WO 2007/ 011310 PCT/ S&006/ 000130 1 Methods and
Apparatus for Mcrofluidic Mxing Field of the

I nvention This invention relates to nethods and
wepanadrusiof or mcrofluidic m xing and refers pCT/SG2006/000130
-particularly, though not exclusively, to such nethods
and apparatus based on- instability caused by

vi scoel astic behavior of fluids. Definition

Thr oughout this specification a reference to

m crof | ui di ¢ mMethngs ad Appdrgus fok dicreRuidic Mixingli ng

m xing at mcro-length scale as well as smaller |ength
scal | engt h scal es. Background of the
Inve%t?l%ﬁﬂ crg'?l Ui di ¢ devi ces and net hods have

enabl ed technol ogi es for analytical chem stry and

bi oc ITéisiirwahtioa maitysio netilols GRN@palatus &fﬂ&rﬁt&&ﬂuﬁacﬂﬁﬁ?&ﬁ@&%ﬁ%ﬁ’em
are %%.Edié?ﬁ &H#jgh IQJL e&gt‘f’si C{o sdcﬁ r}r%ﬂu}d? Ca%d aﬁpaBrgtﬁg %gseedoon‘

the I arger “sur

m cr df?fag‘ﬂté’f:ﬂfségb¥‘§S°Pﬂ?ﬁ“ﬁB‘fha¥ind3f§lﬁ%l e. Since mixing is

a key process for all chem cal processes or nost

m cr @kfimiigh ¢ applications, effective and fast mixing

undecr, | ami n conditions is required. A number of

m cr SA° ”@E@.Sa‘?ﬂ“ﬂm@ "BlgteAce GuFSide Mg dy i heytaken as

m cr eiudieg mixipaat dsrelangiysaalezedvell s baiivg leeptheslepariShrger

or aghyieealddCtive mcrom xers require actuators and

i nvol ve noving parts. As such, they are not

attractive for disposable appl i cations. Passive

m cr Baskgequadipfithe Imentiert uat ors and no noving parts.

Passive m xi ng concepts rely on nol ecul ar diffusion or
n. mol ecul ar

B8 50 g RS oS 2B RS S

( RULEhep sy 9yl biodhemnisal BRalpsisP yesaal) o8he B Pigesses are carried out
at the micro length scale. Because of the larger surface-to-volume ratio, flow in
microstructures is laminar and stable. Since mixing is a key process for all
chemical processes or most microfluidic applications, effective and fast mixing
under laminar condifions is required. A number of micromixer designs have been
proposed.,

Generally, micromixers can be categorized as being either passive or active, Active
micromixers require actuators and involve moving parts. As such, they are not
attractive for disposable applications. Passive micromixers have no actuators and
ne moving parts. Passive mixing concepts rely on molecular diffusion or chaotic
advection. Passive mixers based on molecular diffusion utilize concepts such as
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2 parallel |amnation, serial [am nation, and seri al
segnentation to reduce mxing tine and to shorten

m Xi ng paths in mcrochannel s. Passive m xers based on
vwideoei/miamdvect i on use instabilities caused bypPCT/$G2006/000130
geonetrical nodifications at medi um and hi gh Pecl et
nunbers: Pe = VL h, , /D, where 17, Lcnzr and D are
the mean velocity, characteri%tic mxing path, and

nol ecul ar di ffusion coefficient, respectively.

Pr ac thetsi¢! lamingiers séripblamingtion.sand sérial sagegotiziicn té srigpearidng time
CoNPlang & sherdnaRRedatilin Miclobia@Rels. Whi ch resul t in

conpl ex and expensive fabrication processes. Thus,
they are not attractive for practical applications.

For \iagdGuaixers prsgd ph ehpoti adkedtipraysednaipbilifiescesuend by peemstrical
ar e nRldfYAbhs a%d%ﬁanhmhfﬁea& f¥hbelsNBe BGY NI nOW PSS ;.
Re=pVd/i 70, where d, p and rl, are th he_ch&radteristic

| eng®Ad Drave the| igan vglepilyi tcpara%ﬁhfwesm@a% grdogplegplar diffusion
I es peodfiicieat, y respdctvelC Rraqiedlly, hasse Bivakd slﬁma-éém-beroh§térﬁi

di me@&t;ﬁﬁate@a% {ug gt?’ucﬂlréso lgﬁerestﬁgﬁ]gﬁn?éléxyanfi { yﬂ)e%snrreelsagncats on

in sta am nar f
It i §Feases- EHW‘*&‘?fﬁf‘“ttaﬁ'@"té'?g’éPTaE‘i‘Gta&/aPB'ﬂcaﬁP“% scoel astic
fluid can introduce elastic stress in addition to

vi SC?HSVts%Btﬁseﬁﬁﬁ flol) %eﬁr%lra%ﬁ %1388&@ r b%l A3 [Qr&gaand are tgpn”ed by

viscoelastic fluid w econe
wi t hthenRevoeldss agmbat Be = fomﬁnd wmrednpaard Mrareutmcﬁm@esﬂc

bUt Ie\q%thl thc-g'i ﬂ%ﬁ%eﬂutﬁ%r@dﬁ?ﬁﬁ%&&r tk %p%ctiv'elgel}d?}éghc?agels Basve

f | u. gl ffhﬁfaa‘iev%'? dimepsien, ang s tow RerGeneraltyr fhis desuly 'ﬁﬁﬁ\b@
and hndjhminandloecandaifficndi igiatxingol ynmers. Vi scoel asti ¢
nstabili ty of these non-Newtonian fluids is known.

I n gene a viscoelastic fluid with |Iarger and/or

hi gh&f “&f@ﬂf&@m thafithe giasticly opa Viyqeglesticfigid ey, l"g%d‘ﬁ%@'a%{'c stress
| ongieradditidreir aiscapn stressEThewhedsexperismed b b vishaduatd fluliagil aot

?PS{ %Tﬁrfedfale@)’l&eo&ﬁé‘ﬁé& W th§ Bésgatkh g?ﬂu:dp r‘HBtroﬁ aW.i §r‘ﬁ%lf§§és' but

SUBSTIASPE g e FHROIBE 5 e J00) Bedai o example of a
PCT/ @xg2é¢agic 000 E30fuid with dilute (i.e. a minute amount of} deformable and high

molecular weight polymers. Viscoelastic instability of these non-Newtonian fluids is
known.

In general, a viscoelastic fluid with larger and/or higher concentrations of polymer

molecules has a longer relaxation time, while a smaller channel has a shorter flow
characteristic time. For a viscoelastic fluid flow in a given micro geometry, as the
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3 di nmensions of a channel decrease, the Re becones
smaller and it is nore difficult to have

inertial/viscous flowinstability; but the Deborah
wodoer/o1@id@ = characteristic relaxation tinme/f¢tOvG2006/000130
characteristics tinme or elastic forces/viscous forces)
becones larger and it is easier to have

el astic/viscous instability. Hence, for viscoelastic
fluid flows in mcrochannels, the inertial effects are
negl digiepsiens ohaghanhel dedrense the Relbeonges enalisyand isie seredifieut

f Or C@ShavERErANVISIo0E fidw ifkt@Rity; bilt tHeDebOBRBGMED ((BY Ehabacteristic

leey no llaxatlorr% l{,ﬂ]téﬁ&g Paraglt?\'eto CS q'?hre of fePFtw fé%es%ﬂ%olﬁafallcggl b\%@t{nﬁ?s
neg| iagqeb If:‘@;J b lisaeasiee fa have efﬂSWV@FPLm igTiebile fence, far wWsqoplastic
key tad fivws or @icmkieznaslgl thid ireabl effeetsl 8¢ mygligibid, and the flow is
bi oc th | arge surface to vol une
rati (G)&gh%%?é&l%é{%ﬁfggggerl sti cg length, flow field in
m crochannels is normally | am nar and stabl e. W't hout
enpl Eyrintigrofividins Gk astan tb haiedsReytdids nvmbeiriy thefordene uoity and
O € 5 iR IRy .5 EX@&EJWBI' Nt M uidd Qh&ﬂda& Wi nédiibie kRS,
di ffusion, and not by the nore effective nmechani sm of
flow instability and/or turbul ence. However,
di f f Mickofleidini stdvivgs viré | the okgyr &i mierotshide  gnalytidat ehemty gnd
S hor Bméﬁe?ﬁicﬁ[ganﬁ@il@ W;ﬂﬁattgb @Erfafo@ rto ch!lurhé? el %ntgfbmhlﬂ&aractensttc
ance W

or of BrYaciiat 38 7 Koot £ 0T iat’ by Bpbl! Hanou
m cr empleding iscaglastio fuidsn the migisg ai m@@agtor%ﬁ@am'ﬁ fssorpalyjogty
i Nl ebpié Rrvedichibvedtby birtiish, alid ot 8 the@asé eff@fe nidchadisnt biflod
I nI el sétslgi%tg}g\t n?/gre rtt?Buge\rﬁlgzlayHg\g%veg C(%Iﬁtglv om@vlné' \Lxﬁtcotnl lgab\?s the
f or &Flmteé‘ﬁgtf» opiert guxing matheng fime pefident fiing. t he at

| east one second fluid inlet being operatively

connggﬁﬁ%toqthilmﬁ flui d_ chann_el . The at | east one

'secon i'd channel operatively intersects the first
fluid channel for introduction of the second fluid
i nt oint rolhnicat witH wi filstciratened aspdee tifere 3t pfolvided] apiregatme for

has Fcro'ﬂ&l&lﬁ-n )&g%é? WEd gttlﬁ%flgner t‘;’rﬁ%ﬁ uf.lét%P é ﬂi‘rﬁ ﬂ%ﬁd ihs ABleast

one
( RUL‘E‘ei@t fluid inlet being operatlvely connected to afi rst ﬂutd channel At 'l_|east one

second fluid inlet is provided for at least one second fluid operatively, the at least
one second fluid inlet being operatively connected to a second fluid channei. The
at least one second fluid channel operatively intersects the first fluid channel for
introduction of the second fluid into the first fluid channel. The first fluid channel
has at least one outlet end remote from the at least one first fluid inlef. There is at
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WO 2007/ 011310 PCT/ SG2006/ 000130 4 | east one

contraction in the first fluid channel in at | east one

| ocation selected from internediate the intersection

w0 Zotmo1iiiost fluid channel with the at | east pOEsG2006/000130
second fluid channel and the outlet end, and

internmedi ate the at | east one first fluid inlet and

the intersection of the first4fluid channel with the

at | east one second fluid channel. According to a
secorasprrefeentreiin isthedtt fluiahannelin prieast dedoationeteleoed from:

;n cr ?ﬁterﬂeﬁfﬁt@ theﬂﬁtéﬂs&ﬂon dMBe %@ﬁ%hﬁ%{hﬁﬁ@ alsﬂs‘ﬁﬁ) lalYé E3orl
I rs

fl one,

1 owab o’ o Ble BB TR el f 448 Ste gphic et
chanrséd tfr@a'oﬂeﬁgcﬂam of thadirst dHid cbanneewith thadt feaptnene fecanth fluid
t he @hardneiast one first fluid inlet and at | east one
contraction in the first fluid channel in at | east

one | ocation selected from internmedi ate the

i nt e"SEEYNLIA 2RRpEORE Rlefarag sepegliers Bgvrvifed B (ethod it mrespfluidic
?nd m’m?gomel nadthodieoimprasesl supplyiey arevdi faildeto tahieastond fratsuidanlet

irs I

| ey oW g 2 st nr RS e Ve 8B EharAD bbb ol 65 Bl oyt
f1 ui 69 emefgiom heyatiepshene fisst dyid fjiet andatdestenel qapigrclion ia the
for fitsbwWuidl ehagnet le shtledsbamb locetiors eelecidd filom: dntefrasdiae! the

the ferdB@mt wntthteleﬁﬁc&{édchbﬁH ﬁuu& rL‘f‘aQrG\%‘ a&p WeaBut?é? leMd, and
i nt ersect trod UCt|On

of tf 9”5?5'43%5?& ?l&‘ﬁ% °§86‘Eﬁ‘1 ﬁwﬁg intang Wﬁd"*ffﬁ%cﬂ?w Yt the g jegst
channed sqcond #uid thagrel. Attlggpé cod serord fgd of suphledfth rag teast one

]t : ui geoaﬁtﬂﬂmthiﬁleﬂbr ﬂo@ﬂe%ng%lﬁ?aﬁ%@&ﬁlz sfel:éHdQImd-Eh&nfei fnelat least
ui

passed t %?08% qﬁ'd ?lhém'&e n P‘?g‘fellyorl\" q[%eft"‘g g‘&c@% ﬁu'ét“ga’@‘ebff‘”

mi xi iodyetionteé thej at daast ongi s¢cenddividhintodie firsiafsid ehaaned é @rfst

flui &agd:@l’rmmtd’lth@fﬁﬁﬁﬁﬁ&aﬂdhﬁe éﬂeak:ﬁﬂr‘é%e&ﬁ@ﬂ@@%@ﬂrsfﬂuw dhd

chan I 0

11 R oA Wi PO o PRRRF oD RS B 2isbona
i denﬁtﬁg?aqf mixig UE‘BﬁﬁTFH@Wtﬁ"éﬁle at fppd Oﬁwceﬂﬁ‘é‘mdel s may
intersect the first fluid channel at the sane or

glt f TEJarg%tth a%%@igl tﬂ%1 St q‘%a%p g:né @ch[r)}d r‘r‘?’u‘id ]::il‘lawn% t n%gyaggr%;l)nse Tt@vg

cont?*‘éﬁ@q'soﬁ?%%b%‘ﬁﬁls&% of ifep Wﬁ@)ﬂuﬂa‘i}‘é“%‘ rThe P gffaniels may be

identical, or non-identical. The two channels may intersect the first fluid channel at
the same or different locations along the first fluld channel. The at least one
contraction may be an abrupt contraction/expansion and may have a ratio of x:y:z,
with x and z greater than y. The ratic may be determined by a flow rate of the
mixed first fluid and at the least one second fluid, a viscosity of the mixed first fluid
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with x and z greater than y. The ratio may be
determned by a flowrate of the mxed first fluid
and at the | east one second fluid, a viscosity of the
wioeelr/fiixigt fluid SUBSTI TUTE SHEET ( RULE 26) P&Y28G2006/000130
2007/ 011310 PCT/ SG20061000130 5 and at the | east one
second fluid, an elasticity of the mxed first fluid
and at the |east one second>luid, and to reduce dead
volunme. The first fluid inlet, first fluid channel,
secofitf #t|tg \gast whe second tuih @nfelaglicily ehtia meixed fisgi duigipad at the
outb | Rbst@nEl setaNd BEd, a8 TR adudeNiead veIRAE IThP Gifst @ inkk, fi'l?et fluid
subs c

cho Er{aﬂ:'ie‘? se@'nh ﬂ@@fnlef’%éohﬁ?ﬁh cP%haP aga*h% Lr?e‘r ?nd"}ﬁééy e féé’{?r%d
f 1 ui @ 8rpeqr podigre BrAisUbBAte Adpusi rﬁ’é’f"“’%ﬁfo‘h? H‘é’s“"(‘iﬁﬂaéf:'c'éfh@e
The- firk{ flulitinieth &snidlid chayhet, GBTDR Siaid et Usesbridefid @hafiial al the
upst g@angf v Orﬁélﬁ-ﬁ t hEHe! A% bo%ns@ u&%rgém\’rﬁﬁlltﬁ@@ﬁ&rgﬁﬁ bf £0

downst ream e contracti on; e m Xl n
bei nfPrBFFIOT LA SNPEEAM BRI 'i"H“f“'E‘Fetaﬁ‘k?" ﬁP‘ﬁ@g*"’i“n‘“FH
upst stegenmigiog beiumby visneladtit siebiltp triting phge inthx Lpegredye iporgjon,

by vmqa@ kashd Qtaié amng ra.a[h?by Mbéo\éla@tl&%o%%b‘ﬁ’ty\/&d dxhdive
t aki am portion. Brief

Desc q%’ﬁ%'r@ﬁ%&?’rit %‘?Wﬁtﬁﬁaﬁ'gogﬁ'f)ﬁ order that the present

invention may be fully understood and readily put into

pr ackridt Dlesdipti6h bi the DRMWEngshal | now be described by way
of non-limtative exanple only preferred enbodi nents

of the present invention, the descrlc{‘)stl on being with
r ef &p theb therpsesgeicioepinmymagbe fulhyyrdeeptdod eng rfmhhglﬁ info
I'ntdeactich afdcd gere ﬁblgwutabe]désalbad BoRSB horclintaave ekbRpke Ohly

a | bl SEIACTPAY gre% ieAitoe ofe I BsRoRANBIRY Win

sectlon I nes ‘an
d| re'eierea?fefefheaﬁ?ww'w '“UAf%‘HE ﬁfﬁﬂlﬂﬁ% 1, Figure 3 is a
schemati c cross-sectional view along the lines and in

t he Iﬁitrfe%%njir%& of arrows B - B on Figure 1;

Figure 1 Is a schematic plan view of a first preferred embodiment;

Figure 2 is a schematic cross-sectional view along the lines and in the direttion of
arrows A - A on Figure 1;

Figure 3 is a schematic cross-sectional view along the lines and in the direction of
arrows B — B on Figure 1;

Figure 4 fllustrates viscoelastic instability af a first flow rate:

Figure 5 illustrates viscoelastic instability at 2 second flow rates;

Figure 6 is a reproduction of experlmental results at the first flow rate; and

‘Figure 7 is a reproduction of experimental results af the second flow rate.
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Figure 4 illustrates viscoelastic instability at a
first flowrate: Figure 5 illustrates viscoelastic
instability at a second flowrate; Figure 6 is a
maprootuasioon of experinental results at the fipcsiscRdoemoorso
rate; and Figure 7 is a reproduction of experinental
results at the second flow rate. SU. STITI JFE SHEET
(RULE 20) WO 2007/011310 PCT/ $G2006/ 000130 6 Detai | ed
Description of the Preferred Enbodi nents Figures 1 to
5 show a first enbodinent. It is a mcrofluidics
m xi ng apparatus 10 for mxing at |least two fluids.
|t hasetdled %Qéérrpaaﬁoﬂtﬁe PRI EhRbfmdnty med a first
fluid inlet well 14 operatively connected to a first
fluid channel 16. Afirst fluid is able to be
i nt r ditgeesd o dtshow ladirst embedinidnti B isenicrofividias ohixing seesatus 10
?: on gorfnh ||£u$g¥ atlidadi 1o @R NEhas :la@ubstr-ﬁﬂeefzen ivBich29orfied § RN
uid.in a
one. sl o0 PRy pRRIGH o B ST ARERQ T8 A el B o
two $edeieguaer Wite therfisstfleld ve 4 tamd passep @long fifst Auid chanar)de.
of edbbreGs Bs a sEbendt v iRECHMNHY budrahve afrinebisd Blatugt b
' dentsle 3!& ]ﬂ'f[b Eha‘ijlﬁe?l |2Ee ﬂvhtglg ﬁgs%qtﬂ%:r% %geotm/_\l ngeornQ ‘rﬁ%ud VI%')nX?Is %1 ﬁgt
t he farer 8 MK IMALH of1grch pifien Thei e seporst fiigh shapngls 2P aw be
12. idehieg, INagsirse oaBquiried. haiterraiia®y, by fnby b4 diidramn Bhohkbannel
(as %B %}at b &an%@fu%i &il%mreﬁ‘% gnd élﬁ" %8 2§ Q@tﬂ@ gllbsgga E1>2

|nter ects t Irst ch ntersection
The {0 ™% %e‘@ﬁ’a?ﬁ’f"ecr@fshﬁ“aﬁ%ﬁ& 1§ Fﬂse‘ﬁhg‘e@t‘“ fisernp side Each
chanredondithanha 20 ivgerbentsathe st @Bnieh 46 asdrointe)section 6. The two

di ff QERRd chnat iz0 r}ﬁay lﬁﬁersEzHQhé ﬁr‘éte&%ﬁﬁél 'a%eZ&e lhsauaﬁﬁe%

fluid en i d second
chanfi¥ """;6' %ﬂsf;ﬁavgc#' B "H%W“We?ff “"i ge%g fiyid, prtgrp the
fl ui festfeigdehbmel i fferent. In this way there would be
three fluid inlets and channels for three different

fluig The F n er n
and ?choﬁef:?néircgﬁ?nef ?d]a%y aéue ét§ gwn in t1\M‘-}!I 1£ the ﬂtﬁs ¢an be
different. In this way there would be three fluid inlets and channels, for three
different fluids. The fluids may be input at different times, and at different flow

rates.

~ The first fiuid channel 16 has at least one outlet well 24 at its end. The outiet well
24 n{ay be centered in the subsirate 12 or may be located on the periphery of the
substrate 12. The ouflet well 24 may connect to a second fiuid handling device {not
shown), and the second fluid handling device may be a duplication of the
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The first fluid channel 16 has at |east one outl et

well 24 at its end. The outlet well 24 may be

centered in the substrate 12 or may be | ocated on the
périopiinspoof the substrate 12. The outl et wePCT/2d200@800130
connect to a second fluid handling device (not

shown), and the second fluid handling device may be a
duplication of the SUBSTI TUTE? SHEET ( RULE 26)

2007/ 011310 PCT/ S&2006/ 000130 7 apparatus 10, or may

be a dipdretnerif. dewiagehe T hiiffehot tevied. apter bo%@mnayerb@ may be

t r ans pangaient 1 afthd PPWPRIL G he Qrﬁﬁﬁ 16T£beméénwave § cross sectlon

20 may, \{ﬁeta cross sect a e t hat
rect angulars S¢FEgray c’rCB("?‘%tP"a’ ¥ tr??e&ﬂéeﬂ'o‘?"&ﬁlem@ras required or

ot her \ﬂpsgr@d aghq @rqtu:ihﬁrg-@l t maydessfargedin cidse-sédtivigdl aeh &tﬂaﬁ@ach of
16 nmayhelxecdnakB®nels Do. @Ht@rﬁ&fv&? Giel ﬁ?&%harﬁ't@lel% l‘ﬁgm G ef Cross-

t he S@?c‘ﬂ&%l gnjggrelngglacz; oﬁft) e ?ec?rﬁir %?wlse (y glﬁﬂ]eb ﬁléqmatizrely, the first

ar ea ghangel % 'BPY Pp smeliar dn draseragntioriab a@@. théiuebdhest the second
al t er dennale2dy, the first channel 16 may be smaller in

cross-sectional area than each of the second channels

20. The substrate 12 has a top layer 30 and a bottom

| ayer 32 which is generally parallel to the top |ayer

30. The channels 16, 20 and wells 14, 18, 24 are

f ab 0

t ﬁer Ib.gt%: g;g]stlgghr‘if hésh§ thOIQy%g 23y earnd % bottgplq ae]g I%% schﬁger}éraﬂy
wer ) P eyt 1o Pl el 16 2426 fatmigated
be | it theitopiayertso, dndiatawesiod Byytae batdm thysd 85 iwhRA |S‘§énerally flat.
r equi TfﬁdvellsT‘hﬁ1§ vhahd ﬁetrleof 42 c H%%e[QQG (HO n?ary}f)e%%ﬁgeg orlll ﬁ)e bottom

far exa

mat er

met alli’y%r F%i?es"ggP ffagredy phe "@I?n’o% HAX PR W suldhisrmaterial
| nt ersﬁﬂbﬁlSa@éenamleomwn@t sifigrin] mad!, glaxd, ¢andngic, SE 6yl RMbidKioh Bf
a contigraction 28. The contraction 28 is preferably an
abr upt contraction/ expansi on which may have a ratio
of x:y:z, with x and z greater than y. Mre preferably
i s at'"t%{mf’%if‘deh%PUf&t wel 24t and Jintersdctiol 26eis reatoniredtign @8. The

addi worametich)28 it PefrAINt el borBactidhdxShsloh rvﬁﬁchfljnéy fhve a

Chanp&ﬁil) 0119'3; iz, with x and z greater than y. More preferably is at a ratio of at least
4:1:4. Alternatively or additionally, the contraction 28 in the first fluid channel 16
may be intermediate the first fluid inlet 14 and the intersection 26. There may be
more than one coniraction. If there are more than one, they may be the same or
different. They may be located intermediate the intersection 26 and the outlet well
24 and intermediate the first fluid inlet 14 and the intersection 26.
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may be internediate the first fluid inlet 14 and the
intersection 26. There may be nore than one

contraction. If there are nore than one, they may be
woeesmimesior different. They may be | ocated PCE/SG2006/600130
internediate the intersection 26 and the outlet well

24 and internediate the first fluid inlet 14 and the

i ntersection 26. SUBSTI TUTE SBEET (RULE 26) WO

2007/ 011310 PCT/ SG2006/ 000130 8 As shown in Figures 4
and 5, at intersection 26, the two fluids join in the

firstas Q{b@ﬁrﬁehgﬂ{@s Wb%ﬂ g, |aPWtetr§bE%g§B ttﬂéehnéblﬁidﬁ)ﬁom in the first

cont r t |
C oy e T 661 1ol ol e Sn S ahiihudt 2et e mbing Boqtgn oie
and dﬁ%ﬁ‘?"@'a%‘/ﬁ mBY PE iclgpsiiBd asTaveunsiiean eerlitrpét end dov@rsirgam
upst rgaieh ab. tThe usslBir R6ikibo B4 BBupsedith biBe csMMOBh REAINd the

porti &@n&ga}n?:ﬁ%%%gvmqr&fm {:fl?ﬁe cfcq%pet!c'i 9110%3 e a%treglg portion

upstream por

from¥ rﬁéﬁ-‘% thids tylpe miped fFaimm pIiPhery of fh%c'@emﬁ ©rtheygentep af the
f i r stfirstlobamng |16 by utiiyingitisdoklzstio nsteblityOFHeBSitérCthe upstream portion
i nst af fleéds%he ﬁ-thlﬁrtSQfﬁé ﬁd'wnsﬁ'géﬁl F&%nr &amhgrgﬁtth@@.udssdfe further

feeds th %Owns ream port

the fTRAC aé@é "‘F‘i?F'FFfEr‘“S* iyl ste e g desemsiion2s
i nst @i bxpetientingexppadiiedlow efigntn exi ting the contraction
28 and experiencing expansive fl ow effects. The

contr. ct| n/e>r<upans on ratio, a,rat X:y:z, Wth x
and 776 coAPRBRBRERHGN g 4 e B i9retithy and ¥ SLaRiT Fagp
r at edeirermrméi byndi vi dual fluids and the m xed fl uid;

ii) the vl.)sctMowat@Bftﬁ@iﬁd.ha\m Miidduk ielicdugnd t he

m xed fl uid L t he i ndi vi dual
fluids and wscﬁ%aﬂ% md"ﬂg”awu'% af'%&'e : dglf’gkeepl ng
t he dead Tibthgpiasticsy pidhg indivigugbiusids|and thgimixed Bvidir act i on

rati o (X:w) e < eiKkeshiftANSdead IDUME agloR@k Béssibldan y. The
ratio used for Figures 4 to 7 was 8:1:8. The chaotic
velocity profile across the section of the channel 16
in bap%cqng'@ct[on ratio (x:y:z) should have x and z greater than y. The ratio used for

Figures 4 to 7 was 8:1:8.

The chaotic velocity profile across the section of the channel 16 in both the
upsiream portion 34 and downstream portion 36 arises from the combination of
viscous forces and elastic forces. The viscoelastic forces give rise to the secondary
corner vortices and viscoelastic whipping in the upstream portion 34, and resuit in
a first stage mixing. This irregular flow pattern causes flow fluctuation of the main
siream through the contraction 28, and fluctuation of flow resistance to the two side
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upstream portion 34 and downstream portion 36 arises
fromthe conbination of viscous forces and el astic
forces. The viscoelastic forces give rise to the
weEcont@anye corner vortices and vi scoel asti ¢ WACPRGED6/000130
in the upstreamportion 34, and result in a first

stage mxing. This irregular flow pattern causes fl ow
fluctuation of the main streamthrough the

contraction 28, and fluctuation of flow resistance to

the twbemidie seQUBSHAnTITR. SHEEThiHpRIGLIE 6 aiNBream facnhtates the

2007/ Q;bl:%tl&urrP %ﬁ%ﬁpgﬁp%c&traﬁgﬁ ﬂ{‘fﬁ tL.IJ]wnstream portion 36.

chann ﬁ-[ g g@l n nmai n
facili {1 At egu fons s et @S?Féasﬁ“erf'@‘f’r ﬁftﬁfﬁ'ﬁy d@é’p*ty?amnpb the
t he Cé‘ﬁ'ﬁ'iﬁationf:PBO\/ThlSnVlidqea%!leaiIMsmdteednﬂw ribsitability3 gethdh QB the

f | uct wadded RSpdn€ise! ibw iiM el SHPSTRRL b&tlJnl W PG @PLAdG and -
the contraction 38.

downst.f @,ﬁp g
vi scoel asti cal 'y induced flow inst ab| I | ty together
with the sudden expansive flowin the downstream

Iport |h Mhélﬁxanmeﬁmﬂf@greefsf@etﬂ ‘d@n%ﬂ@nam%i bf fdo%ﬂ{]mrﬂeﬁti n&p an
n t a res 6. .an a m crochannel o
200 Nrgnbr&ﬁ gg}, ?‘?1""9 ‘%fhl'%ﬁ ?08 Z‘??Pﬂa‘ctwaa ntssF ogdfroduce
gn: ZWV‘IETE?”UQ'B@QEFWEDMST@S @dgttl oof i the rcostaction was 800 um. Side
Con;/eét@ﬁl?th 1201 e QngrB&'ucEcll %theT&ﬁtréI% Qtr IZ'H 1it??nrough two side
contr

Cor BRI 0B cffed sk o e thdiE i BT el et 2% e
si de SQS’Hﬁh'n aidth, 20¢ 3490 2@ Yplskeansirahe thefeetitbrénaditie @REFNEN 28,
16. The §;b;ﬁ%td%hﬁ£m?e|bﬁca;?& Wﬁﬁ& twc?q%rM]thIHF p\ﬁhrqgtnylmgtﬂacrylate

3400 t t
cont r ERPAYRSSE AR el chelos 3, 4 bl g 0o rsergriaghe to
two Tayem3Phandksasisd yhyethéedotiart heyer §2.afhe wdlPNNA)YS laay e syere

Wi t h faeated anng) ByctBo (A& PBIMGLrBRENLNET AV,
ont oﬁ%top | ayer 30( and @eail ed by ?he k?%cl)%ﬁfayé?m
Ils 14, 18 and 24 were fabricated on top

Iayer 30 (not shovvn) or alternatively on bottom | ayer
32 (it midyoNas)of d@isswhiter NGdINTRe ﬂfalnté{@arﬁ'lr?'ﬁ'ktr@hlamel 16 was

flui qs«rvt%ﬁb%eﬁ?lleﬁbo?hé %B)I i Sfé')lm[t‘%tglyceropwater (]1,6P\8?N for brevity).
This has a high viscosity and elasticity. The side streams were 0.1 wi% PEO in
water (0.1%FPW for brevity). They entered the main microchannel 16 through the
two side channels 20. The molecular weight (My) of PEO employed was
approximately 2x10° gimol. For image acquisition of the flow fields, a fluorescent
dye (fluorescein disodium salt CzoH10Na205) was added to 1%PGW at a weight
ratio of 4x107%1 to identify the main stream. For the side streams, 3 pm red
fluorescent microsphera solution (Duke Scientific Co.) was added to 0.1%PW at a
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1 wt % pol yet hyl eneoxi de (PEO) in 55wt % gl ycerol water

(1 %GWfor brevity). This has a high viscosity and

el asticity. The side streanms were 0.1 wt% PEO in

wat 007/010::14%°PW f or brevity). They entered the PEI/SG2006/000130
m crochannel 16 through the two side channels 20. The
nmol ecul ar weight (M) of PEO enpl oyed was

approxi mately 2x106 g/ nol. Forl0i mage acqui sition of

the flow fields, a fluorescent dye (fluorescein

di sodivelnms adtio E2ABKI0 N2 Glfitiovast fudcecknt dysl WmCGMdddspieres has
wei ghtnegibﬁfé Fe@ o b Qi p;IOpE[%e.‘i Qﬁ@thbfﬂﬁldtp‘;bge% Rer deRANhed

For t re

ni cros 'ﬁ} adS@Y‘ﬁ‘t F%rnéaflbﬂ%raéec?[gﬁlf Iplftjipageg iy thgpems gaesgiment
to 0. Xeofiipd Jy geeen SUBSTENEYSHERT siteR) Br @6)fludlcent microsphere
2007/ 8didh GsidRGin émé&m%@dlﬁ&%tﬁﬁé Hﬁ&ah@ﬁg e fifering lens.
0.03:1. The addition of fluorescent dye and

m crospheres has negligible effects on the fluid

pr opeibé o vcmmbt:idfbwfalteﬁsob.pmhpm inbiastreaR fowE e g oedl, and
‘Wth th ?ﬂ}? ves. For each flow.rate, flow field

i mge&? ci P fheioe atearas frurstairipe 0-2A@nt e Relavastioatadensie 10, 20
f | uor esAdMhIhe Vite Garapio fleds @R Printdd uﬁt&theﬁﬁnb’r@étﬁﬁ%’ﬁyddnwng the
m cro e tured at

di ffe%@ﬁ%sﬁlthsa%b bl asr%éesrht% R/ GE e G5 yridRe Pl o

total volunmetric fI owate is Q wth the ITB.I nstream

f 1 owr Tdbée bedntnsGhd theolagiehl pRp&esali tHehﬁ;dSl I@@ax&ﬁdnaﬁwés(?u) were

fal gmalggﬁu%ﬁ 'frglg,llﬁ)e f?e'auglcr I&?Ilat%n é&\{gr’?ot thg ea%eg ar VF%OSP ﬁséwere

ni cr otEREmiRed gs'wffe;nhﬁuq? PHepep trst at shaar f@@@@ 01§ t$1 000 ™. The De,
appr oRd bd Pe SheZ Estiftels Uss: B@'—Qﬁ t %er%"'{ﬁ?cﬁgré‘cqe?s ?:yghe te is
punp. Table |.contains the rH&l ogical proper

t he fid€iw Rel Aleaitd relaxdtibmimg éf)thé/\ﬁsrceeladﬁe&ﬁwﬁweébufdd@ri&hear
the fréquency oscillation test and the steady shear

vi sco$i it thesavrape flow) selegityi tﬁ@dheu@han@el denth eedteisShre eqiraction
test adthSREALVPALE WD), T, a0 :

and Po are espt |'ha‘l v as% @l A% Q‘emelﬂwa-tagnsw the R?drauirc
char giameatars and tf@h%ﬂOSIWateepacgvelyr he Pdtterniriyer B iestinidte as
rel axgiign th | EasU

shear, ﬂmf’ybnﬁg&g\%@?rg& %e%f %\%a@e-%haﬁnei l""%h’del i %‘e Uithlon
chan we?ﬁlmpt“rhe aVﬂngﬁWelOStytlmErm: di’tbtalamlumelnc flowrate is estimated as

V=Qiw,d, where Q is the total flowrate of the device.

The diffusion coefficient in dye/water solution was determined as D =1.5x10
_QmZIs. Since the diffusion coefficient is inversely proportional to viscosity,
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wi dth. Re= pVDh /r70, where p, Dh, and no are the

fluid density, the hydraulic dianeter, and the

vi scosity respectively. The Pecl et nunber is estimted

30 weeerMot ha, 1D, where Lchar is the upstreapcgResnebooiso
width and Dis the diffusion coefficient. The average
velocity in termof total volunetric flowate is
estimated as V = Qwdod , wherg Qis the total

flowate of the device. The diffusion coefficient in

dye/ wap eB 560lpt mWap}hﬁ»g inffhyabritiRsly 3% ddofr 1dpet ? =90 misr,

n2/s. . ﬁethe di f ion coefficient is inverse

pr opor eio WENSQgless s pameiErs aSUE@TTﬁ?I’EOSH&'F((HBLEDQG)BQ
WO 20@ppoAm8Rl. PCT/ SG2006/ 000130 11 D=3.55X10-2 n2/s
approximately for 1%GW As such, 1%GWat t =40

m /hr, the dinensionless paraneters are Pe =125 X106,
Re=0. 149, De =139 approxi nmately. SUBSTI TUTE SHEET
(RULE 26) WO 2007/011310 PCT/8&X2006/000130 12 Fluid
Zer o-shear Density, Relaxation tinme, viscosity, p
(kg/mB) 2, (s) TI" (Pa.s) Water 1x10 1.00 -.10-1 26%
GWw th 1.79x10" 1.06x10 - micro-particle 96%35Wi th
424x10 1.24x10 fluorescence dye 0.1% PWw th 1.79x10"
0.997 x10 1.5x10" micro-particle
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19%°GMW t h 423x10" 1.13 x10 SOx10- fluorescence dye

Table | Figures 6 and 7 show the flow fields for Q =

10 mM/hr (Re = 0.037, De = 34.7) and 6=40 m/hr
WRe2007/@14819 De=139). Upstream of the contracti par/28200e000130
Q=10 mM/hr, the flow field as shown in Figures

6(a)-(b) were rather stable. However, the interface
between the streanms was ill defined, with a | oner

| evel of fluorescent intensity near the interface,
|nd|cat|ng mX|ng Wth |ncrea3|ngflowrate e.g. at

Q=40 m~ '”Flmﬂa' rent %?0_ thalgg GOT MG en R T——— Sy

formad, see Figursg b) . ;@ﬁappi ng" or R(s)

SW ngi ng repeat edlly ofnamﬁ)fl uor escent central main

(7]

Sthcnl act, s—the-rehanfie __5“01 ut .IL aS—o08 e Fhar Gugh
whi pp-a a"‘ﬁ Hal-Astre IEiO encapsy side
stregm cPJ y as the

fl ow OW -
apprcaqmdscsnla@dyeor and nore
fl uofeseenewowiaeksg (T NI7dx@F Ty ntrahs

st r ean) mivermrtic r écted to the sides | nst ead of flow ng
t hr oighl% B€Wowitht r act | 3B3x1These| di veizdd " dr eek$0x108r e
t hen Lciflperefeesdyewilt hin the vortex (swirling streamn

and then bl ended back into the central main stream
Conpetition between the nai Mabledt t he side SUSSTI TUTE
SHEET (RULE 26) WO 2007/011310 PCT/ SG006/ 000130 13
streans was taking place at the entrance regi on next

t 0 t hEiOeene eatt sy thTfpw fleld;&)fnp@ﬁ Oirdhr Grecohs. e aﬁ@ r)cand

W th f.l he e t re f
becane%{]_u‘fir?gt%g@azhggmﬁ? ga Pg)o\r)'zbrfr%% hﬁe? @‘ﬁm‘[‘h a
mai n @ﬁd10tn|ﬂﬁhr Sthd&loﬁtﬁeﬁﬁﬁ’ﬁ shdvir0 D Aig 189 aa)wr@ée Thifdr sBsle.
7(b)) of fluor escené\ intensity at

th
pr oxi ﬁ?‘ﬁ)’erofhe 'W%ﬁacg&FWSP%@e SHeam s Y3 H?f"ﬁweta@éaﬂer el of

mi i nijorepbrat pteotity nesrdiee ioterface pisdicatiogrmixing wgw ingrebsing flow rate,

Wh' ppé ant% Lf(p ﬁ'lliﬁrplsg]:eﬁ'tt e{n%%rge éorgerp{roﬁi%gsdw re ér%{el asee ¥=|gures

T(a) and (b). “Whipping” or swinging repeatedly of the fluorescent central main

stream across the channel width was observed. Through whipping, the mainstream
“encapsulated” the side stream fiuid and swung together continuously as the flow
was progressing. Moreover, when the flow approached the coniraction entrance,
more and more fluorescent creeks (initially within the central main stream) were
directed fo the sides instead of flowing through the contraction. These diverted
“creeks” were then circulated within the vortex (swirling stream) and then blended
back into the central main stream. Competition between the main and the side
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4 and 5. Downstream of the contraction, subsequent to

the main and the side streans conpeting and gushi ng

t hrough the contraction at high speed, the

wiosworhiagbi c flow Instability was nore signipaTaeions000130
At Q=10 m/hr, there was sonme penetration of the side
streamfluid into the central portion of the channel,
overlapping with the main strieamfluid, see Figure

6(b). This penetrated-streamfluctuated in |ocation

and Wefeanls"W Bkikd B ai thel hiBhricB FedibrOWesk rfcstr@b&dn{rwon This
Fi-gur %orﬁ e"ﬁ} onsolgfome&o a%tt &% azgns {norg?{]rlleqoﬁggﬁa?er, aa(r:x%l %e en?c'eﬁlow field

stream i wns re m o 1 on
mai n aﬂ?fmh@stgl?l@@lgng"*ﬁ?féavﬁélammheawé@e(re@wﬁ%ﬁ thp gide streams

Fi gur ¢combanngdiigires (79) Jand 7(h)); abd BgerTevel 6fuckeedent intensiy at the
yet t Qm%ﬁt%rb‘?l the? %:fg@gﬂ%a\f&w n?ciﬁo‘i’r,%égt rﬂﬁm@’h?ﬂ\ee oEJlf'Pr@ | of

di'scusse ous
nHI nsFP%’&ﬁ‘P @Wﬂgkﬂ”f’ @BIPB‘P%H"‘ the PARETRATSE 6’@?'%‘%4 P‘E‘%ﬁ)ﬁ)’ B’ ’Qﬂ’@es
at upshd&am This caused flow fluctuati on and
resi stance through the contraction. Indeed, this
whi ppi ated the side str enetr

f |
Goep! PoTRRTET ok Y8 Sl SFERG FolsDRBE tssate sveams
Fi gur eoreting anlgeshingfthraedhuibe ¢ontaction stdighespedd: e visepelasfiodigw

ot by R LA GRS, B | Dl e
st r eafifppisantidld i thecentiab perfion aidhe cetamr@r overlapping withi the main

boundafaaml i Sdee FBU@UXEQST h?s(@hetﬂﬂﬁ ~strBam SdtR4fted in location and was
C 0 r‘r‘p r epeﬁ n’tc‘fenY :catX nlgq’%g s?ab{h{g dI-e%ure %{) &orv(fs: Iih%se%p%%l%ﬁ Iﬂgvp fo&the
and 5mEBL9E§P“T 'W"F‘@ﬂ"aF‘EdS‘HEEEfaFQ RUtE @B‘)’aCWD p O@)W"@li@lﬂ)e side

PCT/ S&irdam6 o@iad2a (cokparliy Bdurslp(al A IBE REGAthY ndd ngf bt!dlltd:vas

P ol b T e eS8 oSl e o,
namel yis@eséd pretlioddhy/tt@! nyamstrodn wrHtigted sigficaht viz0seladeE ®hipping at
e”p' O¥ieflednl! Fhee aﬁ@éd”ﬂo%ﬁﬁ’ucﬁlaﬁ& Shd %@i??énéeemﬁ ltﬁéeéo\ﬁ%ractlon

he VISCOSIt ratir1o I's ap roxi mat
t he V‘"g‘?faelméﬁsf"f“ep“l'q mtatege ¢ pids| %’eims FeRetratipg peeply inigythe
fi el deenesl pottiat dewfsoeans| dee tRivare T(@)MTateSiucinstions bigatresdited in

for emsﬁbiﬁtp ldownstream of the contraction. This flow instability with the
expansion-flow of the main stream promoted effective mixing. Other than a thin
boundary layer, Figures 7(a) and (b) show comprehensive mixing over the entire
cross-section. These phenomena are depicted pictorially in Figures 4 and 5.
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Q=40 mM/hr"" (Re = 0.16, be = 0), see Figure 8(a).

The interface between the streans was snooth, stable
and well defined, with no m xi ng between the streans.
woi2govmthitecat ed that fluid viscosity al one waspCT/SG2006/000130
insufficient, and fluid elasticity was essential for
flowinstability. In Figure 8(b), water was enpl oyed

for both streanms at Q=40 m /hri4 (highest Re = 55.5

with De = 0). It has negligible elasticity and | ow

Vi scodgotsyudy the dedebuity of faRIrdidsfuity ok BoSinQabiB) a’ﬂdin\ﬁﬂﬁg{ vis¥u8 fllics

role. dé;md"glsélés%@ ecItehﬁretle %rﬁdicfy@t%\en%%&rv\&fp ancrimg?t rl%ca' water

was def1 ne
cor nef® W?Pf ?""é"8§m€|°i’?5’ 'Oét?et M and %Afé@r%rea% f%é%?"“’e'y The viscosity
| mrediraie éd gpponimeedly tharsant at i@ thonitdoaletticaowsU@etTble 1. The

sudderni®X PR SR was SRS GorViSths WdRraRR iFR Eedt g &erné]e for
streaminto the side streams, but no penetratl on o

t he sﬁb”e“%‘f"f%éﬁ% 016.0D¢ K 8). riek Figire St THen ifkeriagrl belwarnd the
m Xi Ngreanwab SHEM, |sﬁ§lb @Rd fbiCRAted, @.Eh mmﬁé B%@E@nqh@stltegms

I nertLr

LA Vi€
descri @ d dlcate‘?# ﬁ%? gﬁ%‘?sﬁ)@\/%%esg’?? W?f&?ﬁe"braé‘f’ dideglpsticity was
enbodp§feRitatfordowinstebliivesent | nvention, it will be
understood by those skilled in the technology
concerned that many variations or nodifications in

det ai InsFigfre d&ﬁgi\@neroxras Erapsed Bt HotNstiBis R FRISmIM! bst

ERIIATA T TN
Appar @le¥§s eletivelyilaaesfrole Ativestieeni thg intesfapsy betvery: the sijeamts was
| east walngfihddr&ki stdblel o ﬂaﬁ'o@%ynﬁrﬁ’étnc%l édn’ie‘itvorftlj:éé' V‘Sr&%s)aﬁ/ere

| east
conflefgﬁaég E"He&gtf" E:y d’éng?t eamdo c‘ﬁ%ﬁﬂ%fﬁcg’@bg ? ?Ligg?{ e¥gasion.
secontlefd Wr¥ SPAE sprepgrof dbe maips strasme inte ensldd Istigaths, the no

at | mastationes $RCSHM shdarisdintoNthe tmde isthéhnd pﬂfsafnlcli%ﬁle(y mixing,
conn ea@th&%h Gnglgf%cahte AowlBam G6L Q-qnertlawwscous e%gts nel

Whilst there has been described in the foregoing description preferred
embodiments of the present Invention, it will be understood by those skilled in the
technology concerned that many variations or modifications in details of design or
construction may be made without departing from the present invention.
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(c) the at |east one second fluid channel operatively
intersecting the 10 first fluid channel for ahehduishttthdddd
I nt roducti on of the second fluid into the first fluid

channel ; (d) at |east one outlet end of the first

fluid channel renpte fromthe at |east one first

fluid inlet; and (e) at |l east gne abrupt :

contracti oh/expansion in the first fluid channel in
at | east TdB&.AmEati on sel ected from t he group ) '
consi st ng of internediate the 15" 'intersection of

"~ the' at Ieast %%secondflwd' channel W th
the first fl APERELNAkoMUfemxingcomisng: | cast one out | et

end, and i nt é¥neditdgas ordfist fuid inlab fus4 firgt figd, the rasibast dnel first fluid
i nl-et Sandlettblaﬁg ofefati@ly SeRécte@ R aifst B enafdel; St fluid channel

with the at lgast,qug oﬁ@&&;‘ﬂ&lﬂtﬁd |Hét¢%gn9%’mq%e bec?n%glu%qhe at

non- contratlon [ st ream

abr upt "’as ontr 3%'3{”9‘%‘}’E’!%b‘%fiﬁ‘g?p&ﬁ“"e‘?EP“Q"'““*AB&HP"&WQ segand fluid.
cl ai ned ‘ihﬂ‘"e’f aim1l, wherein the at | east one second
fluid channé calﬁoﬁtu@as;net 3%60ne RANERANE] oprifvel RieREERY the

si de 1of fiéﬂﬁhlcf dnkrmb dr inh'ddgctl&n@ﬂgﬁl:ond ﬁuld ﬁﬁ@)g‘l‘rﬁq‘hﬂéch%ei
clained in c

| dent i cal @2 aifﬁ%%?”ﬁ H%Peﬁéufglfegf% Feng! pegiofsfrgm the at
wher ei n ?aFFé’"?Wﬂ'éf%'ﬁ'ﬂths pre not |dentical. AVENDED
SHEET | PERI (8l P@TSCRB06D 0 kactdnfxmnsioRlriad At ded dnnel
: clhal meﬁm & raaetyoren&a@ﬁ s%cﬁh'ﬁt’ém %}etg?oalﬂ'c?{}éﬁﬁﬁ &k By %.aEe"%Eé-
..chan ul

pOSi F? o%térgﬁ&%ﬁ%ﬁ? ?S?f"fes ”df{u'ﬁa'haﬁ'éq?m%he "St%ﬁg‘?{"a 'E'l'gj
as cl ai ﬂ%& P %[ﬁ)?“tl%‘h%‘d G ippriapdale the 4t fpast one\frpeffuintet andiie

t WO antersechon of the first fluid channa! with the at least one second fluid channel and
a non-coniraction portion upstream the at least one abrupt
contractuon!expans«on
e 20
2. Apparatus as claimed in claim 1, wherein the at least one second fluid }

“channe! comprises two channels, one on each side of the first fluid channel.

_ 3. Apparalus as claimed in claim 2, wherein the two channefs are identical.
s ' .
4 Apparatus as cIalmed m c[a:m 2, wherem the 1wo channe!s are not
' identical.
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channels intersect the first fluid channel at
different positions on the first fluid chanhel. 7. PCT/SG2006/0001
Apparatus as clained in any one of clains 1 to 6,
wherein the contraction 10 is an abr.upt
contractionl expansion. 8. Apparatus as clainmed in
claim7, wherein the contracti has a ratio x:y: z
where x and z are both greater than y. 15 9. Apparatus
as clai mesd i nAphaie T pa; | i 9. t | eas
414, 1QnanPRPRLALYS, @rssm%ig%ﬁggﬁ{& ks ?nt%io”?}‘er@f‘gﬁerrf"_@,
wherein the ratio 1s St SRRy 2 {'}Vsam?PWPW%t@e@Ft.@He
first and®%ond fluids, a viscosity of the first and
second fluids, an elasticity of the first and second
fluids, and tApdr@CUSCIARRTtN YR BB sl 1o ARRALALSHES
clai med binARYinB0%: AL 66l Rl BahalL ahdun WGLET ] Pt
first fl u}i%d infet, Tirstgiad &AERwLPostiess e it drig
inlet, s€€8BYH fluid channel, and the outlet end are .
formed in an upper portion of a substrate. 25 12. -
Appar at Ug as ApbaedtudBelctiifieddi iy QRtEor AfimS | & mhe;‘leglttlﬂa «%rql'action
1din

wher @b n it Bieathol Strabiioih inlet, second flu et and
the outl et eng a.rgt%orxgnaengllbrpn a lower portion of a

substrate. AMENDED SHEET | PEAJAU ' /| _

11+1/ N~-d8 VWV RPGRgtLR/as|cimeli 31 clapD ahaitinie eobtrzlioningRtationy: 7
cl ai m 1lwher x@hdd am Lbid grewleesizaiyn a | ower portion of . the
substrate closes the first fluid inlet, first fluid

-chanpel.,q .Sec uid. inlet second fluid channel and
the ot %t onett S himsln ot oo doainb adetivany
one. of clainms | to 13, wherein the first = channe
conpri sé% anfrppstiy sakinpdn bibiang oti@sh b aRERsIR e FIEs determinied
cont r acby @lpw aifdof @e first and second fluids, a viscosiy of the first and second
fluids, an élasticity of the first and second fluids, and o reduce dead volume.
20 ; '
1. Apparatus as ciaimed in any one of claims 1 to 10, wherein the flrst ﬂLlfd
inief, first fluid channel, second fluid inlet, second fluid channel, and.the outlet end
-are formed in an uUpper portion of a substrate, ‘

25 12, - Apparstus as claimed in any one of claims 1 to 10, wherein the first fluid

" inlet, second fluid inlet and the outlet end are formed In a lower poriion of a
" substrate. - ' ' ‘ ' -
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downstream porti on downstream of the contraction; the
upstream portion, being.for a first -stage mxing b
viscoel astic instability, and the downstream portion
being for a second stage nixing by the

vi scoel asticity instability and expansive flow 10 15.
A nmethod for mcrofluidic njxin conprising: (a)
supplying a first fluid to at [east one first fluid

inlet forafl owp@ht@Nd cBimed In'cBin {1l o\JlemQFWﬂan io‘(ﬁrhe fil %t
f1uid ch one & lowel potian

from: ¢ st Ao B30, el el peoond e it so0ad
one abr ugi" LEHEPRHDs Whet epansion in the 15 first fluid
channel in at |east one |ocation selected fromthe '

gr oup 5COR&I StApRgaRf s clalnfali gl QE\%‘/dantmeclé:J?& tJ“ise %S&E th%r}’gs?f

t he f irs

flui d %!‘ﬁﬁ%r 'ctgnp Q aﬂ \Jg%tre? I%IOI‘! Wgtreaﬂtqf élie ; Eactloa,nepd a

i nter msd grei”ﬁ B"”Ef' dfr“@%f@em Bfri’%? cprtiagipn; he bpshebmi potigt bepr
t he i nt ef Falslepeonidnsiby vireeldstiaistabiity, ahdthedaainpein ﬁbﬂ:&rfbetn@ﬁr
at | east a e seRaRthg b helidodRRANRtabiyRR khbRvt g, f1 Ui d

f1 owggal ong a non-contraction portion upstreamthe 20
at | east,one ab t cont racti on/ expansion; . (b)
suppl yi ng at &% for fiRfudiciies serRide t 0 at | east one
second fl uid (q) nl ewrplyings firktligidviozt-leastort: st flaitl inleEfaelow alog a
second- filrayfull cbimeetried fyst fiendthel hag bt :éaa%ne%&;@é@eﬁ& rbhdtd ffbm
g Egﬂ n e: ﬂt?m fedtk bdé@’fsyﬂuid P Er?dea? FE%SP&'IB %Q’?pt con actiontmg;algagne 8&?
flu @Se o ﬁt{lci’]&g?ngl t I?ﬁsﬂqna Iogﬁlgrh ﬂaéqcfecf qu the ptpt,tpsqon%s{uyg@
of m XI rﬂ'ae”a?d‘ateﬂéﬂ 'f‘thF9§¥°”Pf 1tg st figdchamg! with e altledsiems becartie
second ffibighplenne(a) thp aidsbtnge dubkd efd, £ratntoirhadia@ a8 B0edsRe ALt
Iag ?3 t t omeld FRCAd e fnlektbdod SR 1O Hrglthmﬂ Gﬁnngﬂ%th r%'lg AdasONE sefcond
0 Xi {pég g‘?&]&ﬁ%F \Ilvﬁ%%nqﬁ(quia%ow& alon a ?oﬁgo ctl?né)glg?n %ﬂ@am the
second 1 'TATE"e AfeierErt ?&'WE?’FS“"I PEA(AU , ~
Yl . |/ Dt r LU\ UULpelying BBeast one second fluid to at least one second fiuid intet
for flow along the at least one second fivid channe, the at least one second fluid
channel operatively intersecting the first fluid channelfor- introduction of the at least
7 one second fluid into the first fuld channel for a first stage of mixing of the first fluid
25 . and the at least one second Aluid;
{c) passing the first fluid and the af Jeast one second fluid through the
' at least one abrupt contraction!expansuon for a second stage of mixing of the first
- fluid and the at least one second fluld.
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16. A nethod as clained in claim11l, wherein the

second fluid channel conprises two channels, one of'%1/P\>iUUb/VULY
each side of the first fluid channel. 5 17. A nethod

as clained in claim16, wherein the two channels are .

identical. 18 A nethod as clained in claim16,

wherein the two channels are n@t identical. 10 19. A

nmet hod .as clained in any one of clains 16,to 18,

wherein the two channels intersect the first fluid

channel the position along the first fluid
Channel . 7 o0 Rl RiRled i@ Pl B9naiS no' b bt bRt s
'16,t0 18°°"W'Fé?f€1’ Fhermgle o eaditside pAefis] fyid chepnsk sect t he
first fluid channel at different positions along the
firstsflyid Anﬁem@tfﬂg%ﬂa{med’zﬂ claift 185888 hG0 HafHeBBd ideflic@NY
one of clains 15 to 20, wherein the contraction IS an
abr upt contractlon/ex ansion having a ratio x:y:z
where x ¥nd 2 mthed BBPE'"‘EQ@‘ g dBe¥heeingie Yro chgnneimare not
nmet hod adsentideli ned in claim?21, whereéin the ratio is at
| east -41:4. . . 25 23. A nethod as clained in claim

21 06p Ol 31 M 22WSL Elfed ewf Bhd 9 dafhe A8 B RS Y, 2
%?ﬂnﬂs mtgrsec\,]hg gragﬂuwh%lrm' PH&G e §?s"‘f"l %h"a hgrfiget B

second f9
t he | easharpele second fluid, an elasticity of the first
fluid and at .the | east one second fluid, and to.

r educe dgad X QP as q‘f—?n‘ﬁﬁg G[&lh’lgggléqSI §itehebn ﬂlle ‘2v¥

o fﬁa"ﬁe's gt 8 I o P Brep RS SR e Tt s
fluid clBgd! , second f|UId inlet, second fluid
channel , and the outlet end are in an upper portion

of a su Q$.t I 8l Rethod as claimed In any orie of claims 15 to 20, wherein the confraction
is.an abrupt confractionfexpansion having a ratio xy:z where x and 2 are both
20 greater than y. :

22. A method as claimed in claim 21, wherein the raflo is at least 41:4,

25 28 A method as claimed In claim 21 or claim 22, wherein the ratio is
determinec! by a flow rafe of the first fluid and at the least one second fiuid, a
viscosity of the‘ﬂrst fiuid and "at the least one second fiuid, an elasticity of the first l
fluid én;i at the least one sebon'd fluid, and to reduce dead volume.
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5 25. A nethod as clainmed in any one of clainms 15 to

23, wherein the first fluid inlet, second fluid ittt bdiddd
dinlet, and the outlet end are in a |ower portion of a

substrate. 26: A method as clainmed in claim?24 or

claim 25, wherein a lower portion of the 10 substrate

closes the first fluid i-nlet, fsirst fluid channel,

second fluid Inlet, second fluid channel and the

outlet end. 27. A nethod as clainmed in any one of

claim 1524 0 Z6netiOlnSd @éuﬁbdtnh?ﬁ\yt)ﬁeréhauﬁbﬁrlg]% wherdH'BE 4 #rsct%gd

an upstrge on _ups action
domnstreaﬁ$h§gm%%?TFb%”ﬁﬂﬁﬂ%Wﬁe “gﬁ&Vﬂﬂmﬁéﬁ?W38WFﬁﬁd
the firste§pageenppiyneie dbitrlg. by vi scoel astic
instability taking place in the upstream portion, and

t hg second St‘\%%oﬂs&!l%d Q’P‘An the OPM&IIGJ]'%Q$ ﬁcfwl’xerrbﬁwt tﬁzpi’ rgt 'ﬂltna
Sgr t ?éga gtl/_\ﬁ\é/(é’ﬂﬁ '-%W I%Jaeé_[ﬂg L@-é%%%re ina Iower portlo\mf a substrate B

26. A method as claimed in claim 24 or claim 25, wherein a lower partion of the
10 substrate closes the first fluid inlet, first fluid channel, second fluid Inlet, second
fluid channel and the outlet end.

27. A method as claimed in any one of claim 15 fo 26, wherein the first channel
comptises an upstream portion upstream of the contraction, and a downstream
15 - -portion downstream of the confraction; the first stage mixing-being by viscoslastic -~
instablity taking place in the upsiream portion, and the second étage mixing being
_ by chaotic instabllity and expansive flow taking place in the downstream portion.
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