Met hods and Apparatus for Mcrofluidic Mxing Field of
the Invention This invention relates to nmethods and
wappavaws for mcrofluidic mxing and refers PCT/SG2006/000130
-particularly, though not exclusively, to such nethods
and apparatus based on instability caused by
vi scoel asti ¢ behavior of fluilds. Definition Throughout
this specification a reference to mcrofluidic mxing
is to be takeNettdsasd Agpargtusifor Migroliuidid erihd engt h
scale as well as smaller Iength scales and | arger
l ength scal es. Background of the I|nvention
M cFigtd afites evemdiences and net hods have enabl ed
technol ogi es for analytical chem stry and biocheni cal
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| aningailitd Balissd BPigoelRtidBEhaVioX bitidsS @ key process for
all chem cal processes or nost mcrofluidic
applications, effective and fast m xi ng under | am nar
conBeéfiriitiers i s required. A nunber of microni xer designs

haVﬁwrQ@g%ButRﬁlgRQ@cﬁgatloﬁed"Fé‘f@éAcx ’to HiG SR Bhig G2 tgéetaken as
Ive of actlve.

cate | ze
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parlesgth fslesuch, they are not attractive for disposable
appl i cations. Passive mcron xers have no actuators

and_no nmovi o? arts. Passive mxing concepts rely on
ol Brasegungiof thedpyaetigh chaoti ¢

Microfluidic devices and methods have enabled technologies for analytical
chemistry and biochemical analysis. In general, analysis processes 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 conditions 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
no 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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advection. Passive m xers based on nol ecul ar diffusion
utilize concepts such as SUBST/ T SHEET (RULE

wQejoparsho el | am nation, serial |amnation, anPiCEeG2@b/000130
segnentation to reduce mxing tine and to shorten
m xi ng paths in m crochannels. Passive m xers based on
chaotic advection use instabi2ities caused by
geonetrical nodifications at nedi um and hi gh Pecl et
nunparsie lalnatiory sefalamirBlionwired seridf segierttth tarduda raikifg time

t he g@ﬁ%gh&g ?‘%é‘?patﬁcoﬁcﬁ‘ﬁ%"ﬁsl c m xing path, and

nmol ecul ar I cient, respectively.
Practically, passive mxers still require |ong and

C onphistaintigkrs basan eh chdotit 6dvets, usedtiseBiliticddalidediby geometrical
n‘§1l ex and expensive fabrication processes. Thus
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e
di nensi on, and thus a w Re. (Genera Is results
in stable and |am nar flow, and diffi culty in mXxing.
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fluid anlntro fic stress in addition to
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el asrtd leintngr. flodnamkdiffiplite inohixiag.vi scoel astic fluid is a

fluid with dilute (i.e. a m'nute amount of) deformable

and hi gh nol ecul ar vvelg ol ymers. Viscoelastic
[ ns{téfb"n"?'H kngwiythat the glas hOfP@eYAiCBﬁ'?%Iﬁ fipid g ntrpducg giRRfic stress

in addition to viscous stress. The stress experienced by a viscoelastic fluid will not
immediately become zero with the cessation of fluid motion and driving forces, but
will decay with a characteristic time due to its elasticity. An example of a
viscoelastic fluid is a fluid 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 geomefry, as the
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In general, a viscoelastic fluid with |arger and/or
hi gher concentrati ons of polynmer nol ecules has a

wo orvgmr13nel axation tine, while a smaller channeCT/RGH06/000130
shorter flow characteristic tine. For a viscoelastic
fluid flowin a given mcro georretry, as the SUBSTI Tb
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Avehtion I n accordance Wit first preferred
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m xing that has at least one first fluid inlet for a
fi r§ltzm}¢n|all"lyl cg’thé mgermonl east

In accordance with a first preferred aspect there is provided apparatus for
microfluidic mixing that has at least one first fluid inlet for a first fluid, the at least
one first fluid inlet being operatively connected to a first fluid channel. At least one
second fluid inlet is provided for at least one second fluid operatively, the at least
one second fiuid inlet being operatively connected to a second fluid channel. 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 inlet. There is at
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one first fluid inlet being operatively connected to a
first fluid channel. At |east one second fluid inlet

wo goopoosided for at | east one second flui d opePEl/sGBI0y/P00130
the at |east one second fluid inlet being operatively
connected to a second fluid channel. The at |east one
second fluid channel operatively intersects the first
fluid channel for introduction of the second fluid
i nt @atthome bontattiohlinuthd fishuihelannd ireatfidassdnefldoatich shated dlom:
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chan Wth the at | east one second fluid channel and
the outlet end, and internedi ate the at | east one
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onein§edusten ¢fts at 'Péstmﬁﬁﬁfme fivig infp theeﬁ@t fiugch ghagiael derga first
f 1 ubtelgd & nﬁikmgf &ithd fireWluidl 28 Ehet %a@ttonb%é&ind ame. 'BféCfiEHﬁ du:d and

flu hg ag Ear} one*s cong" ﬂﬁ?} are‘%ﬁStpaosne%t rou n%e orll'{ actlon r second
At THESTS ur §oCREeP" 9

oper atrve ersec rst
stage of mnxmg of the first ﬂund and the at least one second fluid.

For both aspects the at least one second fluid channel may comprise two
channels, one on each side of the first fluid channel. The two channels may be
identical, or non-identical. The two channels may intersect the first fluid channel at
the same or different locations along the first fluid 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 ratio 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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i ntroduction of the at |east one second fluid into the
first fluid channel for a first stage of m xing of the
wo 2e0gn1Blwi d and the at | east one second fl ui dPCT/RE2006/000130

first fluid and the at | east one second fluid are then
passed through the contraction for a second stage of

m xing of the first fluid an8l the at | east one second
fluid. For both aspects the at |east one second fluid
chaamdedt theblgadt @ sémad o, arheaastiekysof tbaeied fiesadihidsind et tife
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Onﬁlo&%@r{bdpléde%fﬂethrEan&ﬂwe dead volune. The first
fluid inlet, first fluid channel, second fluid inlet,

second f|UId channel, and the outlet end nmay be forned
in Bﬁefmpefptpomtltemraﬁngssubst rate. A |lower portion of
the substrate may close the first fluid inlet, first
fluid channel, second fluid inlet, second flu

 hARPEHer At e roes Iruentin aney-eciofy pasteracaed Ane fe%ﬁw put into
C ONP&dtIeS efidct UPSE Bliet Mop bk idesonibetpisit waeshnord-lihitetive example only

CO bRt cl 2 bo&‘ﬂgn@ cgo S&E&%{T‘;R}%Mdnorlhéj f %ﬂ& with
et Y, BETRey

contrac St stage m Xi ng
VI sf@@@lr\a%whe ?WQW&%M“S!"})SW@&KQ #gvipsace in the upst ream
portlon and the second stage m xi ng being by
Vi SC stic flowinstability and expansive flow
taIJ ﬂ"&dg T9E i n the downstream portion. Brief
De sidgure isgrscbématisevlmyview af g dirst preferred embodiment;

Figure 2 is a schematic cross-sectional view along the lines and in the direction 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 illustrates viscoelastic instability at a first flow rate:

Figure 5 illustrates viscoelastic instability at a second flow rate;

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

Figure 7 is a reproduction of experimental results at the second flow rate.
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In order that the present invention may be fully
understood and readily put into practical effect,

wo b@reishal | now be described by way of non-|iPECT/86G2006000130
exanpl e only preferred enbodi nents of the present
i nvention, the description being with reference to the
acconpanying illustrative drﬁmﬁngs. In the draw ngs:
Figure 1 is a schematic plan view of a first preferred
enbodi nent; Figure 2 is a schematic cross-sectiona
view along the lines and in the direction of arrows A

cr ﬁEg‘QE&'?%&Hml% *Jéa}g Teéﬂbe%%{'zb?‘frﬂsga;ng in the

direction of arrows B- B o n Figure 1; Figure 4
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lustrates viscoelastic inst
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Fi f t
'hgb’éé gm(t:rg% gé? Ghtd %rfﬁg%glﬁégTﬂT%rﬁjxﬂa%%és@%@ﬁs{ fifdbiaRndle.

28) Beraiy 8P Bé@%?ﬁdpf{“?doﬁ'eb?"e‘t 413 OP?'éF‘@fYr“é’&“‘Eﬁ?S’oHu FHdepskone
Fi gsecend fluid ehabnél ROWIrethksichsd, trerdard it sidcond fluid Shadinels 20 that

m cr.af 1 uj. dj 1 XJ r I
woltP) 4, Pt 1 D 3RRP Xoldwg Sebdl fhd:pfinei® a0 2o
f i r genticalyif desirad et requie. Altereaiiselntthayenay kegtifrsent. eanhcphame'
fi Itr:zd asflbééitéii m@éuht e ethe }ifst cifenhélr ®t arfd ?H sdg'z;szza&l tRe bGbshae 12.
I N oauce e e an ass
Lot O S S bR chaelfalBe Sndiy BLBORAEIRE, Fech
f | ubetonthbanneld0|intdr8edip the dirst ghdnpelcthnaticant intdrseelion 26] die two

ones&%ﬁ@eﬁhn%uylzd rﬁﬁgamfbeélecﬁme fkdd dnBiiel @8R, orleNBERORRE (as
t msr?o(vav%?gr at dn‘flérent loca%grr]]se Ac't tlge in ersetctlon 26 the second fluid enters the

first fluid channel 16.

Each second channel 20 may have its own inlet well 18 so that the fluids can 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 outlet well
24 n‘iay be centered in the substrate 12 or may be located on the periphery of the
substrate 12. The outlet well 24 may connect to a second fluid handling device (not
shown), and the second fluid handling device may be a duplication of the
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are a mrror inage of each other. The two second fluid

channels 20 may be identical, if desired or required.
wa@\dogonsto vel y, they may be different. Each cheemeG2026000130

is located between the first channel 16 and an edge 22

of the substrate 12. They may be on either side of

first channel 16 (as shown) or; the one side. Each

second channel 20 intersects the first channel 16 at

an i BpRFHRCt 0,08 Afdy lﬂ"% iimesceRd. ehaNRebA l%gern% g be

nnel_ at the one | ocati
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ti nEéham%WC%%aF ipE T SEROL inf & QW do o%?l ar-gll';‘%hﬁhre%?th th E\ segond

nne has” at | east one out
%E: %ﬁ?ma 2Qvel | 24 may be centered in the substrate 12
or may be |ocated on the periphery of the substrate
12. The outlet well 24 may connect to a second fluid
handl i ng device (not shown), and the second fluid
handl i ng device may be a duplication of theapparatus

10 Te subitrdte 12 hdé bf e Hﬁar Q@‘éhd:ﬁ bgﬁ&g Bt 139 rﬁ/l'llcfﬂylg e?fé'ally
0

i PG ERRGHER ob M kel . Atin Bl T e revabrioase

r ect%??gtl]ﬁ* P 'aYQ" % amch¢re segledl by tog batiompaymo B2) alhjch @ generally flat.
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i,n_cros ctional area
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16 rPkgh asefos pxaninte; polymen Sios,endthlogiadls, Graric,a aBR&dhbiHation of
t hethggcond channel s 20. Further alternatively,
the' first

Intermediate the outlet well 24 and intersection 26 is a contraction 28. The
contraction 28 is preferably an abrupt contraction/expansion which may have a
ratio of x:y:z, 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 contraction. 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.

SUBSTITUTE SHEET (RULE 26)



channel 16 may be smaller in cross-sectional area than
each of the second channels 20. The substrate 12 has a
wo op7ioaner 30 and a bottom | ayer 32 which i s geeiEsGLdy/000130

parallel to the top layer 30. The channels 16, 20 and
wells 14, 18, 24 are fabricated onto the top | ayer 30,

and are sealed by the bottom8dayer 32, which is

generally flat. The wells 14, 18, 24 and part of the
channel s 16, 20 nay be |ocated on the botton1|ayer 32
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v or ..addi |ona i
£ e THo Pl 1 8 R i SoR b Mol e it st porton
fir St féddgitoe fluidseto thed dawastiehm portioerade eherein tﬁ@ﬂuna’menee‘urther
MY R&d R b Sulll Q@Ebe@e@ﬁc OabiltR Ao Bktern f/vhérhé{lt ?% %ngﬁlon 28

than one, they be the sane or differen ey may
be B S’fpgﬂeqcﬁggm?@ﬁf?’%?‘@’?ﬁ?éts1 ntersection 26 and the

outlet well 24 and internediate the first fluid inlet

%ﬂ@' hrﬁlr%cﬁdaﬁ&{éa%%h'r&rb %GratdpsgﬁﬁJ L WA ShEFE T réﬁe%gan y, is

I'nt ersectd on 2
thed?ﬁﬁmF$Ust joinin the first channel 16 then fl ow
t hr ough tH)hehaiwrpte of MRtindAGURINIGR &nd T.Iaemfedmuﬁg sectl on

of the f'uésﬂ’i &JL@QQ}#th%%d”%’(xal%ld‘é'aﬁéﬁ\' n?e% ofi

upstream Tream port 6 Th
upstream"(WQ¢%me&fW§"@bﬁhﬁ@@ﬁ$@ﬁdﬁh@mﬁﬁﬁvﬁact|on 28

and the iv) the aim of keeping the dead volume as low as possible.

The contraction 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
upstream 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 result in
a first stage mixing. This irregular flow pattern causes flow fluctuation of the main
stream through the contraction 28, and fluctuation of flow resistance to the two side
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downstream portion 36i s dow nstream of the
contraction 28. The upstream portion 34 routes the

wo bar@s131® be m xed froma periphery of the cheeeG200e000130
the center of the first channel 16 by utilizing
viscoel astic instability. Thereafter, the upstream
portion 34 feeds the fluids t® the downstream portion
36, wherein the fluids are further mxed in a fully
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The mixing was of two dissimilar fluids. The main stream in first channel 16 was
1 wt% polyethyleneoxide (PEO) in 55 wi% glycerol water (1%PGW for brevity).
This has a high viscosity and elasticity. The side streams were 0.1 wt% PEO in
water (0.1%PW for brevity). They entered the main microchannel 16 through the
two side channels 20. The molecular weight (M,) of PEO employed was
approximately 2x10° g/mol. For image acquisition of the flow fields, a fluorescent
dye (fluorescein disodium salt Cy0H1oNa,05) was added to 1%PGW at a weight
ratio of 4x10™1 to identify the main stream. For the side streams, 3 ym red
fluorescent microsphere solution (Duke Scientific Co.) was added to 0.1%PW at a
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side streans penetrating deeply into the central flow
in the downstream portion 36. These fl uctuations

WO e@alot13in vi scoel astic flow instability downspPeEaG2006/000130
the contraction 38. This viscoelastically induced flow
instability together with the sudden expansive flowin
t he downstream portion 36, prahotes effective and
efficient mxing. In the exanples of Figures 6 and 7,
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(not shown). The m xing was of two dissimlar fluids.
The main streamin first channel 16 was 1 W %

pol yEatig/1 eprdaing the rigefoicai momHtieatolshyl fluisler Bélaxatioretmé () were
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nol ecul ar wei ght (Mn) of enpl oyed

Toer =V IW_12, Ais the relaxatlon tlme of the vuscoelastlc flund measured in shear,

V is the average flow velocity, d is the channel depth and w, is the contraction
width. Re = pVDh/no, where p, D, and 75, are the fluid density, the hydraulic
diameter, and the viscosity respectively. The Peclet number is estimated as
Pe=VL,, /D, where Ly, is the upstream channel width and D is the diffusion
coefficient. The average velocity in term of total volumetric flowrate is estimated as

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

The diffusion coefficient in dye/water solution was determined as D =1.5x10

Ym?s. Since the diffusion coefficient is inversely proportional to viscosity,
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approximately 2 106 g/ nol. For image acquisition of
the flow fields, a fluorescent dye (fluorescein
wale@odim salt C20HLONa2(Gb) was added to 1%PG/PEL/SG2006/000130

wei ght ratio of 4X10 "4: to identify the main stream
For the side streans, 3 nmmred fluorescent m crosphere
solution (Duke Scientific Co.)lwas added to 0.1 %W at
a SUBSTI TUTE SHEET { RULE 26)vol une ratio of 0.03: 1.
The «@H120f2 r
ool ot Bo gy Tl BYRKRRRE by DHEoRDR B A2POH G0 R B
fIU|@epﬁbﬁﬁﬁpﬂbgsmEﬁ@“@é@eﬁ%@an—Wﬁ§h1QheRad@HﬂQMeBe—139
For gaedkichdigy rate, flow field inmages in the sane
experinment identified by green fluorescent dye (main
stream) or red fluorescent mcrosphere solution (side
strean) were captured at different tinme by changing
the filtering lens. The total volunetric flowate is Q
, Wth the maiinstreamflowate being 0.5 Q, and each
of the side streans flowate being 0.25 Q. The Q
i nvestigated were 10, 20 and 40 m/hr. The sanple
fluids were prined into the m crochannels by driving
the syringes, with appropriate size ratio, using the
same mcro-syringe punp. Table 1 contains the
rheol ogi cal properties of the fluids. Relaxation tine
(1) were neasured fromthe frequency oscillation test
and the steady shear viscosities were determ ned using
anpl i tude sweep test at shear rates 0.01 g <1000 s"1.
The De, Re and Pe are estimated as: De = | gchar where
the characteristic shear rate is t char =V/wc / 2, |
is the relaxation tinme of the viscoelastic fluid
nmeasured in shear, Vis the average flow velocity, d
is the channel depth and wc is the contraction w dth.

= pvDh | hO , where p, Dh, and hO are the fluid
density, the hydraulic dianmeter, and the viscosity
respectively. The Peclet nunber is estimted as
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Pe = V/.char /D, where Lchar is the upstream channel
width and Dis the diffusion coefficient. The average

weeleoidyo i n term of total volunetric fl ow at ePCEHSG2006/000130

estimated as V= Qwcd , where Qis the total
flowate of the device. The diffusion coefficient in
dye/water solution was determinmed as D = 1.5x10 ' 9
n2/s. Since the diffusion coefficient is inversely
proportional to viscosity, SUBSTITU FE SHEET ( RULE

R g e e
such, 19 at Ql= 4Zg° t he si on|| e¢axation time,
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Fi gr es ®agand 7 Show té&0F [ ow [fi el ¥ 6r Q= 10 ni-/ hr
(Re[= BY0GW,wibe 3 34.17p~and Q = 40L0610ir (Re = 0. 149,
De £ 1B8WNo-padinkt r gam of the contraction 28, jat Q = 10
m / hr , 96heWiwitw fli el d424510%8hown| i n 1R4guP’es 6(a)- (b)
wer e_fluqrpseencedysgp||o However the interface lhetween the
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see Figures 7(a) and (b). "Wi gpi ng" or sw ngi ng
repeatedly of the fluorescedgk tral main stream
across the channel w dth was observed Through
whi ppi ng, the_mai nstream "encapsul ated” th

st r e6lRHP? Bi2B9 4% RS st iere éBﬁ"t"f‘h@?U'sq 9/37a99rﬁ5é .7) and
fl OWdNa o }tP'E SJ(P‘Q’IQ I\@J'e %’Sﬁ t ’rUé)n eearrh tJl)ethe %tractlon 28, at

approac contrattion e nore an
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C hr otIEHe P drecBIsiTAcRCRaNEGEN iy Sieems wasrl Befined. with @ lowet vel of

fluorescent intensity near the interface, indicating mixing. With increasing flow rate,
e.g. at Q=40 ml/hr, salient and large corner vortices were formed, see Figures
7(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 fluid and swung together continuously as the flow
was progressing. Moreover, when the flow approached the contraction entrance,
more and more fluorescent creeks (initially within the central main stream) were
directed to 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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"creeks" were then circulated within the vortex

(swirling strean) and then bl ended back into the
w@ewmrnaldlorai n stream Conpetition between the PEI/8G2106/000130

t he side SU SSTi TUf E SHEET (RULE 26) streans was taking

pl ace at the entrance region next to the contraction.

This conpetition becones frani3c with an increasing

flowate, and the entire flow field becane unstabl e.
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Si deustrega Wexidndethippihgaoh thegnam stregint ib deplgtdd piberially in Figures
contp ééon at high speed, the viscoelastic flow

|nsta Ity was nore significant. At Q= 10 m/hr,

there was sone penetration of the side streamfluid
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upstream T is ca ow f uat
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discussed previously, the mainstream exhibited significant viscoelastic whipping at
upstream. This caused flow fluctuation and resistance through the contraction.
Indeed, this whipping facilitated the side streams penetrating deeply into the
central portion downstream, see Figure 7(a). These fluctuations also resulted in
flow instability downstream 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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I ndeed, this whipping facilitated the side streans
penetrating deeply into the central portion

waloansieam see Figure 7(a). These fluctuati oPCT/aG306/000130
resulted in flow instability downstream of the
contraction. This flowinstability with the
expansi on-fl ow of the nmain sthngam pronoted effective
m xing. Qther than a thin boundary |ayer, Figures 7(a)

and ﬁ'@%tu@@fﬁ@’n@&gafy%hﬁm@élé{ﬁlcm 151 9 |ﬁ’s\{§f IltJ :;h% a-.%hé, Nvcous fluids
Ccr OS -Sec ese p enongna are

pi ct ‘foéﬂ ngg'?sﬁ'c FTIgERP deerey epgyes. WESITI En@ﬁE@TQ'Q’M/E’atef
26) Teolgtionsl wetehanpinyee §sthe ynaf arfd| sidecstrebias tdspédtiyel, Qe fvlsoowity

i nst afblid ENpr@?ﬁatQD )ﬂ‘lengbmevéssfb?% vécHFlggtlé:g@%Q' %eoféao?le 1. The
el asti c effects were e

gl ycEME? MQyiier wet aﬁb@”@ \ﬁér"%e @%ﬂat?;elavqsvﬂeme foraamaledfor
si de ¢s 4B IRESREE, IDeal ), s&b‘l‘-‘u%?eg coly ﬂ(e FdrtaRe Ib%tween the

appr oxi mat el y the sane as for the viscoelastic
see TEAFMS Wps STRethetRblg andrwed wefined) \wth/msm'gmbetwewoﬁhe atr¢ams
t he Thiowdakee thatVfragt Wl@ﬁél@%loﬁeoﬁ/a@)haurﬁ%l@ﬁféﬂd fidield8licity was

7 WESCRR o Rl O See Figure 8(a). The

intertace streams was snoot h, stable and
vveII defined, with no mxing between the streams. This

i ndi cat ed that fluid viscosity alone was insufficient,
and M Gipere A(ts whiel wps eanployeds éanthiothl stfeamsf ato@= 40 mi/hr. (hlghest

i nst aPLlsk Yyt Ilﬁ Jﬂ)gpﬁé r%él}b?jble M?E&ISI dl a%fl"ovgq&:log é/sgrgif fils ,ipertia

bot h st reans
~Plgys a fe{at'h%ké'aﬁ?@g rq'@% Hestiep sthe dnterfaca hetweemihe streams was

Vi SCWSII tefinedinel &thbls. A pair bf synthaN@l Sorh@l \@Hic&{@kl'ﬁ vlor':lﬁ;%rwere

rol eforr@%d Hﬂ]?édra(ta’ mgﬂ\&/&?reérﬁtcﬁrtpg%gntpa% |onf gue &%,é%l(?(}en (Txpansmn

cor nEfery oY :8 epeyl wbithe el stwme ift@ rﬂ'me@ude nsiteding.t bltyno
d Ovmﬁérié&ﬂlﬁh off thé %m@%’cid’aﬂr@t lht@ Nthel URaih Gitr84HdRs QX0 PMRking,

;rt ?;%tr?gug Inﬁl nﬁISEl a(?%ownstream %uen% lnertlaﬁl\rngc%ﬁ]s Ie#]ec?s the si de

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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penetration of the side streans into the nmain stream

This indicated m xi ng, although insignificant, at
waloansieam due to inertial/viscous effects. VWET/S62006/000130

t here has been described in the foregoing description

preferred enbodi nents of the present invention, it

W Il be understood by those sikglled in the technol ogy

concerned that many variations or nodifications in

det a"rhé‘cﬁ%m%eSi gn or construction may be made w t hout

departing omthe present invention. SUBSTITU E SHEET

(RULE 26) THE CLAIMS 1. Apparatus for mcrofluidic

][ri Xi mgf _CONWa;taFdlsr’fgr micRjluiéit Ml)@@&bm@m‘mdi rst fluid inl et

or a fir [ e. at t. 0 S

bei ng ope{j:é;t i V:éillgas& %%nfggtﬂu@(?r‘rf}ét for epf‘l?st flluird ﬁﬂea fé%ﬂ oan flund

(b) Wtet b%faﬂsqpe@ﬁ%e%@é'wcftp aifiest f'tﬂq’ @"tanﬂfé:r at | east one

second fl wd, éth@asabne séc@ﬁcﬁﬂuuﬂ)m%t&ﬁ%@ﬁdstfdnﬂlsécdnli'ﬂ@lﬂ the at ™

bei n 2aner at i

fl ui ﬁg?]ﬁeande L@ fﬂ%e'ﬁt%grea;gﬁly coHnec & gﬁgleﬁ% e, second fluid

chanﬁh@lﬂn@per atively intersecting the first fluid

]gh?nnel f@ Inﬁqé%@w@gﬂ&@&%ortdhﬁmts%am obbrdivdly lﬁi(e%e&trr‘@ the
irs Ul ast _one

the iRt 03?1516@’3 CRgion EhesE5h o Frhe el niliheies

first flufdd i natdegst amdoutled) eratof redist fluid ehawet reaotei fom iha at

the ELLiShe firkthuld "qgaém,el in at |east one |ocati on

sel ected fromthe group consisting of; .internmed
the inter$ecti Bne@¥ ophoHfaCigRigthe, fest E%‘% GARMEY ‘Hl % YGast one
c hanwpedtionsélbctédfeorh thesdrodd ddinsisthigaifietbrreedicitel the irtdrsdctt@sdf the

oné &q%%s?graee%PncﬁMd iaﬁhtnﬁéﬁﬁfﬂ' RS Rrst hﬁd Qﬁanlgcgaa?nh A& least one
first urd 1nlet and the I ntersect
outlet end, and intermediate the at least one first quud inlet and the intersection of

the first fluid channel with the at least one second fluid channel.

2, Apparatus as claimed in claim 1, wherein the at least one second fluid

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

3. Apparatus as claimed in claim 2, wherein the two channels are identical.
4 Apparatus as claimed in claim 2, wherein the two channels are not
identical.
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the first fluid channel with the at | east one second

fluid channel. 2. Apparatus as clained in claim1,
wob@reirsia he at | east one second flui d channel PCT/SG2006/000130

conprises two channels, one on each side of the first

fluid channel. 3. Apparatus as clained in claim2,

wherein the two channels are iigentical. 4 Apparatus as

claimed in claim?2, wherein the two channels are not

I densj cal Ap%&rlag%lfnﬁeﬁHEgﬁy (0\4\4 '%f %@rﬁs ZAQp@r @E&éln%e two

Chonhour @ i fict i Bonny S s Rosiigy of fae i

posi ehapnelon the first fluid channel. 6. Apparatus as
claimed in any one of clains 2 to 4, wherein the two
chanpel s |ntersect the first fluid channel at

di f f 8 ent APFERWS GRCIRIRCY ik apY B8 of |9RNeF Chignfrewhergin the two
AppariEnogs-drgerséahitine first Auid yiaroiek aiodifferkati positidnd 6n Ghe first fluid
wher giJandihe contraction is an abrupt

contraction/ expansion. 8. Apparatus as clained in
claim7, wherein the contraction has a ratio x:y: z

wher & x anpparatas & digiinbd @ £9tods of Hidims Y. to 8, whieiR Rt dohtradion

cI ai g%q k’?)JBFJO rél?tgn/e%ﬁ 51‘-{” the ratio is at least 4:1

asrclalmed in claims or claim?9,
V\hereln the ratio is determned by a flow rate of the

firss. andapeeandad dalingds in dblMlﬁ?ﬁ&ﬁthf%efﬁonlrMOﬁ hdss4 raﬂgq y: z
seco\ggergg%dg%are%gthfz&lrgaetdlgg:gtyy of the first and secon

flu red ol une. 11. Apparatus as
clainmed in any one of clains 1 to 10, wherein the

firsg fl UA@paratus as claimed in claim 8, wherein the ratio is at least 4:1:4.

10. Apparatus as claimed in claim 8 or claim 9, wherein the ratio is determined
by a flow rate of the first and second fluids, a viscosity of the first and second
fluids, an elasticity of the first and second fluids, and to reduce dead volume.

11. Apparatus as claimed in any one of claims 1 to 10, wherein the first fluid
inlet, first fluid channel, second fluid inlet, second fluid channel, and the outlet end
are formed in an upper portion of a substrate.

12. Apparatus 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 portion of a
substrate.

SUBSTITUTE SHEET (RULE 25)



inlet, first fluid channel, second fluid inlet, second

fluid channel, and the outlet end are fornmed in an
waepmen1portion of a substrate. 12. Apparatus aBCT/BG2008/000130

in any one of clains 1 to 10, wherein the first fluid

inlet, second fluid inlet and the outlet end are

formed in a |ower portion of & substrate. SUBSTI TUFE

SHEET (RULE 26)13. Apparatus as clained in claim11 or

cl ai 13.12, Apgeestas 8is lailm@d@i claien 111 @elah 11'2hﬁh&é‘ih~°atl6\ﬁéreportlon of

cl OSfe sPlFE%‘a%'c'id%fa {hlall"i,'sgﬂdlﬂa%# ‘flrsi h ig}hannéi ! %Fafpjfgénlet second

second annet®
out | B4id ghanel end thagutiet andis as cI aimed in any one of
claims 1 to 13, wherein the first channel conpri ses-

t f th contraction,
ounth r eantsERes o5 SR Fral s, 7 RREohs S Wosein th ot
upst PREARR! pROMPriens” Bieiugiraaoy pertién rupstreatrage thre xomgetiny, and a
Vi SCdxﬁ\PnaﬁédnCpérfkﬁthnLtfeta)h of@fédcohl?'fctlgﬁ%bs&ﬂsﬁ@éﬁ\ P&{IM Qenn for

bei n .. a Seco e viscoelasticit

st el Te A6 B S BHTs Rl 28 hadawrsieem peon s
i cr @fecandistedennixing gy the Niscdetsistinity inspilityape byangveafiowi. r St
fluid to at | east one first fluid inlet Lor f: O\If]V al ong
afipst f annel_ the first fluid channe avi ng
at §ast #'8§Fr€l'°rgf"f@'°rr'é'ﬁﬁ$ MREAYt he at | east one
fir St fl u(lalj i ndupplyinga dirsafiuid Eﬁail]easn@wecmﬂtﬂnﬁ(iﬁlétq& flow didHg a

f ' r Sﬁrstfﬂth'cqarﬁ}Qﬁméqarst Iﬂmd @Ranngﬁ}%n? Qﬁegasg Sﬁl?t (Iaucglnhg’n% rgr%gt%qrom

group_ consi stin
| nt gb% @fd??fsbﬂ"eofffsttfﬁléi "1"?"r§td at Jegpicpne isamirastionip the firsi duid ichannel

| easit abreasts@eochtibh Weldcted &Bll‘r\ethe @%ﬂxpt doAsisting! cﬁaﬁferrﬁ’éb@ate the
OUt llﬁtters@ﬁgn o@lﬂg fulsﬂﬁu.ﬁcf E‘%eneeﬁlvet henat ﬁ%ast{cﬁlgsstp? Og%mfj IS §ra1el and

fluid rsectio
charihft legst ?f‘et W@etaﬁndl agdntermediatedomaidedst onedfirsttilaid rdét;:and the

intersection of the first fluid channel with the at least one second fluid channel;

(b) supplying at least one second fluid to at least one second fluid inlet
for flow along the at least one second fluid channel, the at least one second fluid
channel operatively intersecting the first fluid channel for introduction of the at least
one second fluid into the first fluid channel for a first stage of mixing of the first fluid
and the at least one second fluid;

(c) passing the first fluid and the at least one second fluid through the
at least one contraction for a second stage of mixing of the first fluid and the at
least one second fluid.
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(b) supplying at |east one second fluid to at | east

one second fluid inlet for flow along the at |east one
wa@ewaentisio ui d channel, the at | east one secondP¢T/8Gzh06/000130

channel operatively intersecting the first fluid

channel for introduction of the at |east one second

fluid into the first fluid chdhnel for a first stage

of mxing of the first fluid and the at | east one

secof@® fl A wethpd )aspedaimendn tohan filr sthefelnuthd sueend Migid adhannel

| eas toritReS@BRAShNEI Wi dhREAHGMR SR Ml ali§as nngl

contraction for a second stage of m Xxing o he first

fluid and the at | east one second fluid.16. A nethod

as clai med nigthodlaaickainiell,in vllier %] whdréie treawe Bithnhdis bi@ identical.

channel conprises two channels, one on each side of

t he Hrst qu d channel. 17. A nethod as clained in

¢l ai M 16, AWREPY S CHRMGd5 oAl whemsia tharér icbarinels e Aot

met hidehtiggl. cl ai nred in claim 16, wherein the two

channel s are not identical. 19. A nethod as clained in

any one of clains 16,to0 18, wherein the two channels

i nt efSect AtPRINGY #ss claimedi in apmanaedl dgims H 6.t Adrewiprnsin ttheo two

al onghatitieds intersett thé kst fGH aREHRALI at 26 sfindTBédrRA aﬁﬁg GhePhirBBiiliq

in agy,qpe of clains 16,to 18, wherein the t

channers intersect the first fluid channel at

di fferent positions along the first fluid channel. 2

1. Aoret mdne’ﬂ%dCésablmw lﬁ‘ aﬁ?)bn@rb? c%fmschélto”% Toherdn 2 two

merceﬁl snﬁ rsentttha hﬁ nI ldg(LéP

contt acki onrexpansi’s ‘H%\? Hyelat differest gosjtiogs gleg Ehexfirgtflgid

z ar®amwih greater than vy.

21. A method as claimed in any one of claims 15 to 20, wherein the contraction

is an abrupt contraction/expansion having a ratio X:y:z where x and z are both
greater than y.

22. A method as claimed in claim 21, wherein the ratio is at least 4:1 4.
23. A method as claimed in claim 21 or claim 22, wherein the ratio is
determined by a flow rate of the first fluid and at the least one second fluid, a

viscosity of the first fiuid and at the least one second fluid, an elasticity of the first
fluid and at the least one second fluid, and to reduce dead volume.

SUBSTITUTE SHEET (RULE 26)



22. A nethod as clained in claim?21l, wherein the ratio

is at least 4:1 :4. 23. A nethod as clained in claim?2
wa 2@r/oci3a m 22, wherein the ratio i s determ nePChyGa06/000130

flowrate of the first fluid and at the | east one

second fluid, a viscosity of the first fluid and at

the | east one second fluid, amdelasticity of the first

fluid and at the | east one second fluid, and to reduce

dead24:0l ufemeiod 35 daimbdith g ood af dRes i l1m t@ Ny, whBRirPhe first fluid

cl ai wret, Firsl ki@ cﬁe@mel"‘@%[)ﬁ ﬂJJ #\Et sé{o%g flu d%h%‘nn}erlar?%fhe ou{ e% end

fluid channel,” second
chanﬁrglma’h‘r‘ﬂ?ei’??ét'o&?fiaé?bsé'ﬁté are in an upper portion of
a substrate. 25. A nethod as cI a| msd in any one of

claips 15 fl nl et

fluid jnl Q?T%t'%%c?s %m' ?g of S 1% 0 2% Mrre'“ﬁﬁ‘? ’Sbﬁ‘P'd
of a'P@h BRpG fld inges ansi\th?@wﬁsemagrem alowetbdrionof auhstdteor—-
claim25, wherein a | ower portion of the substrate

cl os t l.et,, first fluid chann

seco%zl fl'ﬁn%h{ﬁ% %I,g%seg(':nocadmf%‘ll?f E’a'ﬂ@nwg re'ﬁﬁéo"fel’iémm of the
out | ¥PsEaR|cloges the firsk fivie dnleisfiret faiidreinnel, seoyndfed ofiet, second
cl ai fuididhatiriz] 26 thavbgleeédy. t he first channel conprises an
upstream portion upstream of the contraction, and a
downstream porti on downstream of the contraction; the
firsd- st dy@eiips pngaibet! inganb pne disiaine H & & 467 wharsin 2 frét ciannel

t akidognppded G ud%tréé?ﬁ pHEi%rtu %Sﬁ%bﬂocfftthé) Qoqtr%gt%nt Qrgd geo%\?vplsciream

t t
R e R A —

instability taking place in the upstream portion, and the second stage mixing being
by chaotic instability and expansive flow taking place in the downstream portion.
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