her exanples of such
fluid handling conponents nmay include fluid noving

e A Gl L R R ey

appreciatgd that the ultraphobic fluid contact surface
20 Of=#ho present invention may be advantageously
applied to mcrofluidic fluid handling conponents,
particularly where 20 higher fluid pressures may be
used. Turning now to Fig. Ih, a greatly enlarged view
of ultraphobic fluid contact surface 20 is depi

t ed.
The Asgrantitveofdmugbwall he pysprrdad airepsaspediitssd4 i the 5@%«/&3{%8 (F) due

ltiplicCi . Of j£6Ll jot i : :

o Gaf) Pl il R NG ASPRHS SRty oS ot e it
theEapbritics pRodyt $ordd (Fsssocuitelt Wittli gravisi may bardetdrained dcxdrding to

in the figures, and a hei ght dinension, 25 annotated
thefplowpmeifaenylpgur es. As depicted in Figs. |h-3,

asperities 24 are disposed in a regular rectangul ar

arr @p gigach asperity spaced apart fromthe adjacent (5)

asperities by a spacing dinmension, annotated "y" in

the figures. The angle subtended by the top edge 30 of

the asperities 24 is annotated cp, and the rise angle

of the side 26 of the asperities 24 relative to the

subsihesd g is 8@ RaAsitys (M uidhatiguidc) it moeertion ldee to gravity, and

angles cp d.co. s, 180, degrees.. 9 2004/ 09262 .

() spBond 1A . TP PIPIG o RBIIEE cP IR water having an
BhAAL ASKID AF SORDIF | HEXBAPIckodl By wBlAEC Pr Oper t es

ap}%ﬁen a fliédéu?d-soli -gas int eBEf acce(iys mai nt ai ned at the

surface. As depicted,in Fig. 7, if, liguid 32 contacts

onlfoH@Opéﬁéniél%ﬁggxlBéﬂrT%ﬁX&@ B 'sH-des 26

proxi mate top edge 30 of asperities 24, |leaving a

space 34 between the asperities filled with air or

other gas, the 5 requisite |iquid-solid-gas interface

iaf 0 Binzti}e r(])b‘l_@( \ili}-grgqq lt]i%qiélirgl{ig?%a%g@s%g 4 81% ﬁ‘% sggtlécze? ﬁ%{qgglg Icl)f the liquid

(y)2%s apparent contact angle with the side 26 of the asperities 24 with respect to the

vertical 6,, the contact line density of the asperities (A) and the apparent contact area of

the liquid (4):

f=-AAycosb;. 6)

The true advancing contact angle (0,0 ) of a liquid on 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
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As will be disclosed hereinbelow the formation of the
liquid-solid-gas interface depends on certain
WO niog9mbnt ed geonetrical paraneters of the asper/isioes011626
24 and the properties of the liquid. According to the
verfit€l e e didey eMthie @Bperitiee (@ Brelatdddaltheropedianemgabntalt angle (6,0)
asperitflé%s 24 may be selected so that the surface 20
by @ist 8198 aphobi ¢ properties at any desired liquid
pressure. Referring to the rectangular array of Figs.
|h-af=@%ﬁﬂﬁﬁeqﬁgeﬂ@MbeUdiVidEd into uniformareas (7)
36, depi cted bounded by dashed |ines, surroundi ng each
asperity 24. The area density of asperities (6) in
each uniform area 36 may be described by the equation:
158 =22, (1) Y where y is the spacing between
as pByi dquetingrEamdr/enhdi solvieg forsconfaot lins densityi & sa ritical chntact line

a.square cross-section .as depicted in Figs. |h-3. t.he )
SN GRS et SO Lior BB gRU i g Stes g surface:

p = 4x, (2) where x is the asperity width in neters.

Perimeter p maydye referred to as a "contact |ine”

defi%ﬁm—cgatﬂ—og—o?f the |iquid-solid-gas (8)
i nt er f ade®®Hheo Edhtadt /line density (A) of the

surface, which is the length 25 of contact |ine per
unit area of the surface, is the product of the

perinmeter (p) and the area density of asperities (8)

so that: A=p6. (3 10 2004/.092623 . . .
PCTPUSE0R i s ﬂsé%?y (bpf %Q_‘ﬁ)élqp@e @nla theadeegleratipn due do gegr iy, (1) 1s
thePSDR! bf fh%sl'qqﬁf? ied %ﬁifa!cf‘ tdils @9 of bnBligd Ty isHBe ri6énge 6f the side
quantity o} rquid wll be suspen?:led atop asperities
of 24e iabperities reldiivd ¢o dles s@isiraguin degyees anilt (P, adtis nlge experimentally

meaiged bt S LSSt hd AR bRHEERpUe) AL % Rerces.

If A > Ay, the liquid will be suspended atop the asperities 24, producing an
ultraphobic surface. Otherwise, if A < Ay, the liquid will collapse over the asperities and
the contact interface at the surface will be solely liquid/solid, without ultraphobic

properties.

It will be appreciated that by substituting an appropriate value in the numerator of
the equation given above, a value of critical contact line density may be determined to
design a surface that will retain ultraphobic properties at any desired amount of pressure.

The equation may be generalized as:

iy
A= y cos(6 .o + @ — 90°) ®

where P is the maximum pressure under which the surface must exhibit ultraphobic
properties in kilograms per square meter, y is the surface tension of the liquid in Newtons
per meter, 8,9is the experimentally measured true advancing contact angle of the liquid on

the asperity material in degrees, and o is the asperity rise angle in degrees.
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the asperities. Body forces (F) associated with
gravity may be determ ned according to the follow ng

wo eoomd 223 F=pgh, (5) 10 where g is the densi tRCT/p$2004/011626
the liquid, (g) is the acceleration due to gravity,
andIt 16 Bénd'reﬂlyt dricthapdithatfa sunface EQ| tiorched Hocsrdinfgdp the above relations
.exa a 10 neter .col u wat er

will B AP BObie RERERe PSP PR hes VAP W20 inqiyding the
Val}ii@ lUani) *ﬁ@ed l1:n egﬁét%ﬁie(% B oI Hitﬁd%)l&&@ ﬁﬂ) ertn% &/l &Oéxhlblted

ot her hand, the surface forces (f)
whdmpetmb Sllﬂfatd’]fs sibnfeagsd, s@hjsitahtood jettos sprayuifdiquids)or impected with
cont act angle with the side 26 of the
“@ggg ' 524 with respect to the vertical 9S, the
cont act I|ne density of the asperities (A) and the
appa.rcedﬁtimgaa ttlecabose eclatidns, furfack 2O wiill ekBibit @afhobic properties at a

liqwd m8$sﬁ%$§or&:2§mg;ﬁ;§ﬁagoggr 19§ 90LA50 08! €1 (s Dntact line
deﬁsﬁglA af ?xﬁ-t?zﬁ:g %ﬁﬁ%}&?g%gte%ée\’is %I‘%%Hél%nﬁicﬁhh@ B&sity QQ,nJe@éﬁnmed as

surface of the matert al
folloamst Nng essentially no asperities. The true advanci ng
contact angle 25 is readily neasurable by techniques
wel | known |n]%h%0art Suspended drops on a surface

V\Ath\aspe-u—t(-a—%s—e*m_m—t) their true advancing contact (10)
angl e vad eas\@9, + @)~ 8P )t he sides of the asperities.

The contact angle with respect to the 11 WO

2004/ 092623 PCT/ US2004/ 011626 vertical at the side of
the asperities (8) is related to the true advancing
contact angle (Ca,0) by cp or o as follows:

0, s ware0+98Ghe (sppfe@e, enbion - @0the ([1Quid iB)N@\qmms ipey nfet@m @0 is the
exéqgﬁ?eg]@gf: \F/rix?gglreg tru%og V%%E:m!gl Qo%te‘tjc nafc’nlg{ey of” tha 1quu|1 of Jthe asperity

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

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. In other words, the geometry of the
surface may be determined by choosing the value of either x or y in the contact line

equation and solving for the other variable.

The liquid interface deflects downwardly between adjacent asperities by an amount
D; as depicted in Fig. 6. If the amount D is greater than the height (z) of the asperities 24,
the liquid will contact the substrate 22 at a point between the asperities 24. If this occurs,
the liquid will be drawn into space 34, and collapse over the asperities, destroying the
ultraphobic character of the surface. The value of D; represents a critical asperity height

(Z.), and is determinable according to the following formula:

D=z = d (1 - cos (9 o FO = 18°0°))
2sin (0,,+ @ —1807)

; (1)
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density paraneter AL may be determ ned for predicting
ul traphobic properties in a surface: _ pgh AL y cos B
WO 204490829 0' (8) where g is the density (p) BPET/UR®04/011626
liquid, (g) is the acceleration due to gravity, (h) is
10 where q&PIshth@fdlit:lﬁﬁelﬁequéeﬁi adjdmentsaspéﬂlﬁ:ess toeisgho aspefityt fise angle,
quid (y), cois the rise angle of the side of

anda@wéﬁ ithe aperigeatally dneasiiedris A pRIRS CoHad dgpleed, the fguid on the
asp(axé ) Buafrihl S’l‘lﬁé1 Beiht g) ?gﬁhltﬁs quﬁﬁk‘tr 8l i Ne&t equal to, and is

anC| ng contact ~“an liquid on the asperity
prefepiltdy grdater thategritimbaspetify hkight 8). the liquid will be
suspended atop the asperities 24, produci ng an

ul t{& g%‘fﬂ 2?%32?19% 42 helo fise 'aL gle d f%'\ 0 td@greéé P asperity

Wi | e adperi t he” cont act

gedni¥tRés &6 9oébﬁblé h®osendngsie avilaly bban&ohielayig]elamdleﬂl/c&dlln @fig. 9 or an
wi t hout ul traphaqbic properti

obtygmmale a3 Sepietatin Bye-sihbs ercstlbng & &t i HP% Slm Be pgivsen 80 and
13(5 %Qeg numer at or of the equation given above, a val ue
rittical contact line density may be determned to
deS| gn a surface that will retain ultraphobic

pr ofevilli dso be appryciatedithas @ Eie (yatietyfof @ﬁ@@% plapes apd aEangements
are qq§51 e \g1tﬂar%%1%e engf &l 'ér%%gx?%nveﬁ‘hon exfmﬁf sﬁo&ﬁtles may be

maxi mum pressu

powﬁécﬁm bﬁﬁh(ﬁdéﬁf @ecaepmaa e Fhysbil t-10) ¢tylawahslj or atyO@thert sut@ble three
in Kil anms per square neter, y is the s
dlm@ﬁ@in@]ns pet e adifiong varouRethiebgies may e rutlﬁé?il?o mgxingjze contact

fin %ielﬁ ocﬁxt?g }Fé?gfegl | As H&ﬁﬁéﬁ & Fl e%t U4 adyanc 'tﬂggasﬁgﬁﬁé’scﬁ4 may be

ui'd e aspérity matefi al
forﬂfzg veeSs baseghoetion 38 ﬁﬂaha hendeortion 40. SEhealatgee penmetegoend portion

12 WD 2004/.092623 PCT/ US2004/01162
40 ahfqpcffd,gat Qdnengates shesepntagt gn éelf%%)gdfl%@tfgaﬁ% 2\3“1 cfl %W&S such as
rec@g éé ?-Zrlﬁ ok O FmedViinh ihe )c{tsgieﬁhés bl t @ﬁ?ﬁl@é@ iP F%O a6t icefcrease the

|qU| pressuré val ues u o and includi ng
pemlheter wiatopedgé 30, thewetly ﬁncr@qmgtqootac( e dgroite. Thpasperities may also

be lélzlngltrléasp ilgg’glef inptlilg Igl?brstcrlatees Wil be exhibited

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
arrangement. The asperities may also be randomly distributed so long as the critical
contact line density is maintained, although such a random arrangement may have less
predictable ultraphobic properties, and is therefore less preferred. In such a random
arrangement of asperities, the critical contact line density and other relevant parameters
may be conceptualized as averages for the surface. In the table of Fig. 13, formulas for
calculating contact line densities for various other asperity shapes and arrangements are

listed.

Generally, the substrate material may be any material upon which micro or nano
scale asperities may be suitably formed. The asperities may be formed directly in the
substrate material itself, or in one or more layers of other material deposited on the
substrate material, by photolithography or any of a variety of suitable methods. A

photolithography method that may be suitable for forming micro/nanoscale asperities is

14



10

15

20

25

30

whet her the surface is subnerged, subjected to a jet
or spray of liquid, or inpacted with 5 individual
waele@ploegtess According to the above rel ations, seeT/EHS®OROI1626
wi |l exhibit ultraphobic properties at a liquid
disglogss une PUT oPgtet mosiceticn Ruplehtidro WOUD2/084BB0) hereby fully
kg/ n2, where the contact |line density A of surface 20
lncéﬁl?ﬁ%t@d%?re@)Wéé%enﬁecrl tical contact line density AL
determined as follows: 10 AL 10,330 (10) ) r cos O

a, 0Othde@neth@fthat bebEsitabl foh forpinid asperitienst the dediretlBBape and
l'iquid in Newtons per ngter

spagigeincivdp tranpmachining raédh&’ccméd alaz;%\ﬁcl’ﬁ@ntcémléf@flma fybHcation No.
20(?5/%(5%%8% Q#chos?ﬁnpﬁelﬁg ta@%?s%fc}sgc}’ in (RS elseit t N(l;] mlcrocontact

I'se angle’in egree
priftis el dRclkedriht US| Patent add. 5j906, ldénsselfsa%anbled metal colloid
determined, the remaining details of the qeorretr

mouim@ygrg,pé% Hisplogedniny Ut RASERS 19 (5e07a cRISFasiay 8% 28 ﬁ‘éﬁclosed in US.
Palcfl 135. §’E§$Q§’4 giorfﬁc 30de cx%kc% B ﬂaﬁorgg&lﬁﬂg% iRBIE&T in U.S. Patent
cont ac

[’hne’density n ot geonetry o
5,25 835 stroaehining zb;edlstétbﬁdrm nef. Bytethost A03,88% sehpelemolding as

cisslope] rgOrorPatens N RetCusars SeIEassemblenaong qisr directed patterning of
surf{deE ra{sQﬁﬁl&@& Leels Heewey @lsy shekVarmiadlcah&H as dlsclcl)sfed in U.S.

asperities by an anount DI as depicted in Fig.
Patehte Neno66#1,889,i er gokgdlestambing ahalisvdosght in( ).S.oPatehie Application

eritjes,_ 24 i qui 1 11 caont e.subst .
PublyRGen NP5 A RS i whisty o e T i Seren by
ref@x%ﬁé’é’ S Cartiohendnbfiibe htribiukesbBaf! LRWb ﬁﬁa@lesf@)afb?m%e @®biged asperity

col | apse over the asperities, destroying t

gearhetriaphoBkamplearefce owfnanhtibg ustrugEes TR deSﬂlQﬁéddFl BiS. Patent
rese .a crl cal hei.g d

AvgPRRR; TaBiElc ol yOFRORRES: AR CapReissR; aMpreBoy fuly

1ncoﬂ{o%z§c€@$1el(e§ﬁb§3 ré&ferendd3OA)sof dlitable ap8iity drudtudestmapbe fdrBidd using

known methods of printing with colloidal inks. Of course, it will be appreciated that any

other method by which micro/nanoscale asperities may be accurately formed may also be

used.

It is anticipated that fluid handling components having ultraphobic fluid contact
surfaces 20 will exhibit sharply reduced fluid friction characteristics, leading to greatly
improved fluid handling system efficiencies and improved fluid flow throughput.
Drainability will be greatly enhanced due to the tendency of the surface to suspend
droplets, causing them to roll freely by gravity in the direction of any surface slope. The
ultraphobic surfaces will be durable, and capable of exhibiting ultraphobic properties
under fluid pressures up to the design pressure selected according to the method outlined

above.

Other beneficial properties are also anticipated. For example, ultraphobic fluid
contact surfaces 20 are anticipated to be resistant to bio-film growth, due to the tendency

of the surface to repel liquid water. As a result, the fluid handling components of the
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WD 2004/ 092623 PCT/ US2004/ 011626 where (d) is the

di stance between adj acent asperities, co is the
W@s@end2693 ri se angle, and 0a, 0 is the experi mePCHEIUE2004/011626

nmeasured true advanci ng contact angle of the liquid on

prekdi€ appﬁ@@bhth,avaahlqﬂioahonsTWBelbembi’mﬁu((nzQ)f bio-filaperdvtheds desirable,
24 nust be_ at | east equal d.is referably

SHCQraééqreqxamﬁk?nWafe} WPWGE%FPH‘% B’é‘? Fltri}lqﬂ&gg% “Pc). 5
Al though in Figs. |h-3 the asperity rise angle co is
90 degrees, other asperity geonetries are possible.
For exanple, co may be an acute angle as depicted in
Fig. 9 or an obtuse angle as depicted in Fig. 10.
Generally, it is preferred that co be between 80 and
130 degrees. It wll also be appreciated that a w de
variety of asperity shapes and arrangenents 10 are
possible within the scope of the present invention.
For exanple, asperities may be polyhedral,
cylindrical as depicted in Figs. 11-12, cylindroid, or
any other suitable three dinensional shape. In :
addi tion, various strategies nmay be utilized to
maxi m ze contact |ine 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 perineter of head portion 15 40 at top edge
30 increases the contact |ine density of the surface.
Al so, features such as recesses 42 may be fornmed in
the asperities 24 as depicted in Fig. 16 to increase
the perinmeter at top edge 30, thereby increasing
contact line density. The asperities may also be
cavities forned in the substrate. The asperities nmay
be arranged in a rectangul ar array as di scussed above,
in a 20 polygonal array such as the hexagonal array
depicted in Figs. 4-5, or a circular or ovoid
arrangenent. The asperities may al so be randonly
distributed so long as the critical contact line
density is maintained, although such a random
arrangenment’ may have | ess predictable ultraphobic
properties, and is therefore |less preferred. In such a
random arrangenent of asperities, the critica
contact line density and other rel evant paraneters 25
may be conceptual i zed as averages for the surface. In
the table of Fig. 13, formulas for

16



cal culating contact line densities for various other
asperity shapes and arrangenents are |i sted.
w@emwengdeky, the substrate material may be any PeEX/E81084/011626
upon which mcro or nano scale asperities may be
suitighﬁg%orned. The asperities may be fornmed directly
in substrate material itself, or in one or
nore | ayers of other material deposited on the
sub¥{laaiseclamtedns:al , by photolithography or any of a
variety of suitable nmethods. A photolithography
nmet hod t A8Yn ' ; m ng
o e Ao ‘22152?’ hiBRe ORbHART 09 1) 002623
PCT/ US2004/ 011626 di scl.osed in PCT Pat ent A& i cation
Pubhibedy havingat teastomesliod crairehsprfage portionn gy %‘b‘%da?‘é’éa"t surface

herei n ref . her : :
polffpr iR, FURNGE, WhOE RN (S 3Rl witormly shaped
aspafiles StRREIN) Eatin Clspiity rranmgas onindgh aspetlity clsesamgld relative to the
U.S. Patent Application Publicatjon No. 5 . :
substiatzs heFsRiEs pesitiened %ﬂrﬁiahﬂ"ea%‘f%?%lﬁso% gQntact line gensity measured

_ . 7 . e

i GGET Y P R e TSGRt b G Ao g contc

lingreéslity valuk ¢iAg” deemuoined eccerdiagtodthe édrosdad i n U. S. Pat ent
5,609,907, mcrostanping as disclosed in U S. Patent

No. 6, 444, 25&,1 ) 8rri c force mcroscopy nanonmachi ni ng
as diss S Patent 5,252, 835, nanonmachi ni ng
as di scloewsddin+Wws: 9Pgt ent No. 6,403, 388, sol - gel

nol ding as 10 disclosed in U S. Patent No. 6,530, 554,
sel f -assenbl ed nonol ayer directed patterning of
surfaces, as disclosed in U S. Patent No. 6,518, 168,
chem cal etching as disclosed in U S Patent No.
6, 54helBPis the safdcededsiat aigpfluig insoutiastolitls 6 surfats: 8. Newtons per
Pat ent lication Publication,No..2003/0047822, al/] .
megt, G léﬁ\g%?@eﬁe}ee@}lwmﬁwe 6 Pﬂ&%{%&%&cg?%&%f R fhuid on the
' n t i S®Rgh®s, wherein the
o A il A, e Th oReBs, wherein
surfacang{hdtstsod liguidssolidrgas dntgtfaces withctharfbsd at @ piessgrogbdt least one
in U S Patent Application Publication Nos.
ABE76098135 and 2002/ 0136683, al so hereby fully

i ncorporated herein by reference. Al so, suitable
asperity structures may be forned using

2. The component of claim 1, wherein the asperities are projections.
3. The component of claim 2, wherein the asperities are polyhedrally shaped.
4. The component of claim 2, wherein each asperity has a generally square

transverse cross-section.

5. The component of claim 2, wherein the asperities are cylindrical or
cylindroidally shaped.
17



known nethods of printing wwth colloidal inks. O

course, it will be appreciated, that any other.
woredohogkeryy whi ch m cro/ nanoscal e asperities nmaRCDES2004/011626

accurately forned nmay al so be 20 used. It is

anticipated that fluid handling conponents having

ul traphobic fluid contact surfaces 20 will exhibit
sharply r ced fl yi .Gtion chara § SULCS e .
oading (gegpaaengt of lafh 1o bl BleAGheR t CSvities fonmed in the

suldtfateci enci es and inproved fluid flow throughput.
Drainability will be greatly enhanced due to the
tendency of the surface to suspend 25 droplets,
causing themto roll freely by gravity in the
direction of any surface slope. The ultraphobic
sur flaces Thiel torysondoir ablotgimahd whapsi|the afpearities bare ipogitioned in a
ul traphobj c properties wunder fluid pressures up to
substantigly ugi{omh @28k e sel ected according to the nethod
outlined above. O her beneficial properties are also
antici pated. For exanple, ultraphobic fluid 30
contact surfaces 20 are anticipated to be resistant to
bio-filmgrowh, due to,the-tendency. of the surface. .
to Pepel TIoqti WPt CRuty 7y évgﬁfe(“} tll%easl??rﬁﬁea aﬁ%r?dﬁsﬁlr?aed ma
rect@igaopanhg of the 15 WD 2004/ 092623 PCT/ US2004/ 011626
present application have applications where,
inhibition of bio-filmgrowh is desirable, such as
for exanple warm water storage and circul ating
systenms. 16 WO 2004/ 092623 PCT/ US2004/ 011626 CLAI M5
Whato.i s dhei componsnt &f chil U dhbendlthagspepitipomanté a substantially

conpri sing; .a body having at |east. one fluid contact, o
undoFe 23RETIER PeiE elatiyg fp the SHbstrsRoTEOT S ein {ag aspeHty height is

LG el 09,8 SURSLERLE: W il |l - -
o Rt Bk SR P P Yol gontin o te
fola@ly asperity having a conmon asperity rise angle

relative to the

d(l~cos(0,,+m —180°))
z, = ’ ;
¢ 2sin (0,, + @ —180°)

where d is the distance in meters between adjacent asperities, 6,9 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.

10.  The component of claim 1, wherein the component includes a tube having a
bore with an inner surface, and wherein the at least one fluid contact surface portion is on

said inner surface.

11.  The component of claim 1, wherein the component is a valve.
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substrate, the asperities positioned so that the

surface has a contact line density neasured in neters
w@boogoeaxt |i ne per square nmeter of surface aPEHUSHOHD11626

to or greater than a contact |line density value "AL"

determ ned according to the fornmula: = - 10,330 AL

cos (r)a 0 + w- 90 where y is the surface tension of

a flyid in contact W the.surface i -pe . .

ret a7 “ 6 PR ebE SR HreGi AL sHREREE 89 fuid moving
dewidyanci ng contact angle of the fluid on the asperity

material in degrees, and co is the asperity rise angle

in degrees, wherein the surface exhibits a

l'iquid-solid-gas interface wth the fluid at a

pressure of at |east one atnosphere. 2. The conponent

of dBai mThe codmporént of tlainad pewhdreimsthafleidpnoyieg tiewosis aGump.

The conponent of claim2, wherein the asperities are

pol yhedral | y shaped. 4. The conponent of claim 2,

wherei n each asperity has a generally square

transverse cross-section. 5. The conponent of claim 2,

wherldi n theraespenf niakingan dluid landliigcedmpament having an ulfraphobic

cylindraidally shaped. . WD.2004/.092623 ~
oisortish st AAAIET 6ot ARG MIBRBIA: SNSRI et oo @jegposphere
in EOiRaATRE the k@Face! Be pPotesd @mgriRidged in the substrate.

7. The conponent of claim 1, wherein the asperities

are positioned.in a. .substantiall ni formarray, 8.

The tEOOBEh TS RAdIiRg FonRRBrE HEbHIe SpBiRTELayiie an outer
suftf&t thpned in a rectangular array. 9. The conponent

of ¢claim1, wherein the asperities have a

substantially_ _uniformasperity height relative to the
subdPTng apBiftinkigity o FuppraRaALly w rg%éﬁ%ﬂﬂ? 3jepIgies 9ry the outer

surface of the substrate, each asperity having a common asperity rise angle relative to the
substrate portion, the asperities positioned so that the surface has a contact line density
measured in meters of contact line per square meter of surface area equal to or greater than

a contact line density value “A;” determined according to the formula:

A = - 10,330
L 4 cos(49a,0 + o — 90°)

where y is the surface tension of the liquid in Newtons per meter, is the
experimentally measured true advancing contact angle of the liquid on the asperity

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

15. The process of claim 14, wherein the asperities are formed by

photolithography.

19



greater than a critical asperity height value "Zr" "
in nmeters determ ned according to the fornula:
wa@lgd40223 (r)a, o+co -180)) 2sin (r)a, o+cv- 18BCTHIR2004/011626
is the distance in nmeters between adjacent asperities,
a, Olbs t Mae pexdees bfrendial 14y winpsit rikél atperitieadseafozined by a process
contact angle of the liquid on the asperity materi al
selpgiedidfrpehic gioup vwonsisting ofs parqmpaehining WiGPYamping, microcontact
. e c n f clai i n ;
P R SRR RN by, HBHR, " 0F  maloscopy
naismifcainéng, anHgelhaolding, séléassembiasmonsleye [directed patterning, chemical
urface portion is.on said jnner. surface. 11. The
ctchigp SPleaal SHMNE HHEAne Wil EpUEenke AR asROSTS 3 85er of paralle
Cm%ghﬁgxﬁmﬁg0¥@h%§ﬁ@ﬁ9§2623 PCT/ US2004/ 011626 12. The
conponent of claim1l, wherein the conponent is a fluid
novi ng device. 13. The conponent of claim 12, wherein
the fluid noving device is a punp. 14. A process of
maki ng a fluid handling conmponent having an
ul t naphoby grocédsUbfpantiasth Mid hasRingddRipeedtHaving a fluid contact
repelling a liquid at a pressure of at |east one |
surfaoeowjsh etligaphiohicc propaities Wit tliquicheressiressp, tot hprosetsemed pressure
onprising: providing a fluid handling conponent
Vm@ﬁ@ﬁﬁ@?ﬁﬁ §°§‘ St¥eat e havi ng an outer surface; and
formng a multiplicity of substantially uniformy
shapedctagrardspérgy rismangle; out er surface of the
substrate, each asperity having a common asperity rise
anglygieffitnitd ¥ i@l LiRact P ﬁéﬁs@t}r@‘/ﬂ@ V1 Qgccoﬁaﬁg to the formula:
asperities positioned so that the surface has a
contact line density measured in neters of contact
line per squarg meter of~- firface area equal to or
greater than achnb@qpa%nn@.dgoﬁity val ue "AL"
determ ned according to the formil a:

where P is the predetermined pressure value, v is the surface tension of the liquid,
0.0 is the experimentally measured true advancing contact angle of the liquid on the

asperity material in degrees, and o is the asperity rise angle;
providing a fluid handling component having a substrate; and

forming a multiplicity of projecting asperities on the substrate so that the surface

has an actual contact line density equal to or greater than the critical contact line density.

18.  The process of claim 17, wherein the asperities are formed using

photolithography.

19.  The process of claim 17, wherein the asperities are formed using wherein

the asperities are formed using nanomachining, microstamping, microcontact printing,
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_ - 10,330 AL yCOS(r)Q+CO-90 where y is the surface
tension of the liquid in Newtons per neter, is the
wezpendsent al | y neasured true advanci ng cont acPCEHIO1084/011626
of the liquid on the asperity material in degrees,
self AR nfblink SméthlecaBiE ionyglayeiscatantd orce ndegsepy. napdmadieing, sol-
process of claim 14, wherein the asperities ar fqt{.med 1
gel moldﬁﬁﬁotsélf1a§4?8@ﬂeéip ﬁ’y).nowelv\élr %}8& /I@g , chemica etc mg, so —gel
PG i T i | FipARailél carbon nanotubes
stanlgils, GPRA S ARIGe! s CHOVRIBRERS, Dy cTpold
on thehastragd. f rom t he group consi sting of nanonachi ni ng,
m crostanpi ng, microcontact printing, self-assenbling
nmetal colloid nonol ayers, atonmic force m croscopy
nanomachi ni ng, sol -gel nol ding, self-assenbled
nonol ayer directed patterning, chem cal etching, .
sol20gel Bteappicess, ofrdlami g, vﬁttherc@@mpnmg thaksiep pfgselecting a
di sposi.n l.ayer of parallel carbon nanotubes on the
geo%’ﬁﬁ&?fﬂiag‘??%fﬁgﬁpﬁ?ﬁ%sgss for producing a fluid
handl i ng conponent having a fluid contact surface !
wi th ul traphobic properties at liquid pressures up to
a predeterm ned pressure value, the process
conpri sipg: Clel a i ; -
Getay m RS [ ARG qolrklsR BPRISBIof sleptipe an amay
pattefiCr dien@péritidshe formula: P AL _ y cos 0 -,0 + CO -
90') where P is the predeterm ned pressure value, y is
the surface tension of the liquid, Oa,o is the
experinental ly nmeasured true advanci ng contact angle
of the liquid on the asperity material in degrees, .
and2Zo i She hecespedrdlain i7,sferthergtomprising,/thdisteps R splagténg at least

onehgirr]ndelnlsgg f%? t é) ggp%}itigg Yhd %e?err%'fjn?r?é S tle(:"a.St grrlled other dimension for the

asperities using an equation for contact line density.

23. The process of claim 17, further comprising the step of determining a

critical asperity height value “ Z, ” in meters according to the formula:

Cd(i—cos(0,, + @ —180)
% = T o sin 0., + @ - 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 ® is the asperity rise

angle in degrees.

24. A fluid handling system comprising:
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formng a nultiplicity of projecting asperities on the
substrate so that the surface has an actual contact

wo pove/ogbensity equal to or greater than the criPCTEE2004/011626
contact line density. 18. The process of claim17,
whey aidit A8 RGO Hahllligs canporfent imdudisg agbody with at least one fluid
phot ol i t hography. 19. The process of . clai rein

17, wh :
contahie surfgserpartien, ic fuigt ﬁ@&aﬁsﬁuﬁ@cwert&nnmc{aﬁl@g a substrate with a
sperit) re i a hi md . .
RS, PG BB o, e aprisy hning o
condféif APRAGPAsP LT LITANDA 101the A6bstmed, theassperibiés pepitieted|so that the

col | oi d nonol ayers,. atom c force m croscopy.
surfaeg bafa ﬁpxﬁpﬁd}neﬁnsmggqea%q:%}wgtegsep gcgggcgﬁ%lf: Pgr square meter of
‘surﬂ&{' %e%ly g&uiqi 1861 eeRat thah M REntabh Gk Cltlnsi®f GRAIURISA,” determined
sol - ge stanping, printing wth colloidal inks, or by

accobdifpasithgfoamubyer of parallel carbon nanotubes on the
substrate. 20. The process of claim 17, further

conprising th 1pp of selecting a geonetrical shape
forA hg_ﬁﬁq_’ées_—z—ﬂ The process of claim17,
furt Rer yconit j sty —tHe)step of selecting an array

pattern for the asperities. 22. The process of claim

17, further conprising the steps of selecting at |east

one dinension for the asperities and determ ni ng at

| east one other dinension for the asperities using an
equahéren if thie anficatnsionnd adhnd in yont&3 witththe gnidawss Ngfwtons per

me‘é;;,?éia,izné%]?ﬁeaeg(grgégg{;taﬁg %%usflqgﬁ'gt h va%tgl?lg cg%tagt:atnae;no.ﬂhg Bufll on the
asp @?{111‘3%?%1 fh‘i’ geg&g%%ﬂllj}éagls H€ LrspQsty (D043 d 89" degreed| wherein the

where d is the distance in
surfaet exBibite tavBeuidad]idgen intedpperwith gbe floid aDaipsessie. ¢fr #eleast one
advanci ng contact angle of the l[iquid on the surface
AmAsPlELYr ees, and 0) is the asperity rise

25. The system of claim 24, wherein the asperities are projections.

26. The system of claim 25, wherein the asperities are polyhedrally shaped.

27.  The system of claim 25, wherein each asperity has a generally square

transverse cross-section.

28. The system of claim 25, wherein the asperities are cylindrical or

cylindroidally shaped.
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angle in degrees. 24. A fluid handling system
conprising: 21 WD 2004/092623 PCT/ US2004/ 011626 at
wo eagowne fl ui d handli ng conmponent incl udi ng BCHUM004/011626
with at | east one fluid contact surface portion, said
f1 uiZd- corfbacs&ny pladlainp 8 VBEFeImtersperiica 3¢ Gatifieg formed in the
a multiplicity of substantially uniformy shaped
asperities thereon, each asperity having a conmmon
asperity rise angle relative to the substrate, the
asperities positioned so that the surface has a
contact line density neasured in neters of contact
li ngpper 13guUaiseniBifetlalh 24 Ukhdfsn ahe aasﬁéi’t’t?és b Bbsitioned in a
greater than a contact |ine density val ue
subktantially nedormageayk di ng to the fornula: - 10, 330 AL - vy
cos e a,0 + w- 90 where y is the surface tension of a
fluid in contact with the surface in Newtons per
neter, ea,o is the experinentally nmeasured true
advanci ng contact angle of the fluid on the asperity
mat Sii al Tibe swstpneeef, claga 30, whetein dbpeasperjtiasi g angjtienced in a
' r wherein the surface exhibits a
ra#ﬁg@ﬁ@aﬁ& ‘id-gas interface with the fluid at a
pressure, of at |east one atnosphere. 25. The system
of claim 24, wherein the asperities are projections.
26. The system of claim 25, wherein the asperities are
pol yhedr giyly égﬂQ)?QIanﬁa4 WhEredy ﬁlte%lgﬁ)é}ftleg IhQ%”& @ibstantially uniform
wher ei n each asperity has a generally square
asgerign bughtselative $& {eesibitoate paBion] ed ssteanihefaspdriy Meiht is greater
mhereln the asperities arg cylindrical or
thag\A Grgplasagity jieg%héwéae 20" Rohoisth e according to the formula:
PCT/ US2004/ 011626

dfl-cos(0,,+o —180)
2sin (@,,+ @ —1807)

sul

Z, =

where d is the distance in meters between adjacent asperities, 6,0 is the
experimentally measured true advancing contact angle of the liquid on the asperity

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

33.  The system of claim 24, wherein the component includes a tube having a
bore with an inner surface, and wherein the at least one fluid contact surface portion is on

said inner surface.

34.  The component of claim 24, wherein the component is a valve.
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29. The systemof claim 24, wherein the asperities are
cavities fornmed in the substrate. 30. The system of
W@b@isnv2%43 wherein the asperities are positi onedI/Us2084/011626
substantially uniformarray. 31. The systemof claim
30, 3her Fha cohpoaapesf tiams 24; evheosin tthocevhponemr is a fluid moving
rectangul ar array. 32. The system of claim 24, wherein
Mffe asperities have a substantially uniform asperity
hei ght relative to the substrate portion, and wherein
the asperity height is greater than a critica

asperity hei ght val ue "Zr " in nmeters determ ned
2" o oaduety gt G 3% b PEHIRG L ded R b pump.

bet ween adj acent asperltles, Oa,0 is the
experinmental ly nmeasured true advanci ng contact angle
of the liquid on the asperity material in degrees,
and co is the asperity rise angle in degrees. 33. The
system of claim 24, wherein the conponent includes a
tube having a bore with an inner surface, and wherein
the at least one fluid contact surface portion is on
said inner surface. 34. The conponent of claim 24,
wherein the conponent is a valve. 23 WO 2004/092623
PCT/ US2004/ 011626 35. The conponent of claim 24,
wherein the conmponent is a fluid noving device. 36.
The conponent of claim 35, wherein the fluid noving
device is a punp. 24

24



