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WD 2004/ 091792 PCT/ US2004/ 011580 M CRCFLUI DI C DEVI CE

W TH ULTRAPHOBI C SURFACES RELATED APPLI CATI ONS Thi s
wa@ppkiogerbt on cl ains the benefit of U S. Provi sSPONEE2004/011580

Patent Application Serial No. 60/462963, entitled

"U traphobic Surface for H gh Pressure Liquids", filed

April 1MICROFRQAIDICDEVYCEOVITH UL TRARTROBICISURFACES

reference. This application further clains the benefit

of US Uility Patent Application Serial No.
101454, 742 ent i t]ed "BELAGEILABPLATIONS onent Wt h

U t r aphobi c Surfaces", filed June 3, 2003, al so hereby

f ul |nc ora ed erein.b ference.

appl e APPBTEPA e (B RFlebe O S RLFRiSu Kol Avpiiestap Seria
No Pet/862963 Apritltie@ 21U108phoBId Surfdde. forﬂﬁ%ﬁﬁre%@e ERjuids’eflled April 15,

"Mcrofluidic Device with U trapho 10 Surfaces"

2003; hewgby felss ncomporapesh Berem) ey rsfarncrr-ETRispRtivatn Thitker claims the
beneﬁy Spblr§ pUtflﬁ% ﬁ%ﬁt %@ﬁ a%ﬂobsei‘]gl ﬁ'o FG’/4§4“7&’2 8ntﬂ?e\£1| ‘ﬁlﬁd Handhng
€ Spe I'ca crof device

Combbm@p il Ultfdphbl@ic Sartest, ﬁludl fr (1522 20835@1@:}%@ ﬁﬁy TﬁdErporated
NVENTI ON 15 There has be en _much recent intere

hererlflaf tefprenesct dHist RPisdtimo T shdme <he, gensht cqfolfh%.l&iley Patent
Ap %ﬁ%l‘aﬁSSerR‘ql R8T |18} 65Cs 8e Lhighe W&oﬁh{cﬁ@dﬁe\%e& NWith Ultraphobic
seful application ih printing devi ces and
Surwes g ffil@dAtiguab2Hi2083.chi p"* devi ces, wherein corrpl ex -
chem cal and bi ochemn cal reactions are carried out in

m crofluidic devices._ The very small vol unmes of

i quid needed for redﬂgﬁgdgﬁﬂﬁﬂ%ggﬂﬂﬁlgﬂgten1enables

i ncreased reaction response tine | ow 20 sanpl e

vol , nt t a

o 1 il R RS0 gl el RO RS hrcany o

migvilgidittdeaike hbeing attiuphblsig YluidScdnﬁct pathcand devel oped. A
significant factor in the design of a mcrofluidic
device is the resistance to fluid novenent inposed by
contact of fluid BAGKGROUNEAOE RHEANVENFIEN: opi ¢

channel s of the device. In order to overcone this

{ he e da5 et HIEh stoet Spc S ifedeflh BfgiotE R using
mideNhidR HRcRe MigtdfREdiDYdektes aape Mirefdy fRIRISSLHEl bfjication in

can be tolerated by the device or the process that the
prinfing devicss gpdit so- cq,li%d ‘lab-on-a-chip” devices, wherein complex chemical and

biochemical reactions are carried out in microfluidic devices. The very small volumes of

liquid needed for reactions in such a system enables increased reaction response time, low
sample volume, and reduced reagent cost. It is anticipated that a myriad of further

applications will become evident as the technology is refined and developed.

A significant factor in the design of a microfluidic device is the resistance to fluid
movement imposed by contact of fluid with surfaces in the microscopic channels of the
device. In order to overcome this resistance, higher fluid pressures are required within the
device. In turn, fluid flow rates through the device may be limited by the amount of
pressure that can be tolerated by the device or the process that the device supports. In
addition, pressure losses through microscopic flow channels may vary greatly due to the

characteristics of surfaces in the flow channel.
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addi tion, pressure |osses through m croscopic flow

channels may vary greatly due to the characteristics
w@boognerfiares in the flow channel. WO 2004/ 0917BCT/US2004/011580

PCT/ US2004/ 011580 What is needed in the industry is a

m crofluidic device with fluid fl ow channel s havi ng

pr etNtet abheedaddn thst industry sve hicrofluidasdestignweh tftuid [flewdchannels

haJl%éﬁegwf%g%@Yﬁgg}am%ﬁ% l\l}ﬁlgggsia%'f’ hﬁ‘éld%%glt ?; for a

mcrofluidic 5 device having fluid flow channels wth
predictabl e and optumiMARYEHE TRfE INWERTIOQW

resistance. In the Tnvention, all or any portion of

the fluid flow channels of any mcrofluidic device

ar eThe anvetidn wibdiardiatlgbheets [the apddsboft tiel iniddstey féra g tmicrofluidic

surfaces._ The_  ul hob| surfa general ly includes .
e GO HREER P APy | DAY RV REROLe and wpélﬂn%rlsy%wf rigpid flow
ar C n
SRR 1 R SR PSS lrTERRE By PR il of ny
miggofinidite devicr E!ﬂ&dpromdbdomth |dn£abtbem]$naplyobm£$1m eolntaa:t surfaces. The

s of conta are.nete ace
utoFBGHiE 5 rcS REh Gy s el & spaf e Wil b LRy P projecting
regdﬁﬂ?lshi{pe\d@hiéﬁasc 1@\|er n%s@il@‘ag&%u%@ ﬁﬁf)gdeﬁgn taCfeélh@r array so that the

fornmula: P AL cos 15 whére P I's a
surface das @mrpdﬁé@mmd. eantace tive cleasityf m@mrept mswgtees vAterdact line per

squt eetn gw%ﬁ toggur %ce'“%rga equ%th(ggfa nneeel ei‘ tﬂ%ag aZc ttgc‘?a %g%t%%ﬁ'n&; density value
‘Aﬂ’&%&tﬁﬁ@bdtarcc@da@taﬂ{amgnm@nt act angle of the liquid on
the asperity material in degrees, and co is the
asperity rise angle, and so that the ratio of the
cross-sect i onal Pdi mensi on of the asperities to the
spaci‘ng 7ol S|p@,of9629 asperities is less than or
equal to 0. 20 The a perities may be formed in or on
the substrate material itself or in one or nore
| ayers of material disposed on the surface of the
substrate. The asperities may be any regularly or
irregularly shaped three dinensional solid or cavity
andwirerg Bes di ppdsetinédmarimure guberted) faide pressurg atluerwithin the

ﬂu%hﬁ? %ﬁ%lgg &é%gal 2 %q! E%}lsﬁ)geop {h%cﬁggldOf ,,oma 1}<<sl th% g{penmentally

measured true advancing contact angle of the liquid on the asperity material in degrees,

and o is the asperity rise angle, and so that the ratio of the cross-sectional dimension of the

asperities to the spacing dimension of the asperities is less than or equal to 0.1.

The asperities may be formed in or on the substrate material itself or in one or
more layers of material disposed on the surface of the substrate. The asperities may be
any regularly or irregularly shaped three dimensional solid or cavity and may be disposed

in any regular geometric pattern.

The invention may also include process of making a microfluidic device including
steps of forming at least one microscopic fluid flow channel in a body, the fluid flow
channel having a fluid contact surface, and disposing a multiplicity of substantially
uniformly shaped asperities in a substantially uniform pattern on the fluid contact surface.
Each asperity may have a cross-sectional dimension and an asperity rise angle relative to

2
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25 steps of formng at | east- one mcroscopic fluid
flow channel in a body, the fluid flow channel having
w@2dokidi9ront act surface, and di sposing a nul tPEI/US1004/011580
of substantially wuniformy shaped asperities in a
substantially uniformpattern on the fluid contact
thesflipifl goptact sutiee.adherasperitieaynayaicesprced epat by atsubstatially uniform

8068 S PP eRSBE, el SofRE e el fng fensfy Moasuced
in sdfetecfcontdeelins paT dqiihre netByofRarfBRAaesle ARALS offeder than a critical
substantially uniform spacing dinmension and

conferd line dersity yBluen Ay ” dpfermined accerding tosthe forownda: | i ne

density neasured in neters of contact |ine per square

nmet er of surfgc% area equal to or greater than a

cri tALcaL contact line . density value "AL" determ ned

accor di n’gCQS;(ﬂ];,me d?oﬂ%ﬂl)a: P 5 AL Cs e a Ot Co - 90

where P is a predeterm ned maxi num expected fluid

pressure value within the fluid flow channel, y is

the surface tension of the liquid, ea,o is the-

experinmentally neasured true advanci ng contact angle

of the ljiquid on the asperity material_in degrees, 10

and“goies iR @ prefietpimined meginagg| expecta fluid pesssire talue within the

r - L10 ' [ t jtipes .t t .
e oo e talion DF (S RALIE 055 ois, B Apeipentatly
mepsvaied time edumicingocddiabt angle mshe liguidfoer thblagpdritg sndtérinh i@ degrees,

.0l Th I.ti '
ancgﬁ (li%a gqeitag}p%)ld? ilﬁfh 'gl,l"lg?% ?,f.}g%e -ralﬂé Ioﬁ %%?ﬁg?ﬁ%ﬁigneggibg gof the asperities
to fhe GhRSHR aRhdIGionBIGhO sRLAL is Rﬁéf@fab[liglesssﬁhlfl b?é@ﬁm 0A%nd most
met al col | oid nonol ayers, atom c 5 force m croscopy
prefeapldiriash ilwineg eqeadito QO nol di ng, sel f - assenbl ed
nmonol ayer directed patterning, chem cal etching,

A0 SRS 5B i,

mi&UQehpRAkE midbEor4id %ﬁnﬁ%lﬁé&ééxﬁlﬂ{ngﬁﬁﬁiay d8t10il qﬁorﬁ%a%@gs, atomic

of determning a critical asperity height val ue ,

forgeh nyetosgopy apEeHichigingy spheel molding, aselfehs¢dmbled agorfolayem directed
patféni"ing,o cherﬁl%gl )e}chiﬁzg? szo‘ril-ggl stamping, printing with colloidal inks, or by

disposing a layer of carbon nanotubes on the substrate. The process may further include

the step of determining a critical asperity height value “Z_” in meters according to the

formula:

, _dll-cos(f,,+w-180)
‘ 2sin (@,,+ @ — 180°)

where d is the least 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.
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2sin0-"0+ Co - 180") where d is the | east distance
in nmeters between adjacent asperities, (r)a,o is the
WO ease/09EI8 anci ng contact angle of the |iquid oPCT/H82004/011580
surface in degrees, and co is the asperity rise angle
in degrees. 3 WD 2004/091792 PCT/ US2004/011580 It is
ant Itcispanteipatedt thpt (fludd f flow clranels| '31 ian naicw‘ﬂuicticﬁ | devitiec having

5 OB b AAEBL S S e LB 'k v

lealli@dd Repatlp itipRALd MeVibPEMRECEEbHEr ﬁfrﬁd @“}frb@%res'aﬁ&@ﬂhproved
|ntra evi ce gressures and |rrproved fluid flow

fluidrfioyy §rpeatioutrnEha iitrpplihimsuetases wiklasdupble, and capatdppéexhibiting
[ £ uItr habi.c
Pfeﬂfﬁﬁabée?‘??ﬂé%ﬁ aaoPeh Bee A P-ENAR G od LER: Rl desien
presmm gn pressure. BRI EF DESCRI PTI C]\I CF THE DRAW NGS
Fig. 1 is a perspective, greatly enlarged view of an
ul t raphobi c surface according to the}gresent
i nvention; 10 FBRIEH DESGRIBTIONHTHE DRAWINGS: | i qui d

sI ug in a flow channel; Flg b is an expl oded vi ew of

fluidic eV|ce to.the sent
vk £ bl ey Bl ek B Al RGP sirtags according to
thequésaﬁﬂgwrm@nenbodl ment of a mcrofluidic device
according to the present invention; 15 Fig. 2 is a top
pl an view of a portion of the surface of Fig. 1, Fig.
3 i Bigalsisdesché¢matixt View of b dyuif slugiia asflow alcampbr t i on
depicted in Fig. 2; Fig. 4 is a partial top plan view
? 3t.ernati e errbodl nt of an_ultraphobic
sur 18c &0 ols A B fidoVIPWen€F6§’@Fﬂ flidig ¢lerics racgprding o theepresent
invepRrities are arranged in a hexagonal array; 20 Fig.
5 1is a side elevation view of the alternative
enbodi nent of Fig. 4, Fig. 6 is a side elevation view
depFigt ilods kheodekttbaial ofevobdf b glitdatives pabedithehebive enicrofluidic

device according to the present invention;

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 an ultraphobic
surface according to 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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asperities; Fig. 7 is a side elevation view depicting
a quantity of liquid suspended atop asperities; 4 WO
wWQeMN009792 PCT/ US2004/ 011580 Fig. 8 is a siPer/us2004/011580
el evation view depicting the liquid contacting the
bottom of the space between asperities; Fig. 9 is a
si déigeBdy at $ide elevationofiew ddpinging the fignidt gonitavtiag the bottom of the
sag;%g£pat£ye. nbodi nent of an ul traphobi c surface
PR COrGThEPES ©he present invention wherein the
asperity rise angle is 5 an acute angle; Fig. 10 is a
Si Opigeb gy 2LideRIAEM Powh S HEIE agRBFY inl oh ARrflive embodiment of
al ternative enbodi nent of an ultraphobic surface
an plgrephabingprfage nborging tethe presertniny ariontvéresdin thenasperity rise angle is
m1%§fe%%§¥ rise angle is an obtuse angle; Fig. 11 a
%3‘% ’top plan view of an alternative enbodi nent of
an ul traphobic 10 surface according to the present
| VR IO P8 AatloRYiGY BEL binbRSushirly G hd AMAAR Abdiment of
are "arranged in a rectangular array; Fig. 12 1s a
an glirdphabiieswfaco acoording tf thelpeesaht ieversionweheeerh dlak aspatityafse angle is
ﬁ;ﬁ. 11i_Fig. 13 is a table listing fornmulas for
an QLIS i ne density and |inear fraction of contact
for a variety of asperity shapes and arrangenents; 15

Fi op;ol41i ST j i . t eV, :
C B AL 08 PLEAELOR o gl S AR o
surface gevnrding e thé preserfEiigventibn iveheacin dpe preritivs ene oflintihieal and are
altirnative %nbodinent of Fig. 14; Fig. 16 is a top
arraiged N3 HAEEYAT Yyl e asperity in an alternative

enbodi ment of an ultraphobic surface according to the

Pr eggni2 {sHVEdY d16hitioR kw0 thi glterﬂthi\}eSeﬁ@Dngﬁﬁ@IH 'o? 9%;. 11;
representation for a specific ultraphobic surface and
liquid of the relationship between asperity spacing
(y)Fignd3 risuei tabilen [ptieg Someal§Pforf ntacaiine dsnsigl aigislinddf fraction of

the x/y Lati%. .
contact for a’variety of asperity shapes and arrangements;

Fig. 14 is a side elevation view of an alternative embodiment of an ultraphobic

surface according to the present invention;
Fig. 15 is a top plan view of the alternative embodiment of Fig. 14;

Fig. 16 is a top plan view of a single asperity in an alternative embodiment of an

ultraphobic surface according to the present invention; and

Fig. 17 is a graphical representation for a specific ultraphobic surface and liquid of
the relationship between asperity spacing () and maximum pressure (P) for various values

of the x/y ratio.

DETAILED DESCRIPTION OF THE INVENTION

For the purposes of the present application, the term “microfluidic device” refers
broadly to any other device or component that may be used to contact, handle, transport,

contain, process, or convey a fluid, wherein the fluid flows through one or more fluid flow

5
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DETAI LED DESCRI PTI ON OF THE | NVENTI ON For the purposes
of the present application, the term"mcrofluidic
waoelewioel792z ef ers 25 broadly to any ot her devi CERCDIS2004/011580
conponent that may be used to contact, handl e,
transport, contain, process, or convey a fluid,
chanhels eifnntidrescdopiti dirfidmsimmst hiFoudghe qmepases rodr thef pneis@tfdpq)ﬁ/cation,
5 WO 2Q04/ O9é(¥92 PCT/ US2004/ 011580 neI ”
QS USC OB RERSPBEL o h doSpur EEUS 05t Shepet” broadly refer

to %ﬁ%ﬁﬁﬁleﬁ%ﬂﬁl@t bipe, tubemcﬁirﬁﬁéfoféir cbthéfeélﬁ@osg& NBAS 8P%ny cross-
m or | ess. ’F l'uid flow channel " broadly refers

sectlon%mbapmmeﬂo handed dianspopi, pentain, s, coa:llviembeﬁluld orThst tegn “fluid

S e T L -

thaiﬁﬁybefﬂdanghcﬁwgﬁ@tfgﬁa surface" refers broadly to any
surface or portion thereof of a fluid flow channel

that may be in contact with a fluid. It is known that
t helt phsowaltha Hhe pbysedl shirestendtics lnd the dliugi c@mcacsurfaces of fluid

o B B B, TR S I B ! Shponns

Geﬁ@ﬁlﬁf &b Skand Par s8R} SurfS8PRHRGY fiisHbn, acERk Iroﬁgké@ Burfaces increase
friction, e roqgher surfaces increase 10 friction.

frictips.o Alsoy rsflef@@ss medtelrdmanatemale resitant te syettings suchoas PTFE or other

e B8 BT A B e RS SRS o
wetlihg Byﬂ&lblﬁdsaﬁb réferredved b Mghddic™l Jubfdcels &Idh sueﬁaedfsrrﬁdy b@ known as
surfaces. Such _ surfaces

hyqﬂi%hog%‘@%‘?f@ thenléquad {swater, am'l ém&ol?/tﬁf@iamatﬁ&ﬂlley élﬁHksi& If a surface
resfs! \%t{u\é§ ! o b Qlidhind: | 'ag o{ﬁlét r?g vf‘a Jfo"il%?ner ﬁlgﬁl'dse&ﬁlblts arvery high

0 an extent t ropl et wat er
stamﬂaey c¢ntapn|adgbxdm1th |t1nessmfa¢e (grefieg thah mbstitat 2 degryes), if the surface

contact an ith the surface.(greater t
exifiy SavrRedly Sodised piopgaaty et Ha58 Fhpkliany i S augzeas-solid
1nté}fa‘%9 @Rt ot the shGAGR! Whdn %ﬂet‘éf[}pﬁib%{é%edoﬁl lhcfuldi the surface may be
1 qui d-gas solid interface exists at the surface when

refgroadpb es ey htﬁhm‘énogb@bw hott Tudimalgophiohis” surfheee dFavdlye perposes of this

referr ul trah obi c
spr s s APy Bt 24 PEEE Bl o it rophobic and
ult@BRphékAt bdhceé.he term ul traphobic is used to refer
generally to both ultrahydrophobic and 20
ul tral yophobi c surfaces. Friction between a || qlui d and
a shri¢tzme baxeehea digmditandat | sarfappanay de drematically lower for an

ultraphobic surface as opposed to a conventional surface. As a result, ultraphobic surfaces
are extremely desirable for reducing resistance to fluid flow due to surface resistance

forces, especially in microfluidic applications.

It is now well known that surface roughness has a significant effect on the degree
of surface wetting. It has been generally observed that, under some circumstances,
roughness can cause liquid to adhere more strongly to the surface than to a corresponding
smooth surface. Under other circumstances, however, roughness may cause the liquid to
adhere less strongly to the rough surface than the smooth surface. In some circumstances,

the surface may be ultraphobic. Such an ultraphobic surface generally takes the form of a
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ul t raphobi ¢ surface as opposed to a conventi onal
surface. As a result, ultraphobic surfaces are
wezimpmeby desirable for reduci ng resistance tRPCT/U82004/011580
flow due to surface resistance forces, especially in
m crofluidic applications. 25 It is now well known
substiate rsembercwith ougiitipkatyhefmicresogle foi wanscalf prfdctions bheavities,
~degr.e of surface . wetting. It has been generally
refe(o%ﬁ é?$8§14Wa?§peﬂﬁ8%r sone circumstances, roughness
can cause liquid to adhere nore strongly to the
SUr §@f@ally A §r8ssBred A, S5 PRRMdVehe £ 19 RIu$UhiAER a %G Htal 11
ot her c?r}gurrsl%as'r?ces, 6\77\2ver, rogugﬁﬁlgss yolcguge t%e a oW
chanhejuatcr giyen aghoeity nhayske dividadgingo tempérentsooyhissansf faces, surface
t han the. ot h.surface. In sone circunstances, 30 the
for%earwcga@;ghcgs g}eflﬁi)as&tgﬁtrc. Such an ul traphobic
surface generally takes the formof a 6 WD
2004pQ917 33 PCT/ AB2004/(H1580 substrate megher with a
mul ti p’fl city of m'¢fGscal®e ¥o nanoscal e proj ections or
cavities, referred to herein as "asperities".
Generally, the pressure (APtotal) for noving a |iquid
slug through a horizontal flow channel at a given

velocity may be divided into conponents of viscous o
f or ddwrizentpiyedentel edindeisal fiaydclepnacl tlp i depietsd (i erpdy-section in
. st : . i + AP + AP i 1). A .
riggTot DALl Pl ol PP 0 ATBILLEEF AR RN WY il i
contiepisaitfaa 120. &r bpsd skgt 100ns idepictedovithlin &'lé)wglilfannelhllo. Iriquid slug
cylindrical. flow chanpnel 110 is define y a channel
10q fis %I@alﬁalv eﬁfgceal%q With fluidh 3% Andhe feas iftetecs 1fPovitnfluid 142. Tt
B _ e Lot halhl w . _
il OS2t 8 SRR B TAL, L LA 0 . o
horiz@atally cbrignied aylindrical flawechbafelvlilOhthicl geherall A2atioint given 1d equation

be appreciated that fluid 132 and fluid 142 may be in
(1)6§%Veepdﬁ%y emefeqSQF(ag?%iyrﬁXpE@?edz orizontal Iy oriented
cylindrical flow channel 110, the general relation
given in equation (1) above may be nore specifically
;xgr;sic;d as.= 15;&% 8,JLrJL\éy+(C20¥ cgsr o .o %czs) Oa total
R’ R

total

where p is the viscosity of the liquid, L is the length of liquid slug 100, v is the
velocity with which liquid slug 100 is moving, R is the cross-sectional radius of the
cylindrical flow channel 110, v is the surface tension of the liquid in liquid slug 100, 6, is
the actual receding contact angle of the rear interface 140 of liquid slug 100 with surface
120 of flow channel 110 and 6, is the actual advancing contact angle of the forward
interface 130 of liquid slug 100 with surface 120 of flow channel 110. Similar specific

equations are described in the prior art for flow channels of non-cylindrical flow channels.

For a liquid slug 100 having one or more interfaces 130, 140, contacting surface
120 in a microscopic flow channel 110, surface forces will be dominant due to the
miniscule dimensions of liquid slug 100. The viscous component of the forces may
essentially be neglected. Thus, the pressure (AP) for moving liquid slug 100 through a

horizontal microscopic cylindrical flow channel 110 effectively becomes:

7
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where is the viscosity of the liquid, L is the length
of liquid slug 100, v is the velocity wth which

wO 2auiogh78t ug 100 is noving, R is the cross-secPCDN81004/011580
radius of the cylindrical flow channel 110, y is the
surface tension of the liguid ion |i i)d slug 100, O
is 20 the actual recgHi= c e of the ré&ar
interface 140 of liquid slug 10 with surface 120 of
fl ow channel 110 and OGa is the actual advancing
contact angle of the forward interface 130 of liquid
slug 100 with surface 120 of flow channel 110. Sim |l ar
spegy fﬂli%lmfzﬁigaﬁi'eéén SurBlcE FOIRES i thré ﬁs@eoqulfr%fhoﬁ{s_:t ﬂ5\9 channel
fl ow channel's” of non-cylindrica ow channe

surfacefuiaccosding to Obe haesent ireatian, srgmﬁcamtredlicm@ﬁs id 3g pressure for

140, .con C i,n OSCOpI c flow
MOYIg A fui c%l% hﬁrg‘?@’ai‘%?@grc@@%n%ﬂaw by achi ant due to

the niniscule dinmensions of Ii qui d sl ug 100. The ,

VI S |- .

neg anRARARRERLE B0 atcRELbEIERP REp O8RSt i a greaty
enlgriged) dz@d)odetlruagrnnal?lgh dbi zDatia¢ 16i gﬁmﬁed:lgpmcludyd arbdycHl with a

| ow chann t| vely WO 2004/ 091792
ool D00 AP e o oreses hosgp Bds 1 | Eoussaly iyl mpdn nsgtion 13
andh RbWrZpdi8onh N8S er1g ! élﬁﬁﬁelﬁ@rfée&%f B %Hgtﬂregrk?déés% ﬂl{\]vardly facing
ul traphobic flow channel surfaces according t

surfieess Dn |11Ttﬂ11é pettion, 13singngrf & deunth sidelby ah omsariily fabiag surface 16 on

cov%{lgca nle ?ulbf ceggﬁvagg gldr?’ac& 1%&8%%? lrﬁg%llg {:lgaglsglc\ggﬁbga Accordlng

to the @)@&’sémﬂhgvérﬁldhh g1l [oF @B Absited \RMidOBf LifandEIPW Al €6a hikyde provided
atly enlarged, exploded viewin Fig. |b. Device Ip

Wltg et lirPRPbIG, Bpiddesntast sEfjee120- wiAlhongh relgoapiged eanfigimgion with
recﬁﬂ%g?[ﬁﬁ%\% F%%l%lgl;ﬂ%giebfgﬁ%ﬁh i C% B3 d1¥ \&él& tog gyu?r&ea {)é %r'idlli] Cappremated that

micrbfidiel deizibel K thaf ibeefdrmal hhzi@eotheldmfigurdtlﬁﬂ@hdh\}ﬁth virtually any
n main portion 13 and on

15
Oth?la%lPY"g é 5;%%31%? R4 ll‘ilrﬁu?%c}quldéllﬁ PalRe PEECs nbO(E'O\]'érWIth a
cylin@fidl %l%nalst f1RG8Br1} 3nasd tﬁw é]ﬁﬁﬁeljf@rrﬁé?lqﬁ LRgr define

channel 6a. "According e present invention,
all or any deS|red portion of channel wall 16a may be
pr ok dlernative émbodinehtr afehmbireflditlic dbviveris dedictsd id &0€s-section in

. 20. i, e onfi ation with
Fig. ?c. ﬁil tth_lS rg{)]oc? ent, bgdy 880 ?s t%rmgéj 511 one {Illtegral piece. Cylindrical flow
channel 202 is defined within body 200, and has a channel wall 204 presenting ultraphobic

fluid contact surface 20 facing into flow channel 202.

A greatly enlarged view of ultraphobic fluid contact surface 20 according to the
invention is depicted in Fig. 1. The surface 20 generally includes a substrate 22 with a
multiplicity of projecting asperities 24. As further described herein, substrate 22 may be a
portion of body 11 or may be a separate layer of material on body 11. Asperities 24 are
typically formed from substrate 22 as also further described herein. 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, annotated “z” in the figures.
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rectangul ar flow channel is depicted in Fig. Ib, it
w Il of course be readily appreciated that 15
worz@no917et di ¢ device 10 nmay be formed in any oP¢IEIUS2004/011580
configuration and with virtually any other flow
channel shape or configuration, including a one piece
bodys Kepigtadningd’igs yiI-3.regpeéritics 24pwt Wispasdd, inor regniae geetamghipr array,

cod RShR4 BB Y Al Bt 90 BbRlBltfon, aomotaa
“yC i 3le $ighick ONThd anfle Gsubtended by thbitsp RO BB N the Qfﬂjléyities 24 is

200 is forned in one integral piece. Cylindrical ow

. e . e .

annafatedh gnad theasejagglgattithe sidai26 i ihahrawpgrinern24 olativieds the substrate

Q I i tr ' fluid contact
e e e R b s Ny

enl arged view of ultraphobic fluid contact surface 20

acc Geéraly, WtrigtRbid Moot hirfdeR0GYBCehibilhBirapfobid Bfoperties

surface 20 generally includes a substrate 22 WIPh a _
whey |at lignid-golidygast infsrGpe it maintaisgsert thesuvrfzep. As depictadein Fig. 7, if

e’ ri N, be . a ortion of
o AR URoB BERAPA B T 0 A YR Ryl 30 o
asphiitiesASfeleitingd phcaBE betwdeh Gt laypekidiesEidled AR 8ids totladr&as, the
22.as. also_further described herein. Each asperity 24
requisite Jiquih-splidrgas jnisrfacs gauesst ahbe Hayidgnagbe sdHo be “suspended”
' i j | annotated "x" in
ato?%%&?%%sééengég e\yﬁgitogﬁ@ %Fang%eg?gh, annotated "z" in
the figures. 8 WD 2004/091792 PCT/ US2004/ 011580 As
depidstvetl bardistigsed RerdinbélsPelilid fematidn of ehediiGEHASEREd-Lfks Bterface

regul ar rect an%ul ar array, .each asperi tﬁ spaced_ apart
depengin onn sertaiy dulerelatid, gprhetagal pparameiskic oh gheliasasrifiesn24 and the
Al " H H T . b .
e R ol g8 U 5 R ZAR toLEER Dhconto
to tha grashe invetiontht geafiettibd pomteti @ fabpdrities a4 petyi el sekecf2d so that

relatiye .t1he substrate .5 22 is annotated co. The
thesfippes 2 ﬂ@ﬂﬂﬁdﬁ?%@%eﬁlcmp%e% BOHEG AR Pressigr al |y,

ul traphobic fluid contact surface 20 will exhibit

ul t j ' -l qui d; ' - .

£ SEPRSN o BioRer: s PRy uld AL S0y e e o
unifergn argas 36, depiotpd bowB@ed bytdashicd lorkysurtvanding a8 asgreeitya24. The

rti.on.of t.he sides 26 oXi ma t on edge. 3Q . of .
areR Qi e Sepebhs PAITFash SaP T ne 55 i Recioniritieg bY the equation:
asperities filled with air or other gas, the 10

requi sitie liquid-solid-gas interface is present. The
i q@i & ?}?y be said to be "suspended" ()

where y is the spacing between asperities measured in meters.

For asperities 24 with a square cross-section as depicted in Figs. 1-3, the length of

perimeter (p) of top 28 at top edge 30:

p=4x, ®)
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atop and between the top edges 30 of the asperities

24. As wll be disclosed hereinbelow, the formation of
wo b@4lopet d- sol i d-gas i nterface depends on cePCHUR2004/011580

interrel ated geonetrical paraneters of the asperities

24 and the properties of the liquid, and the

i nt wheretxi ie thegispertty widthun dnepdrs.h t he solid surface.

According 15 to the present invention, the geonetrical
properti es of agger'ti S 24 mgy be %_el,gct d so that .
t he SURFIELE BB AXAPISTES 10138 rdapitiinct ipe'odetping dhetloggtign of the
: hf;&dad i-edbde P fRrLi t t l:
liaESONE G Do 8 Sl 18 BRI SRS PHOH it longtn
of eamitfcd tine peramst 869 ofihpisutiack, kohe geslubtyofths hedimbien &y ,and the area

syrroundi.n ch,asperity 24. The area density of
der’ﬁt‘iﬁgf?ﬁpfa%g%((g?sqtha%ach uni form area 36 may be

descri bed by the equation: 20 s = 17, (4) Y where y

I's phe,gpaci ng between asperities neasured in et ers. ()

For as%eriti es 24 with a square cross-section as

depicted in Figs. 1-3, the length of perineter (p) of

top 28 at top edge 30: 25 p=4x, (5 9 WO 2004/091792

PCT/ US2004/ 011580 where x is the asperity width in

meters. Perinmeter p may be referred to as a "contact

| i nBor thefqctangplar #reay (feavare aspstitichdepi¢tpdyin Bigs di-3:d- gas

interface. The contact line density (A) of the

surfazch/ which is the length of contact |ine per uni{7

ared of?He surface, is the product of the perineter )

(p) and the area 5 density of asperities (5) so that:

A=p8. (6) For the rectangular array of square

asperities depicted in Figs. 1-3: A = 4x/ y2. (7) 10

A quantity of liquid will be suspended atop asperities

24 Afquahityled diguidowitidse spEperdué atop asperities 24 if the body forces (F) due

to gravity acting on the liquid are less than surface forces (f) acting at the contact line with
the asperities. Body forces (F) associated with gravity may be determined according to

the following formula:

F=pgh, (8)

where (p) is the density of the liquid, (g) is the acceleration due to gravity, and (%)
is the depth of the liquid. Thus, for example, for a 10 meter column of water having an

approximate density of 1000 kg/m?, the body forces (F) would be:

F = (1000 kg/m*)(9.8 m/s?)(10 m) = 9.8 x 10* kg/m’-s.

Surface forces (f) depend on the surface tension of the liquid (y), its apparent
contact angle with the side 26 of the asperities 24 with respect to the vertical d;, the

contact line density of the asperities (A) and the apparent contact area of the liquid (4):

10
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to gravity acting on the liquid are |less than surface
forces (f) acting at the contact line with the
wa@g@aendt’pes. Body forces (F) associated w th grewius3004/011580
may be determ ned according to the follow ng fornula:
15 F=pgh, (8) where (p) is the density of the liquid,
(g) is the acceleration due to gravity, and (h) is
the depth of the liquid. Thus, for exanple, for a 10
‘g gplunn f wat er having an approximte density
000 4¥CAB% t he body forces (F) would be: 20 F= = (9
(1000 kg/nB)(9 8 Ms2)(10 m = 9.8 x 104 kg/ nk-s.
Surface forces (f) depend on the surface tension of
the liquid (y), its apparent contact angle with the
side 26 of the asperities 24 with respect to the
ver The &ue Gvardiey c&titt aatlel @ps) deaskidid @h 4 BFen solid material is
asperities (A) and the apparent contact area of the
defined s dhq Jaygest expannzopldy oweyged pEirwsy @gnrﬁcnanshaoof the liquid on a
V,
surtigg ERIR i loyin Sy BEXBREIAY TRELACLORIRG contect angle
is retefilymechsmablehy tbchhgmes well keswnenthalalty neasur ed
stationary contact angle of the liquid on a surface
of the material having essentially no asperities. The
t r uBURENaTCIaDS e’ BtsH ceawgth@sperrmes exbibitytheip sva radwinsigycontact
t uspended dro S
o€ SERLTUED b SRR 00 gl | egieR arcﬁe g i Fgect to the
verticaltaatte sidenef the uﬁﬂenees( @), is related b ehestbeslvaicifidi€ontact angle (6,0)
erlgj? The contact angle with respect to the 10
by@@ fiasdplloWs't he side of the asperities (0,s) is
related to the true advanci ng contact angle (0,,,0)
b R or weas fo s=0a, o+ 90 - ep = Oa, 0+0) -
@(f%) &pe ua‘Wﬁg ﬁxgnd f and solving for contact (10)
I|ne density A a critical contact line 15 density
paraneter AL nmay be determ ned for predicting
ul traphobic properties in a surface: AL = - Pgh (11)

y cos 0 a,0+ Co - 90.
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» 11
t 7/cos(¢9a,0+co—90) (1

where g is the density (p) of the liquid, (g) is the acceleration due to gravity, (%) is
the depth of the liquid, the surface tension of the liquid (y), @ is the rise angle of the side
of the asperities relative to the substrate in degrees, and (6, ) is the experimentally

measured true advancing contact angle of the liquid on the asperity material in degrees.

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.

11
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where g is the density (p) of the liquid, (g) is the
accel eration due to gravity, (h) is the depth of the
wO 2auiogh 791 he surface tension of the liquid (y)PCIWUBR04/011580
the rise angle of the side 20 of the asperities
relative to the substrate in degrees, and (0Oa,o0 ) is
t he liewgkb¢ apmecistey that by snlstitutingeanaappaoypriategvatoninatht numerator of
angle of .the.liquid on the asperity. materi.al in_ | .
thj8aliaR ey gay®, g Vel o TN 196 dEne foma¥ e feiggmined to
dediB@ a3 fBEd thawillfotaiR LBElpBOBIY pabbertids! 4t AR ABLiFedSHEd1AE Bf pressure.
Oherwise, if A<AL the liquid will collapse over
The gguatiopanast hecgengratized 3¢ cont act interface at the
surface will be solely liquid/solid, wthout
ul traphobic 25 properties. 11 WO 2004/091792
PCT/AJS2004/ 011580 1t will be appreciated that by (12)
substituytc 9@@+appféﬁﬂiate val ue in the nunerator of
t he 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
anmount of pressure. The equation may be generalized
as: 5 AL = P (12) y cos 0 a,0 + co - 90* where P is _
t he Wheig Frimthp Mg prgsaae upfsraphiclh thesurfaeecmusteshibit ultraphobic
|2 rt. erl. g e
prepticR if KGR BOPLEy BOBE s B LAGEL LAGRTE i jp Nowtons
pei methig &, pissthe pererineheilly iaswed sut hévaxpglconted dlgle/of the liquid on
nmeasured trye advanci ng contact .angle of the liquid on
the 35petfty material i Gegterseandp is tﬁe BRngFibEdse angle ip degrees: he

asperity rise angle in degrees. is generally

It
Above: PG, At bt e o IELAAECABREN typbl8 retations
Wilt]l ﬁxihbit a);ityaﬁhlo‘?m irgdop:ﬂrtﬂmgmd& angllig@id %l?sd)uﬁa ?lﬁbsi@?ﬁ udd igluding the
e alue.o used_in equatjon above. The, .
valyp tqfa% Roet i ﬁﬂ%}é’ma@s gy @E@ SUFAPEPbiE Propgilesh willl hgeexhibited
VIRIE] Sk SPIBERSS BULAGH 00016 Y OO s v

individualslrepdetsf critical contact line density is
determined, the remaining details of the geonetry of

the asperities . be determ ned.according to the
rel Qtnlcg %Wa&ueo?f]&}lt% contact line density 1s deterquned, 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 tendency of the ultraphobic surface 20 to repel droplets of liquid so that the
droplets rest on the surface at very high contact angles, may be best expressed in terms of
contact angle hysteresis (A6), which is the difference between the advancing and receding
contact angles for a liquid droplet on the surface. Generally, lower values of contact angle
hysteresis correspond to a relatively greater repellency characteristic of the surface.
Contact angle hysteresis for a surface may be determined according to the following

equation:

AG = A, (Abp + ), (13)
12
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y given in the equation for contact line density. In

ot her words, the geonetry of the surface may be
waledoaom7aed by choosing the val ue of either x PET/YPS1004/011580

the contact line 20 equation and solving for the

ot her variable. The tendency of the ultraphobic

sur waer Q) o the piskard fregtiost of ebntagtgaiodg sthe t dsptritidse (AJy) is the

Aroplets re n the surfac t ver [ ontact .
air e B8y e e ol e ST mBlbnd) B S8 dheatereding contact
andeqh,Q) Msiher Kisfade bifdrial MHAC(w) & hB&idi {dol! 8NER ROEMEED TFor a
t he advanci ng and re_c.ed’l ng contact angles for a
rectanglataERyi sarare gspemidies;ur f ace. General I'y, |ower val ues
of contact angle 25 hysteresis correspond to a
rel tiéﬁly greater repellency characteristic of tﬂﬁ
sur fAac&?” ~ Cont act angl e hysteresis for a sur face( y
be determ ned according to the followi ng equation: 00

= aEEp%né’ f@pﬁeteﬁrﬁﬁ?% 5 s Fc):)gp 9%19% é?l?elg Sgome ies are %ir\]/en in Fig.

PCT/ US2004/ 011580 ere Ist ar fracti
13.oForcdmpletst ofdiquintjont the sasfpes; iltel aetiial 4d@nyingsohtaet angle of the surface

diff.erence, between the true advancing contact angle
may 598?”’5%’?8‘1??@%?%&0 &‘88%4“8& contact angle (O ,0) for

the surface material, and (co) is the rise angle of

t hegaspepl 1 65+ A _rectangul ar array of square
asper | tple(rgas}é gﬁAP(ﬁ: f?/a@"f” (14) Equations for deternini n&lS)

for surfaces having other geonetries are given in Fig.
andlfBe aélnsl rdcaidgedmitaet ahgdlehad be detehigined bé@eding td e agihdfidh:
advanci ng contact angle of the surface nay be
determ ned according to the equation: Oa = AP (0Oa,o0 +
(.) 8540+ (APYL)Fair, (15) 10 and the actual recedinl6)
contact angle may be determ ned according to the
AP) Qai r

ti . 0r,=sAPO + - 16). It wll be .
¢ an i 0T ST PRIt o R e 8 THiatted BiEn Jtpipbove tha
reldiReBi l0aRPVEuENSL 1, 68kl hiehYlch@WRteltBleHesnRbyved rep@fncy for the
x/l'y, and A lead to relatively inproved repellency for

surfage ardthaicrlatiygly higher velpes o eagh mifgthese vameesrapficters lead to
releﬁ%ﬁr iﬁfpréd%ﬁ%ﬁilﬁ? OPaRALATRNS rs&spleﬁc?g cbRimn of liquid. As aresult, it will

generally be necessary to strike a balance in selecting values for these parameters if a

surface with good repellency and suspension characteristics is desired.

The above equations may also be used to plot the relationship for given liquid
properties between asperity spacing (y) and maximum pressure (P) for various values of
x/y. Such plots, an example of which is depicted in Fig. 17, may serve as useful design

tools as is demonstrated in the example given hereinbelow.

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

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

13
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15 relatively inproved ability of the surface to

suspend a colum of liquid. As a result, it wll
w@emenad7py be necessary to strike a bal ance i nPCT/US2004/011580

sel ecting values for these paraneters if a surface

wi th good repell ency and suspepsi on characteristics is

deS| red Th&(labcmg (@qyatd)ongm»y al so be used to plot

t he Ik &1 %4t Forrsi Tver qub d properties between(17)

asperlty spa§% 5 kyéog. Aég i‘/mum pressure (P) for

various values of 20 x/y Such plots, an exanple of

which is depicted in Fig. 17, may serve as useful

design tools as is denonstrated in the exanple given

herei nbel ow. The liquid interface deflects downwardly

bet 7

dep%t&g C@)jisatﬁg éas?&ﬁ\l%%&é he‘%’g}%}/o ﬁ(ﬂgce%{i@élﬂséhg?%&atttg? contact line, ® s
thet dsperityi myet ar(gie anrﬂ @reis dbhperpdrinestdly, mebdueed trgeiadvarcing contact

an QB B b N R BT 2, BBl O R st o t s
equfal @Vind {3t eﬁﬁegﬁgrééter il cﬁﬁbma%tfuaghﬁéze) asperities,

destroying the " Ul'traphobi c character of the surface.

The value of D1 represents a critical asperity height

(Z )X,lthamgh irs Rigst €8 thadsperaty atsedanyde two it 196 ﬂe:grd:asyvioﬂgr asperity

f ormul a: 8¥D 004/ 091792 PCT/ US2004/ 011580 é
BOQSFLIRSLC PO on e, $5IAY Be 31 éeyis goele 4 fippigied inFig. 9 or an
obtush adgle be'8epi6iRS lin P AN C@eri?:?ilwe s P BGEN thaR SPBE bétbv%én 80 and

at the contact line, co iIs e asperity rise angle,
13Gdepreérs, o i s the experinent al I y measur ed true advanci ng

contact 5 angl e of the liquid on the asperity

ehe| of. as erities 24 t be a

ea th ‘Fe fRpre e P 3PS VABY Of ARReicy © TiRgnand dirangements
arecﬁds§1bféa\if¢1tﬁi§1ptﬁ5'sﬁélpé18f ﬂ]!%%ré%ﬁﬂ 1nv@hﬁ<§lpu95r bﬂan'l:}ﬁlg Saspgnﬁ)’es may be

he asperlty rse ang e cois 90 egrees ot her
polab@b&th tylindgieainast dépictedmeFigeski- bll,ecyhﬁdrouémmﬂyeqth@csmtalyle three

dlnée%é%gal g lé{%ﬂg p]?xne{%gglo%zv%leop s%&%t%glgﬁgyg)le 1@1112?4 & chtlmlze Sontact line
deritg o€ ﬂ{e@e@f)éﬁtﬂis o0 dxpidied wemBs. 80 Aaad 5, e ébﬁ&ﬁb@gzmqg@y be formed
It will so_ be apgrematedthat a w de vari et

Wltasqo@sp' Pyrtionatfeandsh Beagh postigfef®nilhe lage psoisstas| lwaci pemiion 40 at
topa eSEPRGErOsed Iﬂge 961’35‘51? r]L eelds?egzs% 9N ﬁfface%(a%éo 'features Cfuch as

Srities may cylln rical as depic
recessed-4@ smayl be fadrmaly in ﬂﬁbr opekitiasr 2Ry depioexl iwmukigalhb o increase the

hr ee . . . . iy
pergmeter 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
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.

14
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di mensi onal shape. In addition, various strategies nmay

be utilized to optim ze contact line 15 density of the
w@g@endtpes. As depicted in Figs. 14 and 15, tPET/US2004/011580

asperities 24 may be formed wth a base portion 38

and a head portion 40. The |arger perineter of head

por Geoerally) the Subs(tl]ateelmgeriabmiayl be eay esateriid upontveltth biicre or nano

ensi t.y. of t s f eat ures su S . )
soef st s oy SHbRC Rt e EPLLE Ry B8 Bimeg directly in the
sutibeRieCin@tdrinn 1tEde orlfy bk iof Qﬁ(ﬁ@slﬁyérb Qf diRdrl filfefial @bpdsABI on the
edge 30, thereby increasing contact |ine density.

he
subsiplermatedal, B phatodighographiyeor canyi afi 2 ¥anialy wEguitble mesthods. Direct
ext%ﬁg? ang&%e Jslég tgsigﬁn' ngfﬁle@M &Hg Sthd 3F %Sl%lleplagges o%%(ih parallel

rec I'ar array  as Scusse ove

ndgésr aaye Shhokt a&smmy hexagahn akandvdrey tdephet diekction FAgR. flow. A
a circular or ovoid _arrangenent

The
ph%gb%lpg&ap@é meRpdathabmey heaswitablefor farming, mlér@/@aaow@kgasagntles is
dlsq?)@%o Flinl R pHARE 2%%31105% dsichord /@%3 1340, hereby fully

ugh such a ra m arr angenent may ave
incprpedated hdybia hylrefesgmoebi ¢ properti es, and is therefore
| ess preferred. In such a random arrangenent of

asperltles the critical contact [ine den3|%y and
ot h&lther ancdliedsithas ke writgblerfay fopmingoseertissnfithedesitsd shape and

sp%l’r%r ng]]gg@e fngfloﬁlgtqi[u‘giﬂ% 28 GfscldsBa 5.8 2P 6ne d‘&e}l?@%ctglfl%% %p%lrication No.

ufating contact 11ne
20%0®mﬁ7mtmﬁrosmmng By d&h}seﬁs irabics. dratann Q@T@;ﬂ%,'ﬁ%& microcontact

dl.sted. (14 200 91792 / 80 .
prieferi AGCI0RRe Bubst e T Ryl retl colloid
monBRYerdNh L Hlsﬂb%domoU 1P Hent %(@ LS5 ‘ﬁﬁblto‘s Ipﬁ@’a@ fisclosed in U.S.

sui tably forned. The asperltles may be f directly
Palent Nbeb, 444k, etonsc fuce niiebsdops ehfigmaghining endisdpsadon &).S. Patent

5 USSP BB RS 0% 503 B LB o

disSlbécalil B.978 a0 8lo. BITOH54Ds@RidkuabRA m@blder Uieded Patterning of
form asperltl es in the form of paral l el ridges. Su

ch
surfages| a5 dlisclaspdigeld-Sa Patab Bio. 6848, rlé%l cjiewiqab atcbipg as disclosed in US.
Pa%ﬁoﬁgq.i (§ g@l i the g %eefcgrt%lrﬁgltn&l &E %be o4 labpé . f%artent Application

ogr aphy nethod sul't
Publoranibn gNeri 2003/001832; ahle ﬁwmhtme&qer&y flillscinos@drdtéil herein by
PCT Patent Application Publication WD 02/ 084340,
refﬁ@?“é’oy&?&ﬁ hotybe rSHB?%"Eeédn%a]é? %eblgsal?lsfte rigfp dhe 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
incorporated herein by reference. Also, suitable asperity structures may be formed using
known methods of printing with colloidal inks. Of course, it will be appreciated that any
other method by which micro/nanoscale asperities may be accurately formed may also be

used.

Generally, it is most desirable to optimize the repellency characteristics of the
ultraphobic flow channel surfaces in order to minimize contact of the liquid slug with the
flow channel surfaces, thereby also minimizing the resulting surface forces. As explained
hereinabove, repellency characteristics of the surface may be optimized by selecting

relatively lower values for 4,, w, x/», or A, while still ensuring that the surface has a
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10 O her nethods that may be suitable for form ng
asperities of the desired shape and spacing include
woamaeobt ni ng as disclosed in U S Patent AppPCTVHSIOOmllsso
Publ i cati on No. 2002/00334879, m crostanping as
disclosed in U S. Patent No. 5,725,788, mcrocontact
sufibicient ¢nitipaheordacs ding siensityrwalmﬂALPm enstireNbat the 9@6&@6&5 ultraphoblc

probilss & BRI AP B G0 ohioa OB SnEIRlr e e e ditet. For
best Mok Ehandél pRefoNincdOthe &/ dioAof theakSite cb@h&ey should be less than
m cr oscopy nanonmachi ning as disclosed 1n U S." Patent

abayit Holoang3nost pesiesAly epentfi0las di sclosed in U.S. Patent
No. 6,403,388, sol-gel nolding as disclosed in U S.

Pat nt 4 6,530,554, self-assenbl ed ol a ..

o v S ety aF eRPRIARE st e BV SHenti 46k Sbeiency chpracteistics
mal?%%emﬁsn’é&db@tﬁelﬁ;m;% ﬁggl&sal etching as disclosed in

U S. Patent No. 38 or sol -gel stanping as

di sclosed in U. S. Patent Application 20 Publication

No. 2003/0047822, all of which are hereby fully

i ncorporated herein by reference. Carbon nanot ube
strg&&#ggf gay al so be usable to formthe desired
asperi E onetries. Exanples of carbon nanotube

structures are disclosed in U S. Patent Application

Publi 8 n /

ner eog PRy Rierot KT BORCERATR 687 PRI il booy 0
presiuce altierofisjuir dévicesst Anailtrasbivayirfaee fsab Fﬂe%rdﬁld&g oR he inwardly

kKnown ms%hr?ds of printing with coll oidal _inks.

facuigpalls of themiqrogsapignew habne acrpsfingrp th B ReSeEvRBien. The
/ Db
ultf%}ﬂh&fié ATk Q&HH cﬂﬁé"ﬁ%‘f ah §n§§ Ggﬁ;gédr fa* e;io {EB(tYO 90‘20‘%1‘1:5#3%?&‘3&1}’&6 walls

formed may al so be use
of thesthaabtle Tbe @pamnw:l zveallshwﬂ} elsel Heeomyed: hathaorgendsiithiec so that the

of t.he nnel .surfaces in order to

chathel 48 e tolih PR RipEnsior ﬂ“ﬁ&ﬁ?%“&?ﬁ&sw th the 30 flow
channel surfaces, thereby also mnimzing the
resul ti ng=gypf ace forces. As expl ai ned herei nabove,
repel l ency characteristics of the surface nay be
optim zed by selecting relatively | ower values for
), P, CO,0x/¥511®r A while still ensuring that the
surface has a 15 WD 2004/ 091792 PCT/ US2004/ 011580
sufficient critical contact |line density value (AL) to
ensure tfat=1%e surface has ul traphobic properties at
t he maxi num pressure expected to be encountered in the
fl ow channel . For

A water slug in the flow channel has the following dimensions and characteristics:
v=0.073 N/m
L=0.1 mm

v=0.1 mm/s
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best flow channel performance, the x/y ratio for the

asperity geonetry should be | ess than about 0.1 and
worau/opr7ef er abl y about 0.01. 5 A nethod of optP@T/E529g4/611580

m croscopi c fl ow channel for repellency

characteristics may be illustrated by the follow ng

exahpthe SlowEohanmel hag smaothyflwid dontaat surfagesosciipi thefdctual advancing

| i f [ il t .
s BBEL ot 3oy LGSl Bo SRR  rbo 2 e tvoncin
and fectding €omb\dngRe f@tht MRid eoMdcH kivrfadeaBdthidal Vb pte@hretrBfuired to
m croscopi c fl ow channel according to the present

moyg therliquishsiug feough the sppethi flove chanaelengy by cateasedas:of an
array of square posts (CO = 90) disposed on the walls
of the channel. The channel walls will also be coated
with or ganoziéea_nél;/:{mstﬂ,a%cési@) C [240.088)(bmD 0t -heos 110) 4
fol | owi ng difrensions ang charact eristi 600’()21“:”” 0= x10" Pa
=110 O0r0=90 A water slug in the flow channel has the
foll owi ng di nensions and characteristics: 20y =
0073 NmL =0.1nmm v = 0.1 nms 16 WO 2004/ 091792
PCTReSARAEY 6 thba8luid kcbniabtesuf facsvischainiietd brselsctpt Hismall x/p ratio
fluid contact syrfaces so that the actual advancing i
SO a9 INGIERSGi ‘fﬁa a%ﬁtaézf%ncgh‘f-g@@sreeqd%@%% gngles,of the waggreat the fluid
cortaist@nici al ly equal to the true advancing and
recedi ng contact angles for the fluid contact surface
material, the pressure required to nove the liquid
10 sl ufelettdugh, £®d1snoot h fl ow channel may be cal cul ated
as: 5 AP 2y(cos 0, - cos Oa) = 2(0.073)(cos 90 - cos
110%5 5 x| 04 Pa R 0.000001 Repellancy of the fluid
conP@#idtsurface is optimzed by selecting a small x/vy
ratio

0u=2p Bup + ®) + (1 - A) Oip = 180°

and:
Or=2p6r0+ (1 - Ap) Bpir=179°

15 The pressure for moving the liquid slug through the flow channel having

ultraphobic fluid contact surfaces becomes:

_ 2y(cos 6, —cosh,) _ 2(0.073)(cos 179 — cos 180)
R 0.000001

AP ~ 1x10* Pa

The remaining geometric details of the surface may then be determined as follows
20  using the relations given above:
- AP -100

A = = ~ -1
*ycos(0,,+®-90") 0.073 cos(110+90—90) 4000m

Referring to Fig. 17, which is a plot of the relationship between asperity spacing

(y) and maximum pressure (P) for various values of x/y, with water as the liquid and with
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SO as to increase the actual advancing and receding

contact angles of the water at the fluid contact
waotage92 10 Sel ect x/y=2,p=0.01 So that: PCT/US2004/011580

Ca=2p(Ca, p+(0)+(1 -)Lp) Cair=180 and: Or=2p0,;o0+(1

-2p) flair=179 15 The pressure for nmoving the liquid
valgeugf 0y audgh, o tchesistemvwithh drenexdgatvssilanegeoatddt sibgmoiniaterial, it may be

detf%lﬁéﬂilngd by Sowd BEEBSEY PRGNt oY S5 R gresSe of 100 Pa
andaiP) P& ofm_r@mm}h@?z geonetric details of the
surface may then be determ ned as follows 20 using the

rel ati ons given above: - AP -100 AL = =4000 m1 vy
cosx& 0.0Tyy= QO1¢1 B00™ M)67TBx A0 (1a0100 8O - 90)

Referring to Fig. 17, which is a plot of the

relati onshi p between asperity spacing (y) and maxi num
pr eS€Hh VML foifel var i ous val ues of x/y, with water as
the liquid and with 17 WD 2004/ 091792

PCT/ US20Q4/ 011580 , val yesy of . 6a, 0. an , 0 cognsi st ent .
Wi t Izcti1églai§§%|@2ﬁaﬁéf.%§a» oc G 20 Fne e ]11,8 FOOmy89) 6 0,im
be det er Aiineld .5 ra® —y188Houl d be abdsie (110x+B9" 5 1¥09r 10

m for a maxi mum pressure of 100 Pa and an x/y ratio

of 0.01. Accordingly: X =0.01(y) = 0.01(1 x 10"5 m =

| x 10-7 Mor 100 nm 5 Next, solving for ZZ: Z =d (1

- cdbug, 0f thepsquargmsperit8@' arg plac¢d on dim fluid, contaey frfaces gothe flow

cha(xsll%%loﬂ agrgta%&asr%%%roghe%’ ABuid hicfxlfena%rgssjsecq}/onhl ]dignci)ensizon of about

10 100nm, should be spaced at about 10 um apart and should be at least 0.9 pm in height.

EXAMPLE 2:

Assume a cylindrical microscopic flow channel in PFA plastic having the

following dimensions and characteristics:
15 R=10 pm
Ono=110°
0y,0=90°
Assume also a water slug in the flow channel:
v=0.073 N/m
20 L=1mm

v=0.1 mm/s
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Thus, if the square asperities are placed on the fluid

contact surfaces in the flow channel in a rectangul ar
wa@eoap917vhey shoul d have a cross-sectional di nREEUSV00611580

about 10 100nm shoul d be spaced at about 10 m apart

and should be at least 0.9 min height. EXAWLE 2:

Assmema if ¢Hei ﬂclwuqbannahhas @mﬂl €luid owntardtanrfetesiso BBAthe actual

astic.having the i ons ,a
o PinEFl afi PRREPE cbi et dnglos SHEnte (27122 35 Rally enugho the e
ad%&iﬁ%&nd'ré&dﬁlg\/@ﬁlﬁfct &hgl& foE* tﬁehﬁuiﬁi' &)‘ﬁ’ta‘éhﬁﬂﬁ@é matefiaf, the pressure
0.073 Nm20 L=1pm v = 0.1 mms 18 WO 2004/ 091792
reqpiggd tospopelfh 1ins R lugigEaugh ther stoash flopveheneel ey beaslculated as:
snooth fluid contact surfaces so that the actual
advanci ng and recedi ng contact angles of the sl ug (Oa
Or) are substant |23}(b(ys equabs@q thg(a(ngogggamasqgop
recedi ng cor¥act ‘angTFsR‘“f‘Ur‘ﬁTe—f
material, the pressure “‘required to nove QIC]UId
sl ug through the snooth fl ow channel maybe cal cul at ed
as: 5 AP - 2y(cos er - cosQ) = 2(0.073)(cos 90 - cos
11 O)An&ggylﬂ' 3qiae pghtﬁ gcﬁ) &@Mpg tébe alltigpa?eldcxfndma fialEcdatsck Surface of
= is t e di sposed on_ the uid contact
Bﬁsoﬁé" W‘dﬂ‘&?’ﬁ*’é’blcssé“é%eto form an

uItraphob| c surface. Select x/y = ap = 0.1 10 So
t haky o= =3 © + (0) + (1 - 2p) Gair = 180 and:
p .

e 5x10° Pa

the

10 So that:
Ou=2p(Bs0+ @) + (1 - 4,) Oar = 180°
and;

0r=/1p 0,«’0 + (1 -/lp) 0,,,~,== 171°

15 The pressure for moving the liquid slug through the flow channel having

ultraphobic fluid contact surfaces becomes:

2y(cos 6, —cosd : -
AP = ¥(cos 6, —cos ) _ 2(0.073)(cos 171 — cos 180) ~ 180Pa
R 0.000010

The remaining geometric details of the surface may then be determined as follows

20  using the relations given above:

— AP -
A, < __ 180Pa 7200
y c0s(6 .o+ @ — 90°)  0.073 cos(110+90—90)
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10

15

20

O =slppOr,o0+(1 -2p) Pair= 171 15 The pressure for

nmoving the liquid slug through the fl ow channel having
wakdimaptiobi c fluid contact surfaces becones: QORCF/US2004/011580

2y(cos (r)r - cos OGa) = 2(0.073)(cos 171- cos 180)

180Pa R 0.000010 The remaining geonetric details of

t heResfarfiag & Figy 17 hehiches datletr oifi the delasorfshipl atweer2kperity spacing

)&y M e i) 8535800 Y Soh vl s g hefisind with
Vala&spélif &),% kﬁ&@ §EokisidRAPRith PFIOBAteriRE fithhy BE déterniingd th]a7 y should be

s a pI ot of the relationship between asperit Yy
ab% ch A~ (g )or dAcmds arinexpressueswer)f 14y Paand eng/y ratio of 0.01.
of x/y, with water as the liquid and with
Acg&lfiﬂlggof (rgla,o and 9r,o0 consistent with PFA
material, it may be determ ned that y should be about
1 xxHly ppym=0r1 (1P f1Q[ma maxi mum pressure of 100 Pa
and an x/y ratio o O 01. 5 Accordingly:
x=0.1(y)=0.1(10 gm) = 1 gm Next, solving for ZZ: Z d
(1 Nespsolyg-fo0Z+ CO - 180')) (| O, um - Luna) (1 - cos
(110° + 90 - 180')) O.E ~= 2 sin (r)Q+CO -180 2 sin
110" +90° 180 1? Thus, if the square asperities are
pl a%ed of 1t’n@0$ ®Ld+@®mh&Q su l‘(mmslmmffhecdd 0 +90° — 180 ))
chaffel T gn'RCt apgilaikody I ay, theyz%‘i}P Ura?((? 2 180°)
cross-sectional ‘di mension ‘of about 1
spaced at about 10 gm apart and shoul d be at Ieast 0.8
gmin height. It will be readily appreciated by those
of TEﬁA lig | ﬂ% §q§§r§aa{séeﬁt[%§t %Eﬁc@({) &{jﬂﬁ{dl Aon gt sﬁ?&cgg %1 the flow
e use rmne e op asper| y spaci
chmndl meonetangulfaomarray) they should have a cross-sectional dimension of about 1

~ 0.8

um, should be spaced at about 10 pm apart and should be at least 0.8 um in height.

It will be readily appreciated by those of skill in the art that the above disclosed
method may be used to determine the optimal asperity spacing and geometry for an
ultraphobic fluid contact surface in a microscopic flow channel for any desired liquid and

flow channel surface material.

Additional objects, advantages, and novel features of the invention will be set forth
in part in the description which follows, and in part will become apparent to those skilled
in the art upon examination of the following or may be learned by practice of the
invention. The objects and advantages of the invention may be realized and attained by
means of the instrumentalities and combinations particularly pointed out in the appended

claims.
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15 ul traphobic fluid contact surface in a m croscopic
fl ow channel for any desired liquid and flow channel
waoikagemat eri al . Addi ti onal objects, advant apeBUSENH011580
novel features of the invention will be set forth in
part in the description which follows, and in part
wi | CLizdbtfhe apparent to those skilled in the art upon
exam nation of the follow ng or may be | earned by
practice of the 20 invention. The objects and
advattagedaigieditie i nvention may be realized and
attained by neans of the instrunentalities and
combi nat i,0 % I ed out in the appended
cl :l?ms ﬁ’o‘ﬂ%@%ﬁ%g@%ﬁéﬁmw S2004/ 011580 CLAI MB
What is clainmed is: 1. A mcrofluidic device

CONMBIboY REving aPRAY oRd YHifds@pid BFALfloW EhdihEll tASEHD 't}fé microscopic
fluid flow channel therein, the mcroscopic fluid

fluid Bow chamnebbeibg |dﬂ@n@eby fnd@lannyl valt havingp portians |sm§a<a: portion,
Jl Wi g C ct orti said flu nt a

sl M GBHRE TR, RERi T e Peipgc, Sl pP o Shutspiciy of

sub¥tintib Dy | wiifoym@f shepeds taadt disddnyiobed fRperitiess rpRm, aadi asperities
di mensi oned asperities thereon, said asperities

arrghgedned Frpsiandialy ol pafiegpi P%ﬁhmaﬁﬁﬁﬂlt)é rhivinga @ heross-sectional

i i
AR Aol ARy B AP ACE RN AT N AP bcd apart by
a salsypattiatly aamfemslmdn@phmbnimyn aad pmshmtmdtsb a]hait Yheguirfao¢ has a contact

- EE Y L TIE R AL,

greaRPHRGla driti8l JoRfacBAMAIRsIBE e A SN ERER I EFIRBUE It}fet {fBrmula:
or greater than a critical contact line density v e
"AL" determ ned according to the fornula: P AL
cos 0 a,0 + 90') wher® P is a predetermned
maxi mum expec pressur alue within the
fluid rom;channeVJ&JQQQOEﬁz sgr ace tension of the
liquid, 0",0 is the experlnentally measured true
advanci ng contact angle of the liquid on the asperity
mat erial in degrees,

where P is a predetermined maximum expected fluid pressure value within the
fluid flow channel, y is the surface tension of the liquid, 6, is the experimentally
measured true advancing contact angle of the liquid on the asperity material in degrees,
and o is the asperity rise angle; and wherein the ratio of the cross-sectional dimension of

the asperities to the spacing dimension of the asperities is less than or equal to 0.1.

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

3. The device of claim 2, wherein the asperities are polyhedrally shaped.
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and co is the asperity rise angle; and wherein the

rati o of the cross-sectional dinension of the
w@g@endtpes to the spaci ng di mension of the asper/Us1084011580

is less than or equal to 0.1. 2. The device of claim

1, wherein the asperities are projections. 3. The

devitce offbgl|dgyvige 2f claira e wierelie ezphpaspéritly des argenerally square cross-
Sa%@#yhedrally shaped. 21 WD 2004/091792

/ US2004/ 011580 4. The device of claim 2, wherein

each asperity has a generally square cross- section.

5. The device of claim2, wherein the asperities are

cylindrical or <cylindroidally shaped. 6. The device

of claiml1l, wherein the asperities are cavities forned

in bhe Jbbstedte. of7 claline 2dewherimfthel adprrifies Wdrer eylindrical or

t . erities are parallel ridges. 8. The device of

Cﬁ%ﬁ%ﬂﬁagﬁﬂﬁﬂgfein the parallel ridges are disposed
transverse to the direction of fluid flow 9. The
device of claim1l, wherein the asperities have a
substantially uniforin asperity height relative to
the substrate portion, and wherein the asperity hei ght
i s @reat @he debies off oldiil 1 CRher8iPicl dsperlt@isOit MAkUE forkled in the
" in nmeters determ ned according to the fornula: z -

sub§itptecos (0ao+co -1800)) 2 sin 0-0+co - 180 where d is
the | east distance in neters between adjacent
asperities, 0a,0 is the experinentally neasured true
advanci ng contact angle of the liquid on the asperity
material in degrees, and co is the asperity rise angle
I n degr eghe dédcdd? 2ARA, Whtr IR 1RGEHLIRROGA DdaiRBRdeL0. A
process of making a mcrofluidic device conpr|5|%g
steps of: formng at | east one mcroscopic fluid flow
channel in a body, the fluid flow

8. The device of claim 7, wherein the parallel ridges are disposed transverse to

the direction of fluid flow.

9. The device 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:

d(l - cos(60,,+ o —180)

“e = 2sin (0,,+ 0 - 180°)

[4

where d is the least 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.
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channel being defined by a channel wall having a fluid

contact surface portion; and disposing a nmultiplicity
wotogopspanti al ly uniformly shaped asperities PEI/ES2004/011580

substantially uniformpattern on the fluid contact

surface portion, each asperity having a

cross-sectional dinension and an asperity rise angle

relative to the fluid contact surface, the asperities

d t b bst ant Y f
o mifii o BREp SLFEKGRaMSTs Lt s et HE oA eE Rt

contact line density neasured in neters of contact

lin q a 0 .

e oSy ACUELE ool i OB RN il i o
chdhAk!'beinfpdefineil bed chsnet diallhatiag b fkid esntadt Qurfﬁe pbltion; &b

0 a,0 + CO- 90" where Pis a predeterm ned maxi num

expected fluid ﬁressure value within the fluid flow

chafiBesing 3 smpiplisily f ofc subsiendiallyi oniferwdy| shpped, aparites in a
suHs\.Sanflg'l‘fy Pﬁltﬁ"}ﬂ p?tfgrﬁ‘ hythe ﬁﬁgis gcgn?ag:} Is{ulfgc adov $1§:era]1 %soprc]an?y flavmg a

crodegfoeeﬁal dlmﬂdswm ahd atl hlep@ﬁji) eik¢ hiygle Irél@tl‘aen@i B fARd contact surface,
wherein the ratlg of the cross-sectional dinension of
Yy

theyasperdies spacerl @gatt Pﬁéb%%@ Iy gndore paciig dirensien and positioned so
thaP BREfrFabE ad § coB@St ﬁllﬂzagerﬂft %’éé redl 9 %e]‘er; 1)% codtl& line per square

process of claim 10 erel era
metsr of susfact amaaiquali tosorsgreater ﬂuhn taheriticmp eonthdteinet derisitg value “A;”

spaci di yensi on_of the asperities is |less than or
detg%ﬂgfcpgc Offﬁ]'g%t.so t%if O pr ocess of clai m 10, wherein

the asperities are fornmed by a process selected from
the group consisting of nanomachi ning, m crostanping,

m crocont act ﬁnr¢ﬁ++ﬂ?—~se+#-ass§nbl|ng nmetal colloid

monol ayers, atom ¢ $6Me MR ro®@dpy 23 WO 2004/ 091792
PCT/ US2004/ 011580 nanomachi ni ng, sol -gel nol di ng,

sel f -assenbl ed nonol ayer directed patterning, chen ca

etching, sol-gel stanping, printing with coll oida
i nks, and di sposing a | ayer of carbon nanotubes on

t he, SULf e ocess of cl wherein. t he
asper I&{ |€g§aaré%getg%%&{)maxl TOSTER eélnﬁldeH’éesi}’rr?)é’é‘g‘? Within the
fluidl iow ddnnéllt ethe caifate Sém3dhnt BL tie BRuidf 658! RChk NG pBrimentally

measured true advancing contact angle of the liquid on the asperity material in degrees,

and o is the asperity rise angle; and wherein the ratio of the cross-sectional dimension of

the asperities to the spacing dimension of the asperities is less than or equal to 0.1.

11.  The process of claim 10, wherein the ratio of the cross-sectional dimension

of the asperities to the spacing dimension of the asperities is less than or equal to 0.01.

12. The process of claim 10, 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
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geonetrical shape for the asperities. 15. The process
of claim 10, further conprising the step of selecting
w@pooanpery2 pattern for the asperities. 16. TheP@r/osme$011580
of claim 10, further conprising the steps of selecting
at least one dinension for the asperities and
nagpachiring, rsgl-gel mekding, seléassembleddinomolsyeplitkcted tphterning, chemical

erHB° BE T MBS PR Tk B0uoii FBP S50 g vy s ot carbon

nasdteles@h thebigfageni ng a critical asperity height val ue
g Zr " in nmeters according to the formula: d(1-cos

(Oao+co -180")) 2 sin 0 a, 0 + CO- 180') where d is
the | east distance in neters between adjacent
asperities, 0a,0 is the true advancing contact angle
of Ee [iquid on t .surface in_degrees, and wjs the
asperity Fé’éocensﬁ@lh 023%1 Oy e retsthe a3pepigies argAprmeedyextrusion.
PCT/ US2004/ 011580 18. A microfludic fluid flow system
including at |east one mcrofluidic device, the
devi ce conprising: a body having at |east one
m croscopic fluid fl ow channel therein, the
m crgscofmhe probelisdof lcliinC h@NAgthebedothridflel ARA sRY &f selecting a
channel wall having a fluid contact surface portion,
gearaeticylishane fonHheasperiigsf ace portion conprising a
substrate with a nultiplicity of substantially
uni formy shaped and di nensi oned asperities thereon,
said asperities arranged in a substantially uniform
pattern, each asperity having a cross-sectiona
di meRsi omhaRklodBs 85 BRIh 1Y, fur®er AREbSsiAE R étéﬁof &188g an array
substrate, the asperities spaced apart by
patsqap Serdhe pspletitiesuni f or m spaci ng di mensi on and positi oned
so that the fluid contact surface portion has a
contact line density neasured in nmeters of contact
i ne per square neter of surface area equal to or
greater than a critical contact |ine density val ue

AL det ehgigdss 8ECIRIT 109k et BSnbiRGi bt steps of selecting at least

one dimension for the asperities and determining at least one other dimension for the

asperities using an equation for contact line density.

17.  The process of claim 10, further comprising the step of determining a

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

7 - d (1 — €08 («9,,,0 + @ - 180°))
i 2sin (@,,+ o - 180')

where d is the least 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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P AL _ Ycos0ao+CO -90' where P is a predeterm ned
maxi mum expected fluid pressure value within the

wo basaofPow channel, y is the surface tensi on PET/UR®04/011580
liquid, Oa,0 is the experinentally neasured true
advanci ng contact angle of the liquid on the asperity
material in degrees, and co is the asperity rise
angl e; and wherein the ratio of the cross-sectional

SIO h perities tq the spaci ng di nension
gp ‘fr?{]‘é‘g ?’é‘lq Hew syfiem ipludine af leas @remicngluidic device,
ther'éQlC%)égfn thgg claim 18, wherein the asperities are

proj ections. 20. The system of claim 19, wherein the
asperities are polyhedrally shaped. 25 WD 2004/091792

PCT AUB2PDViig AOBAst 0dd mididecapySHEd Miw haingl thereinVIRS BidRoscopic
%y h s a eneral [y square cross- secfi on.

Ov‘fl‘fﬁg@ﬂé ehe gefi l’éff h slannghsalbheving e fhlsfbeqmtaqt eurfageeportion,

salgyhhﬂd rcbﬁt%&t %\[I\lﬁaé‘ey lﬂopt?cL cng % %hapggbstrat% \ypﬁf & mul%phclty of

of claim 18, erein the asperiti és are ta
sutfstantielly | uniformly shhpﬂdr ahé. didtensibhal dﬁpérﬂ%sofheﬁéoﬂl a8 asperities

Il el
el O a1 ST UnGRERPISEhe Cisl AMISEHy ritigels a aptess-sectionsl
dintinSid0 264 ah %%Yﬁﬁ%ang‘l@reﬁﬂﬁe %gl(réghh&&h@ find elsgér‘ijt%é‘s sgx%ed apart by

26. The device of claim1l @ as
a sphplaatilly upideran Gpaairlgydlmnn#lm and p@qntmneﬂ)so hhatghé flufd @hta¢esurface
ereip the asperity

pmﬁgn th%? a. c§gté<rt) o él%e ort% Ig???l%ll‘8$ i p}@gﬂrs ) ﬁg}tqictt )}mﬁ &eg pﬂuare meter of

surfaat deea"eqal 'tol gt gFEH@T thadl 8 cABA] %ﬁta@ﬁﬁﬁ’é @érﬂﬁy §81uk h‘?&L” determmed
formula: 717 - d(l-cos (eaOtco - sin
accersing tpghe {gFarlad i s the | east dlstance |n neters
bet ween adj acent asperities, ea,o0 is the
experinental ly nmeasured true advanci ng contact angle
of the liquidagn-the aspefity
y cos 900+a)—90)

where P is a predetermined maximum expected fluid pressure value within the
fluid flow channel, v is the surface tension of the liquid, 8.0 is the experimentally
measured true advancing contact angle of the liquid on the asperity material in degrees,
and o is the asperity rise angle; and wherein the ratio of the cross-sectional dimension of

the asperities to the spacing dimension of the asperities is less than or equal to 0.1.

19.  The system of claim 18, wherein the asperities are projections.

20.  'The system of claim 19, wherein the asperities are polyhedrally shaped.
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material in degrees, and co is the asperity rise angle

in degrees. 26
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21.  The system of claim 19, wherein each asperity has a generally square cross-

section.

22.  The system of claim 19, wherein the asperities are cylindrical or

cylindroidally shaped.

23.  The device of claim 18, wherein the asperities are cavities formed in the

substrate.

24.  The device of claim 18, wherein the asperities are parallel ridges.

25.  The device of claim 24, wherein the parallel ridges are disposed transverse

to the direction of fluid flow.

26.  The device of claim 18, 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 (0,, +o - 180

%= (6,0+0-180)

c

where d is the least 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 o is the asperity rise angle in degrees.
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