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WD 2004/ 108261 PCT/ SG2004/ 000167 M CROM XER APPARATUS
AND METHODS OF USI NG SAME 5, Background I nformation

wa200kaa826i cal Field [0001] The present inventiPOT/SG2004/000167

rel ates generally to fluid dynam cs. More
specifically, the invention relates to apparatus for

m xi ng fluids, and nethods of nmaking and using such
apparatus. 10 2. Background Art [0002] A m crom xer is
a device used to mx small volunmes of fluids flow ng
in very narrow channels. A microm xer is essential in
many of the mcrofluidics systens targeted for use in
bi ochem cal anal ysis, drug delivery, and 15 sequenci ng
or synthesis of nucleic acids. Biological processes
such as cell activation, enzyme reactions, and
protein folding often involve reactions that require

Rt cROMIXERE AR AR aidis Wbl Rl ElrQuS DR S ByG Shmm
that carry out conplex chem cal synthesis. See
"Passive Mxing in a Three-Di nensi onal Serpentine

M crochannel ," R H.Bagi;#gundqgfmimﬁt remer, KW

Sharp, MG dsen, J. ant1ago, R J.Adrain, H Aref,
and D.J. Beebe, Journal of M croel ectronechani cal
byEechmsal gl 9, No. 2, June 2000. [0003] Wien fluids

flowg h j ' .

e 1 0P AR AN RISkl ol by flore
specificallyf therimrentign mlaasttd eppardds foheixihg {lvids, ahdl owithvgs of
wi.t.hin the macro world. Lam nar flow, also associ ated
Rekine plSEA MG P KSbers, will allow the rovenent of

different layers of the fluid and particles next to
each other. in a channel with little or no m xing,
&x Bagerowd Ay f f usi on. 1

[0002] A micromixer is a device used to mix small volumes of fluids
flowing in very narrow channels. A micromixer is essential in many of the
microfluidics systems targeted for use in biochemical analysis, drug delivery, and
sequencing or synthesis of nucleic acids. Biological processes such as cell
activation, enzyme reactions, and protein folding often involve reactions that
require mixing of reactants for initiation. Mixing is also necessary in many
microfabricated chemical systems that carry ont complex chemical synthesis. See
“Passive Mixing in a Three-Dimensional Serpentine Microchannel,” R.H. Liu,
M.A. Stremler, K.V. Sharp, M.G. Olsen, J.G. Santiago, R.J.Adrain, H. Aref, and
D.J. Beebe, Journal of Microelectromechanical Systems, Vol. 9, No. 2, June
2000.

[0003] When fluids flow in channels approximately the size of a human
hair, the phenomenon, known as laminar flow, exhibits very different properties
than fluids flowing within the macro world. Laminar flow, also associated with
low Reynolds numbers, will allow the movement of different layers of the fluid
and particles next to each other in a channel with little or no mixing, except for

diffusion.
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WD 2004/ 108261 PCT/ SG2004/ 000167 [0004] As expl ai ned
by Liu et al., using a classification that is adapted

or passive. Passive stirring schenes include sinple
i n-plane | am nati on and chaotic advection stirring
(defined by Liu et al. as the rapid distortion and

el ongation of material interfaces). 5 Active m xers
have noving parts or externally applied forcing
functions such as pressure, electric field, or

ul t r agoe04d . ABawplaixed by taw of ai ylp‘iim@a ¢1968iﬁ§:etimfhmi& hdapted

eorretéx to inc s{_\cﬁ etﬁlerf ci al aar‘(;ea&pgsti‘\]/vesgprit he
ety P‘B‘ebseca&%“%%“ v‘?%fgpﬁ% dadvs Brne
chdmisiimdhade sﬁﬂl?lb Agplahd REEndliol @1 clidtic Bévec@dragianing ed
into two subclasses: in-plane m xers, which _divide

Afefiner Py d1y elzphens HhePA dastqrrlgm wdlféorifétl%ﬂ@%lﬁ#l iipfgidiacey).
RSk Sk AR Rl B0Efy LAARALED A
glvesgaref cﬂécmnceﬁdé,cbr hliltcasemndaIPassa?sret mixers typlegly rusbelanael

th di h t.- of

oo Grpbta o Eees T RO A SRS s 2 b B fus

Vigtiptoviy th¥ddsForldi SFiglomtl )‘rﬁilﬁg 'snma nfixobE betaRBORed 6 d
strai ght channel. The sij nl?l est in-plane m xers merge
16

ttyie Splpalaseesa B-RleecniFars; Yhish dividergd antz siagems|witlyinya fluid
ARbPSR L) em&ag&q?&x AARIoGEH. @Eneddrflirﬂﬁh% mixtR! Whidl o)

time an usion coefficients to mx the fluids
ahreaf(dumertsmhalt(:émlnebgctqm@nﬁsf The disaveThfesncsl kin ot asidae

iishant AOeCORRRas B rorbaRer cERBR ki ERUFF RS, 26

Q»!ﬁmﬁehe@drmlﬁond At} Swell 26aWs I@pmueﬂﬁ}tead bquas@bvntre
and stack fluid streans in_.a three 20 di nension

fqhanne}, and graigt ghanngly Thesfraplestincelpge ’E‘V‘ﬁfsd‘é‘i’rgﬁ/“’\‘%ﬁ@flr e
'Eﬁ]eﬁrhs 1nfY £Eingl O LAt I3RE h6@nipPith WBERHbFHBRculddifisibRk e

1
them | ess at%ract ive to bi ocanal ysis st em desi gners
whiking ongimapeand highediffpsipn eoeﬁ%mmt%t@tmléﬁhe %\il&?ﬂrm@@sﬁow

a[ggﬁegr iR Th sqg ggogéseﬂw 'f&t 1 Qs Sk

evera m crof vices ave en
desiedubgz et fr&memy gompiéx m]kgonienabt po’fmlemmstuunmasv ©Outof+i d
m.xi n i t.hin.m cros

Gt iOn FEE FGucTbIG Ptoate ik M e e
afimbrbisdl fiddichetwdk VEAinhiYorOhixers typically require multi-layer
microfabrication techniques, which make them less attractive to bioanalysis
system designers where targets are simple fabrication, planar designs, and ease of
integation into microftuidic systems.

[0005] Several other microfluidic devices have been developed recently
which attempt to improve fluid mixing within microscale devices. U.S. Pat. No.
6,136,272, which issued on Oct. 24, 2000, and is assigned to the Univérsity of
Washington, describes a device for rapidly joining and splitting fluid layers within
microfluidic channels which allow for diffusional mixing in two directions, in the
depth direction and in the width direction. Unfortunately, the devices described in
this patent, which refer to curved bridge channels used in “mixing mode,” do not
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Washi ngton, describes a device for rapidly joining and
splitting fluid layers within mcrofluidic channels

wovkioshoszbi ow for di ffusional mxing in two di rECt/SG®4/000167

in the depth direction and in the width direction.
Unfortunately, the devices described in 30 this
patent, which refer to curved bridge channels used in
"m xi ng node," do not 2 WD 2004/108261

PCT/ SG2004/ 000167 describe centrifugal mxing in
these channels, and in fact appear to be devoted to
Heseribawpntrifegdl aniking in fhespiehennclsa il indpct appeatito by deveted to

rid anne he on se
b HBR0E B hiu Fiptiaoh e Gk PRty e shEr
HRVRS bédﬁﬁiﬁgflﬁ BB icel BpRArshd bel gepaedirn m&hl.ghﬁchhﬂfwﬁ]
Pat ent Cooperati on Treaty WO 01/ 89675 A2, published
m@%@pfwa@c@weﬁm g&1grdd to M cronics, Inc.
d.es” ant c68 rSonERY WO 98ROER AY, published
C|rcu hap cont al ni ng” no nmoving parts, and
Napabbee 2912061‘1 qid aesigned to Misromds, ned desgnibesay jef vm mixer,

d
BreEeTea-TRPG SOBPRPRIS eI, eGSR e 1

BORE aN@laSsar FloGstiea0y | Thes néwecehﬁayasmermetdcantabﬁvmm
and transport fluids forward and backward inside th

il thatrthe infgteoidhiyidewics ag GPrnssted eGP @bEs Fghrroyige the
H)Wer th Eﬂe%ﬁ&t it sﬂoﬁt%lﬂ&%ﬁ%rd LEE RV ard iRGIERS highr.

I near velocity o fluid prior to entering the
Fha deviceabquitse ponv‘ftg@secu@mf@rtgﬁ ﬂgldsﬁeMmgﬁ@ demige,|thesebyt o

diffi.cul.ti C eV| _
yisTea ﬂﬁ%yf aBV%OClHu%ﬁ “1 PB to xite g h Caxtxfn cﬁ%ﬁg THeSR
Emafggliggs%&&ﬁlsﬁia.y lezmlttb Idifﬁhﬂﬁe&lu lcleaibg thRQBRice feseeatbes

m crosystem platforns for achieving efficient mxing
8%¢-one or a plurality of fluids on the surface of the

pl at f oGy vhe s, Phtisted e Appliddioh Wt 26020099638 Al pet al
force produced by rotation, simlar to a CD-ROM_disc.

mdishe 262008% ,dewn%mms%w plasformscior peliigrdngopffigienty
%xgﬁm f &%SJI“ %?hralgg tof hGldS ﬂe@mf%rof Itlﬂ%ﬁ&tﬁ)rm[%g%]md
rece ances, ere IS an nee n

ﬂawyls ﬁl)tlsatédjvy centripetal force produced by rotation, similar to a CD-ROM

- disc. These devices appear to be able to mix fluids only in serial fashion, not in

laminar layers.

[0008] Despite recent advances, there is an unmet need in many arts for
efficient, reliable, and repeatable mixing of reagents or reagents and samples in
microfluidic devices. For example, biochemical analysis, drug delivery,
sequencing or synthesis of nucleic acids, biological procésses such as cell
activation, enzyme reactions, and protein folding often involve reactions that
require mixing of reactants in microspace for initiation. Mixing is also necessary
in many microfabricated chemical systems that carry out complex chemical

synthesis, such as combinatorial chemistry.
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efficient, reliable, and repeatable m xing of reagents
or reagents and sanples in mcrofluidic devices. For

wezaapbssl bi ochem cal anal ysis, drug delivery, PCT/SG2004/000167

sequenci ng or synthesis of nucleic acids, biological
processes such as cell 25 activation, enzyne
reactions, and protein folding often involve reactions
that require mxing of reactants in mcrospace for
initiation. Mxing is also necessary in many

m crof abri cated chem cal systens that carry out

conpl ex chemical  Spnmheay pEthe dunehtiers conbi nat ori al
chem stry. 3 WD 2004/108261 PCT/ S&004/ 000167 Sunmary
of th e r f

t he pfeseﬁ q.lh% nE on%]rje %g@%?ﬁeﬁeg?%gx%nﬂ@ﬁﬁﬁgé&
ReteEmP by efbe abte pblemsofpraviak micdileRia ppparaattymda nd
met hods. 5 [0010] A first enbodi ment of the invention
é‘if'éh%iﬁcrofl uidics mxing apparatus for m xi ng at

| east rgor ]“Al'ﬁrgts'em%ﬂﬁnén@&eﬁﬁ iRn AL HiMSAGRER HishPg a
substrate’ conprising one or nore fluid inlet condurts
apphratusrfox imiging htlagse two flkids, ong mvngtl@wanmnus BRIPIN A

d h d t

St o b AR PP

fnlnmﬂg I@Hz?rtn@l Hhv?ig?ﬁh depth aad astidihi iha In’uxlng @hmebddlaﬁﬂed taoroate
surrace o e S

e be Goted S RSB G et OB PrAYGR SRy

tsplaﬁllblrw SR HPaBRYE (RORIBEIAS, the BBHEY @lahiel RbAReted to a
ubstrate having a top major surface and a bottom

pegduct eoudfihce generally parallel to the top major
surfa Th [ . .

or < IRRAT " PybHARb BRI RAGRENEy ol ofTRhEply i Eher
rapsiiateidving adop mejor sxtfuop hel a ygpar mbjosswface penerally parallel
in ntlon cou e fluids enterin

e don e e T S piphfelnt ofpRaREL O et
Th&te SIU1AE td B4 BixdRY0 @b S6p MFyesuaiiced Widr ekansle faphabusokde
fluid, if_ necessary, in accordance with the specific

dseenten eqyld BT grore Nids e@%t‘m&;thwgh the same 1inlet port but at

different times. The substrate may also have an outlet port for mixed fluid, if

necessary, in accordance with the specific use of the apparatus. More commonly,
apparatus of the invention will mix two or more fluids flowing from different feed
streams, and if inlet ports are necessary, the apparatus will comprise first and
second inlet ports, the first inlet port connected to the feed conduit, and the second
inlet port connected to a second feed conduit, the first a second feed conduits
meeting at a mixing point in the mixing channel. At least one of the feed conduits
to the mixing channel is tangent to the substantially spiral flow pattern. The
mixing channel may comprise first and second mixing channel sections, the first
mixing channel section adapted to route the fluids to be mixed from a periphery of
the substrate to a center of the substrate. Thereafter, the first mixing channel
section feeds the second mixing channel section, wherein the fluids being mixed

flow in a reverse spiral pattern compared to the spiral pattern of the first mixing
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apparatus of the invention will mx two or nore fluids
flowng fromdifferent feed 20 streans, and if inlet

W@ooa06e necessary, the apparatus wll conprPeESE2008000167

and second inlet ports, the first inlet port
connected to the feed conduit, and the second inlet
port connected to a second feed conduit, the first a
second feed conduits neeting at a mxing point in the
m xi ng channel . At least one of the feed conduits to
the m xing channel is tangent to the substantially
shanmell sectinrimsec@m miging clgmel seting mavaermedy nehe adjacent

onpr.i se. f| e n e
GBS g R L oA Bl P e
fok 10csted b@thla@mﬂpneeydoﬂ‘ thosatatries Thé emet pcﬁrt mhjﬂ eozmebtstb mat e
to a center of the substrate. The E er. he f.irst

seoepéh fuidhandag degiserwhsreip g@oﬁgcw &iGegs
co3pag) a&%&stdﬁﬁb mvgh%ﬁ loPa iftferdnt Hévqée bme g%mas@ﬂlayfl ow

in a r verse spiral pattern conpared e spiral
pradide rrcovdr pldte Whlcrlatlame(ﬁrwgpﬂelﬁ\ﬂlmwmwnw 26°EsS.

| S& 000167 n ne I {
ARG Lty ety ol e TEEA 8 e BB E R b b
hapnblgoctha fitgihg Beids Ry forﬁhesmmﬁeattolpmrfacmﬂb ehe bulk of
centered in the substrate | ocat ed

dhermising pidstravese gﬁgglfiplgtcgannphléeng@p ith; soﬁgiiﬁ%g Fengsurface
Gxﬁ@ Bfz6ih Panﬂfl 1R85 Bk §éch1§js1ﬁ§£‘ SH1d R felsHY uﬁegmmﬁsﬁhg

e sec nd flurd handling device is a 5 second
apparaguis, cxfcw&n,eo‘?lah‘a@htwmoldal a different device. The

appar, e

tr ané@é#in{ﬂé lnrlxm ﬁ%aqlgeltqn%gl?/ Jon?rﬁécﬁof aﬁ?%cglt}% a YerﬂFor’ an

kel matiidlg Reduaine Eiateﬁiﬁlﬁ nisy tel eﬂhad)rggmcgmmmrggnc; fand kdected

edges of the _chan or the UI ds may forma
§'(9Fq th efoun cPRsling PF %f’é"ﬁYStMP?yénelshf( gﬁ RUGAMEIS:h e i xi ng

oh#éxﬂx%lebt’i&‘é eindehd INQ. i isitgtralaomptisdd enaials selReted from
dified top surface. 10 The mm;p% channel has a

dlhecgreupseonsisiing qnfﬁd}s@n Jesieleglass, earamicy 1 qgpbingtienstbereeh ng
GI{% irg«fttp%QHh Heroufibt’ leﬁ"i op%i{ Y %13 %aﬂé@eﬂﬁ%@ hfi%Jenpheral

e m Xxi ng ann onprised of
reémflthaesubmm foainother mrplanembvnce materi al . React | ve

ol ool @31 RinRer g Bl bERESe Ry 47 hEBAF v flhe
R ERg e rﬁﬁﬁ@&ppﬁhﬂug o6fMBE $nvention, the method comprising the
steps of:
a) selecting fluids to be mixed;
b) selecting a radius R of the apparatus and a depth and a width of the
mixing channel according to the principles:
i) dead volume is low as possible;
ii) flow rate of mixed fluid;
iii)  viscosity of mixed fluid;
iv)  O<t <t
where t; is residence time of fluids flowing in the mixing channel, and t; is
time required for complete mixing of fluids in an ideal mixer; and

5
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15 ol i gonucl eotides, and the like. The substrate
conprises materials selected from the group

waongilss2sng of silicon, netal, glass, ceram c, P@N8G2004/000167

conbi nations thereof. The inlet port and the outl et
port may open to the top surface or to the peripheral
edge of the substrate to another in-plane device.

[ 0013] Anot her enbodi ment of the invention are nethods
of mxing 20 fluids using the m xing apparatus of the
i nvention, the nmethod conprising the steps of: a)

sel ectli ng afplpmm@ﬂmds todemixediandflovgag Hetflurds thropgliihgs R
of the. aﬁgﬁﬁ ys and a depth and a width of the

m xi ne accordingtothe principles: 25 i) dead

vol unmoii#) | P B&hPdSoFiubing the appirafub ﬂWyﬁﬁih&ieQﬁe steped
fluid; ii1) viscosity of mxed fluid; iv) wgfrtb%

selectingirarangle  hesvaendve &ivd sonduits Immﬁauw&fémpvraw

[
i it e AR G o R e eneliicl o ing B E00RE
hzmézg@ 6t awam&wrm@mgs The cietlmdp lmﬁy nlyo ﬁncm'dds to
be.m.xed and,fl.aw ng,,t he fL@u'dtstrtLroH t he. m "
B xR P B see LT AR BY et iR Bty
dJr el hiled fiikg sele@pd bm thegroah Cigisting an@l@, @mperaies thina®
feed conduits; maintaining tenperature of the 5 flujds

xmanpgrqﬁnrsz &gm %@@orné HORIOHST Pat i dhrem g batchradiontivithg
t b during

B R A RS s

speutmnkamin spectian gonandiaGty, anlsmatye peta potenténd,suitage pigsmon

' d f
PRaF oo Roh REE Phibtaftion Ay SP ik by dReERE S T PT
refedtaen, ) ahed éd’rﬁ!mlﬂﬁﬂs pbihafortgpimmot her point in the

m xi ng _channel r adi oacti_vi , ) . .
[% Further aspects and adentages of the invention will become

apparent by reviewing the description of embodiments that follows.



10 binding affinity, NVR spectra, mass spectra, IR
spectra, X-ray fluorescence spectra, Raman spectra,
wa@oodaes2svity, resistivity, zeta potential, sup€ES862004/000167
pl asnmon resonance, viscosity, index of refraction,
fluorescence, viscosity, index of refraction, pH and
conbi nations of the foregoing. [0015] Further aspects
and advantages of the invention will becone 15
apparent by review ng the description of enbodi nents
that follows. 6 WO 2004/108261 PCT/ SG2004/ 000167
Brief Description of the Drawing [0016] For a nore
conpl ete understanding of the present invention, and

t he advant ages t § g& %o made to the

follomxng dgs§r|%§?§§é£¥j D By Jm%ctlon Wi th

t he apooe6] afytiangord camplegsynderstanting bf the @&kt ille@ion, and

?wia%@a?q?%%ﬁ?ne%ﬁ??#h%& R B on R e TR SR p e en
ilﬁmeI{ Wit B aatcﬁ@pan%ﬁ d2RyingdCin valieh:2D ar e

cros sections (enl argedf t aken along the lines

indicated in FIG 1; 10 [0019] FIG 3.is a schenatlﬁ
pI an {00av) (6 drigesohepptiapign Kish (pprged) Qfan agparptypot the

U, 90 kO Bhodrefs heichicd SR © Pl an view

er appar at us of the i nventi on;
[ 002 1]00ES]G. Fi&si 2A 2R; 126 8nds2J2 kieamoss-akations (eatagzedh taken

t|o 15 and [0022] FIGS. 6A-C are
§§W Fﬁsﬁpgwegﬁghg}(enlarged) of three apparatus of

10 the i FOOQW}De FIG. 3%s Y¥ehedé plan 2l (BXldreSdPdr oo dabparatus
Det ai scription
of the invention;

[0020] FIG.4isa schematlc plan view (enlarged) of another apparatus
of the invention;
[0021] FIG. 5 is a cross-section taken along the section 5-5 of FIG. 4;
15 and
[0022] FIGS. 6A-C are schematic plan views (enlarged) of three

apparatus of the invention.
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[0023] The inventors have devel oped uni que appar atus
and nethods of wusing sanme to mx fluids. Apparatus

wape4re2hnds of use of the invention rely on PEOREGZ04/000167

resulting froma centrifugally enhanced diffusion
process. The non 5 uniformvelocity profile across the
section of the mxer arises fromthe conbination of

vi scous forces and centrifugal (inertial in the radia
direction) forces. The viscous forces give rise to

the typical quadratic velocity profile whilst the
centrifugal forces aﬁéﬁﬂﬂlﬁéﬁﬂﬁgﬂal to the tangenti al
vel ocj t £1 U S e radi

i O 65 s FRESoue BB iy Brths l bRocy ot

psing$anieto aix iflofdsr Apparatlib endmethbdoef wé oftht ifventi@srelyron

the liquid results in a flow tern that

EHnE FLHSE OB desniritvealy chBePEUEoPh BRCa: THRoR- i nl ot
GRS eldchty Protiiadrbsditih scfd st tROmbked BERE BomQhe OUL T
channel . Dependi ng on the size of the apparatus and

torebinationd viseousHercessand, centpifesal Gaertidnie thie|rediel dirgptidng

' in. .of.the. i ' . . .
RS, ViR RPN B8 s R bNED b B kg fhe whts
gelventrfugal folt@s are\pr@porticen! @ribhedpgatialarel@iipahailuid n436) of
the. invention, wWth,so conponents_ .illustrated in
aLiAe BAHUS R e miing Chie ram by ventey of fhgApParalisiio i BRint
3t infresE RO Solufidd bl 6Res SPME WiyhiadesuBOth £e14W phehtdn BE Nt
6. First and second feed conduits 2 and 4 orm an

eanginsowsly cixenlates thediginid fromn amsuinlet ghangeliniguhe Guid
f Vi : 5 t 5
CighERecliRt B A oSl I h M of fhe p 4l ind
theamteng|of the uatr, morevthardenei finid cayhermixed ovepparatus ofthicer
%oi qt C of the apparatus. After reaching center point
VY™ hi s enbodi nent fluids being nixed continue in a

seconord)xi Rgerzing aow o ihe, driwing fighres F180] RGSGhendtXipla
channel and the fluids being mxed flowin the

wispdenlageddad an appagatyssli0; of thedBYRaEPBAVIfhsOmEOMPANENSs 25
flfu@t\’zﬁ&ﬁiinrﬂﬂalg&ﬁn Abarktus A0P BEAE 13t FA8 £k %end?ngz, bR &hd

ports 14"and 16, "and a product conduit 8 leading to
Hwid dead| copdpiot, tand 8 miying poiat 6.pFizst end gecombifeedibandnig 2 and4

Bif LS AR ) WAL e oy
fromrabow20tth ebauens (dpeceg. Birsitaneé s&iohd feedcendultt feel auhidinge
c a?l}ui,l %?v%gick I@v%tlds in a spiral toward a center point C of the apparatus. After
reaching center point C, in this embodiment fluids being mixed continue in a
second mixing channel 7°, which lies adjacent mixing channel 7, and the fluids
being mixed flow in the opposite angular direction compared to the fluids
traversing channel 7. Apparatus 100 also has inlet ports 14 and 16, and a product
conduit 8 leading to an outlet port 18. A cover plate 10 and substrate 12 are |
illustrated in phantom. Also illustrated is a radius R, measured along the line C-P,
where P is a point on the periphery of the substrate. It should be mentioned that
the radius R of apparatus of the invention is continually changing as the point P
moves around the periphery of the substrate.

8



10

15

20

25

the radius R of apparatus of the invention is
continually changing as the point P 30 noves around

wo b@4pes2zsphery of the substrate. 8 WO 2004/ 10BCB3G2004/000167

PCT/ SG2004/ 000167 [0025] In general, the foll ow ng
principles are abided by in the nmethods and appar at us
of the invention in selecting a radius R of the
apparatus and a cross- sectional area A and w dth of
the m xing channel: i) dead volunme is | ow as possi bl e;
5ii) flowrate of mxed fluid; iii) vjsgosit of

mi xed[002U; din ggReral, thy)folloveng priuciples aigqhidgd by i the methods

%ﬁgﬁg{ﬁﬁﬁ é)% gﬁ?n%tigﬁ i QR clidgW¥aBths RofieagParttd@nd a cross-

,_Istime required for conplete mxing
edctibhalliats A andawidibidgdhe mixiqgeohfierel: i xer. 10 [ 0026]

FIGs. 2A, 2B, 2C a D.are. cross-sections (enl arged)
taken al ong tHg | | ﬁgggﬁ&?m‘iﬁ,ﬁo‘ﬁ@ Pgﬁlg)tl%a
respectively, anpd depwoagrtofeilddOfuid20, 130, and 140.
Cross-section 110 (FIG 2A) indjicates where in

enbodi ment 100 Hthe Vvisspuly odpixesflwdiandorts 14 and 16
are positioned;qas Wel{ .as feed conduits 2 and 4.
Cross-section 120 (FIG 2B) indicates the position of
fvbed tooredidene tineofdluids fidvigy mdhe sexing omnidOandrt StinRC)

i ndj cates first .and cond m.xi chanpels, 7 and 7'.
FeAaF ] Coopele reing of ot i kil 05 BRChBIRL o5t he
posi t j0aP6]0f FIGs! 2 &2 Q) ank®D ark Qe3¢ kedtiofs (edlaigedptaken
schematic plan view (enlarged). of another apparatus of

pleag theJiaps 242, 2Fpansl 7R Aespediyelyeamshdssigapted 1Hp 12 130,

§1'}|1d714 alcrhQ.eiRAdi . 229 Shaffatek Waerelin cRitbdikdag! HiaRe @
third inlet port 14" and’third feed conduit 4', which
Blet enhogtet positst 1 and doraee pasiignedb asiwiell agfegd cenduiisd andh

.. Mor.e hyee. fl Ui .he Jd ' ven
Crsararin 120G A Fpbiclst s RENBCorRAbctnb i HQUET
Redst-Sectionl 130 (KIG. 2Opindiehtss fiuseana\sacdndlbhiging[cBR8]s, Fhrd 7°4

ol grage seciton 180 (16! 28 nbiRelhd B0k of LRt ok 15

[0027] FIG. 3 is a schematic plan view (enlarged) of another apparatus
of the invention, embodiment 150. Embodiment 150 is similar to embodiment
100 of FIG. 1, but includes a third inlet port 14” and third feed conduit 4°, which
connect with second feed conduit 4 at a junction 6’. More than three fluids may
be mixed in a given apparatus embodiment, as long as appropriate inlets ports and
flow channels are available.

[0028] FIG. 4 is a schematic plan view (enlarged) of another apparatus
of the invention, embodiment 160. Embodiment 160 allows mixing of two fluids
through inlet ports 14 and 16 and feed conduits 2 and 4, however, this
embodiment is not limited to mixing of two fluids, and can be adapted to mixing
three fluids, as depicted in FIG. 3. In embodiment 160 of FIG. 4, two fluids meet
at junction 6, and flow in a single mixing channel 7 toward and eventually into an

outlet 20 positioned in the center of the device.
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wana4ad2and feed conduits 2 and 4, however,

of the invention, enbodi ment 160. Enbodi nent 160
allows mxing of two fluids 25 through inlet ports 14

enbodi ment is not limted to mxing of two fluids, and
can be adapted to mxing three fluids, as depicted in
FIG 3. In enbodinment 160 of FIG 4, two fluids neet
at junction 6, and flowin a single mxing channel 7
toward and eventually into an outlet 20 positioned in
the center of the device. 9 WD 2004/ 108261

PCT/ s[@%%imﬁ@eiesra crpgfoseglionraksn Aongdhe sectigh 35U dG oh

1@&&&86%&% Sﬁtzb%Hd ﬁmg %&hc?’ﬁh& , further

out et port m X1 ng channel 7.
[ OOSOlOOEO]GSFIG(SAéE -Qare sslheaplao vidvar(eMared) (felmear ged)
of thre

ar.atu f ot i nventi
PRt o e gt RIS G RS SAR rRa  W Hsnedpe s
BRRAS 8oppBsedRS oSS adt FIGSF-ESFluld Mletkcbaduits 2R kAL 4a
conduits 2a and 4a direct two fluids to be mxed to a

flirect twarilydiisig bermixpdio arfirst mixing ehannel 4o dAbindo @isggorg mixing
gga%ﬂﬂ% 71@1@1%3&{,&&1&9@899 Hﬁklﬂ% Efinhdl ol While al%ﬁ AHBbn &gg
i ch al'so ctl

on as a tonnection to the secon
soragetioand theisdong ste ambnixidgchapmedis 13and VB eMifed dluitl

exi t he appar at,us .t hr,0 channel .G 6B
Fhists tmats BHog onehamne 50 T spillPaRts s Smbadiisan:
13®simflafth @nbéﬁmeﬁmd dflPIGSGA OTWE fiids eslbemied ehief Migizh

fluid inlet conduits 2b and 4b, which direct the

ﬂmqh inlst eopdis,ebrigd dhawieh §1re;% theflyids e mixing ghanpels i7h gnd
%"aﬁlréﬁ 1§%cha#': f!ﬁblﬁka 1138 nﬂldffin ¥ ohik&a i ggied | vi-d
exits out nnel nbodi nents 170 and
ﬂlﬁﬁhgiil qilﬂerchamsb&t i &hqulmnnts W andél%ﬁ oififeressentiadly in gt
| t i
805 g 0 B Rinped BRpngliCyr s T pllld Bt S cHBREL ©10€
Rﬁf@&dbsﬁﬁﬁte e (tt)a\EIGgﬁ(ﬁ tilustratesemteatbedinvdat 90 sryngfour

viewed as two a tus of enbod| nent,. 180 nnect e - in
SRHATE VIR B3 e 1IN 75 5 RPATES dt‘ﬂ?"é&g(ﬁc‘m"“lnﬁ‘?t

ke8! THOMElds tFbe2mixdA nthE throMph Ehid idlef SsHdulidiZe ddUictwhicp
m xi ng channel s 7c and 7c', then m Xi ng channel s 9c,

divect therfpidsigmixing ehavnels /¢ aryl qu,afhﬁemlmg chapnakeds; 41¢, and
%3( ' A gorﬁllgaﬂ&%halﬁl%l %’tcgnﬁgcfg'xﬁgln% RS 13 with mixing channel

15¢, which in turn routes mixing fluids through channels 17¢, 9¢”’, 19c, 21c, and
finally the mixed fluid exits through outlet channel 8c. In each embodiment 170,
180, and 190, the length of the mixing chambers (number of the circles) can be
more or less, depending on mixing efficiency. '

[0031] The apparatus and methods of the invention can accommodate
many variations, including but not limited to mixing non-reactive fluids, mixing
one reactive fluid with one inert fluid, mixing cold fluids with hot fluids, as long
as the materials of construction used are sufficient to withstand at least one such
mixing use. Parallel and series versions of the embodiments of FIGs. 1, 3, and 4
are possible, for example where two fluids are mixed in a first apparatus, then the
mixture mixed with a third fluid in a second apparatus, where the second

10
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20 15c, which in turn routes mxing fluids through
channels 17c¢,. 9c¢", 19c, 21c, and finally the m xed

wo basrdosexi t s t hrough outl et channel 8c. |n eacPCT/SG2004/000167

enbodi nent 170, 180, and 190, the length of the

m xi ng chanbers (nunber of the circles) can be nore
or less, depending on mxing efficiency. [0031] The
apparatus and net hods of the invention can acconmodate
25 nmany vari ations, including but not limted to

m xi ng non-reactiy xi ne reactive flu
ViPPH2IEHE thesame ord Lffeaent og} W@ ﬁ%PP{-ﬁwgtsmatywerwswnedd
W HeESS the ?ﬁxing%gann@pco&ﬁiﬁls@&%dv@ kiSesObr 1BANSE bidediiegn Used
are sufficient to wthstand at | east one such m xing
us@ptoRaard the like, mjd ﬁ?@raapp@rame pnsridon g fdtfer @mrcemi@gtapie nts

of FI i ble whe
two - f @%ﬁ Eﬁ% %Eaet%“i afprigl iy By p%%tre% e n;ﬁ‘l’ shifef of
3Ornivdihto a§ldaxSdpsbidhae bh‘ﬂnlhdls fEorttied thdfelﬂosmeﬁﬁﬁi The
apparatus, where the second_ 10 WD 2004/ 108261
parersap bolaboeriadon orfiom aay srbstrate pitablefapihe fuigs of inierpst

[ in
(T8 Syl ol Ehann T A0 BN S a6, 0L RARRGe WRPSE
eeghide. Mhegirofils of the chfinelsan Btkctahguln, kﬁpeza:ﬂ@l tlhmlar
apparatus used as a filter or_ chromatogra

mel QN A9 OFhef %haﬁaﬂ@F cap berpfeTBed e SaksRic Bhe cuttsttats slaye
H2E0h 8d hOcHRE PRA Y & BasBloR kics MRS AR AN an be

s forned ereln ofr eon. The m xer can be
fbandqdctegeem:r with@nodie bindangyvith siliconane glass. tlalst porisgndohdet

i d
tp)(l)g? 8ts tp 1xer E?Iij‘l g 1th rl}an?b? ngé)f[fgl[]ﬂf[ l}ﬁx}' %Igtd&mgtgeeéﬁo%{n?em
ZQﬂ?lﬁlStf’ﬁtedﬁﬁ rFIG Th el‘hmra@éesh folef arklilkusarhiad ireths sitiaon fibstrate that
rectangul ar, trapezoidal, circul ar, . oval n
oM it Bl chistiel BAvBePrAzbrat afit i PREPLBE e been
Eh&yﬁtétﬁﬁmh quly Wil BPhSikd draIRA iR chbir® ne@MRl. Phattidd
e glass or plastic. The two materials can be

b@gfop@d ov@@@pﬁwarwlaoﬂemah%edgp aEthe gubstrets fag edge Hipeand
BofiiSrions) it afiAlds Gk ldh pufd Undofoy oy Wi atifus o2

ane out - of - p ane. pl ane
emmiingrbmt not limited to, polymieeshbsmatéd sGch 4s polyesteg dorsemplsl es

oficipniats hEba Ry Mirhrtre PR SRS sibdetsugh a5 o

lamﬁﬁﬁﬁm,cﬁfalﬂéss%teai 9Ptitafiif, glass substrates such as borosilicate glass,

and ceramic substrates. Likewise the cover layer is illustrated for glass, but can
be any other material suitable for sealing the channels. The apparatus
embodiments illustrated herein depict etched channels produced in the substrate,
however apparatus of the invention may also be fabricated by techniques that
result in channels on the substrate, such as thin film and thick film surface
micromachining including, but not limited to, channels fabricated using
electroplated metal walls, polysilicon walls, silicon dioxide walls, or silicon
nitride walls.

[0033] Polymer inking techniques, as taught in copending application

serial number 10/444,505, filed May 23, 2003, incorporated herein by reference,
11
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15 shown to function equally well for holes drilled in
the cover material. The fluid inlet and outlet ports

weaw4ab®e1 | ead to the edge of the substrate foPCESGE04/000167

type connections. The apparatus of the invention nay
enpl oy any other materials including, but not limted
to, polynmer substrates such as pol yester, for exanple
pol ycar bonat e, or pol ydi net hyl sul phoxane (PDVS),

metal lic substrates such as 20 al um num stainless
steel, or titanium glass substrates such

ey qswt@tfemg Poakag chagggfs,depending i iBe PIOREILES Ofthy Byids b0
t be
AREniCE O pORARE ilkhng prbiSiek b o fth 82 poifir B 5 o

'ﬁpphealpmsﬁiwm emtsddinte apsttarhddumoldaanddiiifraately ﬁradépmﬁ to

et c d ch nne roduc t he bst

dgmo et e e s o s PUath Yerr e HRE
ttl%ﬁtl?r[bhfét(ﬁﬁo tdierted26 so&ithds as diftheitiabdusfacdedehsy treatments)
substrate, such as thin filmand thick filmsurface

s baen davalensd Witha gnal brie teumPpre the e smoqthnesg pkhpel s
fc t t

BREL PR, (AR s URR ARt ROl itaces grthe
matxsfemembdrl(s:fer{e@m B@reiacals progrusiong)i amfgfntsemtamdq sm:b as with a

t.au .l cation 0.s

kst GRP PR eBein S bticsieh b s R 3Rty 1y
rcedted ¥tk @ .silankko mdaaé)ﬂﬁllﬁﬁﬁx%e@@ﬁﬁﬁ@%%@lﬁﬁﬁﬁﬁonsnﬁ}te
be used to form m xi ng channel s, dependin O% on the

prapyer meraker 4§ themexposed lgg ST SUEGREHOTEY i Hleprigeh as with
!iﬁtme&%ﬁ gfqa n%s@iﬁIeYtUWeat thUfele3S G tRAEHETBI th rafSfer
is appli pos bly spin coated, onto a patterned
mudngher attd:ipraﬂltqe muéhqﬁ etnpm ddvear it tho firshitreaiienty Beeausnthea

positive e

Bg?cg caergy n?glg tshe n a(B tglltlg Pf the Q%Efskg]g%we?%a%cthit\@
ghe‘ Iﬁrlemdnsalbolﬁuérf@%ttﬁgéfogythb sidatvatisis plomadtaly Ddyestting

evel ope th a goal being . to inprove the ed

dpgbthe sidewally capses 61?‘\%‘3 th CO’BHHOH@D%&SM i ve

SHthRfR el RIS Riferrddt6 hérdmad f@alturt 3885). Ofhetdi6re, the pHIGEF

menber (referred to herein as protrusions) are first
tondke pretrusioneyuriase o thoytransfor megibisy eanchedplpd ta fhesubsipie iy

s&ogﬁreﬂk&. ﬁh&%@ﬂﬂl’du@ﬁﬁlﬂ E)Atte'rﬁmé ?&Hﬁﬁ@é@, Qich 8¢ Atkrdcontact
printing (nCP) and nanoimprint lithography (NIL) may also be employed.

[0034] FIGs. 1 and 2 illustrate plan view and cross section schematic
views of an apparatus 100 of the invention designed with dual helical passages,
spiraling inwards to the center and back out to the perimeter. In this embodiment,
the device is formed in substrate 12 and covered by a glass wafer iO. Cover 10 is
transparent to allow optical access to the channels 2, 4, and 7. Backside openings
form the inlets 14 and 16 and outlet 18. In embodiment 100 of FIG. 1, feed
channel 2 joins with feed channel 4 to form a junction 6. Feed channel 2 is
tangent to the outer periphery of the apparatus. Mixed fluid conduit 8, termed
herein the mixer end, can be connected to another microfluidic components such
as reaction chambers, binding chambers, liquid reservoirs, or other in plane

12
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10 coated with a silane to produce a nedi um energy
surface on the protrusions. The transfer nenber is

wo b@a/1eseppsed to a second surface energy nodi f PET/SGHOEN00167

as wth imersion in a liquid organosilane, to treat
the recesses or trenches of the transfer nenber and
produce a surface energy |lower than the first
treatment. Because the surface energy of the
sidewal I s and bottons of the recesses is |ower than
that of 15 the protrusjons, polynmer dewetting fromthe
smidr@ﬂaidmchia@e&r@ﬁb‘théw)-mqap ﬁ@“neF?fSrﬂuflﬁé’oétigJ@é%l | s
ca . i i nuous near the
ﬁlﬂjt%?aﬁ‘é@ggs Q%ég@%}ﬁ@gw?g? ferﬁhre g%‘%g {g lerein as feature
edges)003FheThé ciran]ativh dlopuifyapparatupef thégvpntidnrineeasas the

surface of the transfer er .can be inked to th
allba e gpBackr DebToR RS ag BBt ap et EirreBiisg nces
RE §r66dak HmixBR Y @EBSon. Sk ekh RSshiive HRE aitfeasig 2 flow
printing (CP) and nanoi nprint |ithography (N L) may
akboithenhengss Sipeirculajonn ey howeger itrediicgs gleiowra% fimgthe

an vie r ' ' j . Ofe an
55548 B8008 5 6 HiRer HE R TR SRATR KO rebeRtTin
higfrisicn. Foassagds slowslpjuidivdlogtidsrweferdsom poorrnircaletoreflowind
back out ta.the perineter.. ln this enbodinent t he
dishougd thesrepident-bigie; p the Jpixey lét'aég‘i 2“ %Pr?g RV Hiesq g pegmetry
Hag Riftle WRlBEe i o eYroceds bidifdBsisd BRePAbany. to al | ow
optical access to the channels 2, 4, and 7. Backside

.

openi i@56] f Aprarets of i drventiop A guitaBleAtpsymmegic e rates
R MerbBlls o ftfnatnelt "ohey AR BROBL uPllthil e
tsamg entifferent massalehwtiesp gk ppieal geahettyhincrageathatcemirifugak ed

fluid conduit 8, terped erei.n.the. n e be
comersen orse an e H TR v P al e il Sler CRP e 6t 0
3adiheMe tindmfugNaoiee isat itd infiglinvgn. dhaopimsen shikepudesign
reservoirs, or other in plan 12 WD. 2004/ 108261
e CRACRE TRRIarS 91 Qe iolRTe, RGeS SoRGE HBF &1VER HIE TRHRE)

| i iG&N t tth@is BOthé mir iftradsdshaE doad
fquﬁ?{éile?t?%mlﬁ%@%%g}%?g\%m ce lo? the i n\’ientr i ons. [ 0035]

Troduned and bt eier-Heaeasing capagement by sentiifigal foyesmthopigver it
PSR EBRsb PR RaEARERL 36, e
velocity increases. In such cases the advantage of the inventive mixers’ compact

form can also be seen.

[0037] The extent of mixing may be observed, monitored, controlled
and/or maintained by any number of analytical techniques, including but not
limited to: measuring a property of the mixed fluid selected from the group
consisting of color, temperature, change in temperature from one point to another
point in the mixing channel, radioactivity, binding affinity, NMR spectra, mass
spectra, IR spectra, X-réy fluorescence spectra, Raman spectra, conductivity,

resistivity, zeta potential, surface plasmon resonance, viscosity, index of refraction,

fluorescence, viscosity, index of refraction, pH, and combination of the foregoing.

13



5 the process of mxing by diffusion. It can be shown

that increasing the flow velocity enhances the
wapeogabssory fl ow however it reduces the overabCT/BGI®4/000167

the fluids are resident in the m xer and therefore

suffers fromreduced tine for diffusion. For exanple,

slow liquid velocities suffer frompoor circulatory

flow although the resident tine in the mxer is

| arge. In such cases the spiral geonetry 10 has little

enhancenment on the process of diffusion based m xi ng.

[ 0036][00%6ﬂ)ap‘!éﬂigsglxihe faregaimpy/emamipten and dessupticaireintanded to

hr ports,.a
AP o R, bl SER e ARF YA 48 dpe
tsB6pe ﬁmppémﬁduaﬁﬁﬁnt mass densities. The spiral
geonetry increases the centrifugal conponent of force
as the fluid travels towards the m xer center. At the
outer 15 radius the centrifugal force is at its
m ni mum The opti mum m xer design bal ances the
paraneters of dead volunme and residence tine given the
range of fluid velocities. Increasing the overal
radi us of the m xer increases the dead volune and has
an ever-decreasi ng enhancenent by centrifugal forces,
however it is often necessary to provide sufficient
residence tinme for fluid mxing as the fluid 20
velocity increases. In such cases the advantage of the
I nventive mxers' conpact formcan also be seen.
[0037] The extent of m xing may be observed,
nonitored, controlled and/or maintained by any nunber
of anal ytical techniques, including but not Ilimted
to: measuring a property of the m xed fluid sel ected
fromthe group 25 consisting of color, tenperature,
change in tenperature fromone point to another point
in the m xing channel, radioactivity, binding
affinity, NVR spectra, mass spectra, |R spectra,
X-ray fluorescence spectra, Raman spectra,
conductivity, resistivity, zeta potential, surface
pl asnmon resonance, viscosity, index of refraction,
fluorescence, viscosity, index of refraction, pH and
conbi nation of the foregoing. 13 WO 2004/ 108261
PCT/ SG2004/ 000167
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[0038] Although the foregoing exanpl es and descri ption
are intended to be representative of the invention,

WO b@y/188261 not i ntended to in any way |imt thePCESGH®4/000167

of the appended clains. 14 WO 2004/ 108261

PCT/ S&004/ 000167 What is claimed is: 1 1. An
apparatus for mxing at least two fluids conprising a
substrate 2 including one or nore fluid feed conduits
for routing two or nore fluids to be 3 mxed to a

m xi ng channel, the m xing channel having a depth and
AVt it theimeflés: 4 i xi ng channel adapted to route fluids
to be mxed therein in a substantially spiral 5 flow

patteqn t Nah abSurBbR: ARkhER MR REAHLAL ol il OPsubstat

Gaigd @@ dr node ﬂnﬂdeazitcondmﬂlfoﬂ rouﬁn@tondmncﬁpﬂmdatm of

cl_ ai 1\/\here e supstrate rls a top . j or

SHiRtioa HAPEATEED e Rt chate] BRBhes e e iR

tnﬂxtn €hdie) amaptea to x%uf%lﬂufuﬁ(t8 be tdi'fedsm&atlrlﬁlt glﬂa&ﬁhmg] satral
| east one inlet port that routes fluid to

cfbwdmttm that hgesubsiautiallsiparaHehip ﬁ@om&urfaé%t@fc th@ﬁ@smt@,l thft
port 5 conduit. 1 3. The
ABPaF ?us 6%S%F£%t5?%nﬁ&gﬁgg§ﬁg first and second inl et
ports 2 the f| rst inlet port connected to a first

" Sectna 1 MerBARakOfcREFE el Bk R SoRBRIEE 1°

exmﬁtdlsutfscerméh ‘bngomtmajod: sarfme>g;emgalﬂ)ppmllal v thetop majom ng

nne 1 4. .The a at us, of ¢ e of
o b Sl e G o 16 o 3leChout il opes HATGEHE 567, he
%Hxhtﬁﬁt@ hé sibkiYats Pavisy atlid8Veneduil@pdrt chnfecteie thaPRdTust US
of claim1l wherein the m xi ng channel conprises 2
fprdgit. and second ni xi ng channel sections, the first
m xi ng channel section adapted 3 to route the fluids

to be m xed froma periphery of the substrate to a
cent ep- of Theapparatitgiof clayy écwﬁplésap%tﬁ@wgtssquampwoﬁs

SR 518! inRADSrEES e @Ld 1R ekt QI Rhakifl@nd tHeSEcoRl XhiBGort

connected to a second feed conduit, the first and second feed conduits meeting at

a mixing point in said mixing channel..

4. The apparatus of claim 1 wherein one of the feed conduits to said

channel is tangent to the substantially spiral flow pattern.

5. The apparatus of claim 1 wherein the mixing channel comprises
first and second mixing channel sections, the first mixing channel section adapted
to route the fluids to be mixed from a periphery of the substrate to a center of the
substrate in said substantially spiral pattern, at which point the first mixitlg ,
channel section feeds the second mixing channel section, wherein the fluids being
mixed flow in a reverse spiral pattern compared to the spiral pattern of the first
mixing channel section, the second mixing channel section being adjacent the first

mixing channel section.
15



5 channel section feeds the second m xi ng channe
section, wherein the fluids being 6 mxed flowin a
WO enersRespi ral pattern conpared to the spiral PORBGEIOW000167
of the first 7 m xing channel section, the second
m xi ng channel section being adjacent the first 8
m xi ng channel section. 15 WO 2004/108261
PCT/ S&G2004/ 000167 1 6. The apparatus of claim 2
wherein the outlet port is centered in the 2
substrate. 1 7. The apparatus of claim1 wherein the
i xi n§- chaheedppiratis of elpise 3 whereiipibe pbliet PRE peceniaredindes
fﬁpﬁ&%he group consisting of rectangular, circular,
SVEI ™ and” 3 trapezoidal. 1 S. The apparatus of claim
1 including a cover plate. 1 9. The apparatus of claim
8 whepein S ‘F‘S%\!iﬁlrs P \%\]}%{n? 1 kaﬁle{eﬁr?t'ﬂg Jgiﬁg tchann%l 1’11‘19‘& c;l—dg?-
apparatus 0 EPAI M 2 Wher ein e outlef port connects
k&rtion saps eslaunell frdriitle drawéansigtinpeofireaanghlat,Icirciilag oval, and
apparatus of claim 10 wherein the second fluid
HaPRIPIdAly 2 device is like that of claim1. 1 12. The
apparatus of claim1 wherein the m xing channel is
conprised 2 of a reactjve.material. 1 .13. The
appar 8t us e WPFRNS P C]\méfé‘?%ﬁ‘dﬂrhgea SR Ge material is

selected 2 fromthe group consisting of catalysts,
enzynes, |jigands, and the_like. 14. The .apparatus of
cl ai 1 whBFAPRAEHS Ogﬁlﬂ’élf P Ryhgre ﬁ#ﬁ?‘i"@é?ﬁﬂﬁ‘a‘? GRnspRieDt. »
selected fromthe group consisting of silicon, netal,
gl ass, plastic, and conpi nat L ons hereof. 1 15. The
appar &us bIe PPER S?%\%ﬁ‘éli‘ ?’Vﬁ’e{eﬂb‘ FRPtiettpﬁlglg?mgﬁt&]f?ﬁe
Qitioh& tlufdQahdling dePRe. to the top major surface. 1 16.
The apparatus of claim2 wherein the inlet ports and
the outlet port

11.  The apparatus of claim 10 wherein the second fluid handling

device is like that of claim 1.

12.  The apparatus of claim 1 wherein the mixing channel is comprised

of a reactive material.

13.  The apparatus of claim 12 wherein the reactive material is selected

from the group consisting of catalysts, enzymes, ligands, and the like.

14.  The apparatus of claim 1 wherein the substrate comprises materials
selected from the group consisting of silicon, metal, glass, plastic, and

combinations, thereof.

15.  The apparatus of claim 2 wherein the inlet port and the outlet port

open to the top major surface.

16.  The apparatus of claim 2 wherein the inlet ports and the outlet port

open to a peripheral edge of the substrate.
16



2 open to a peripheral edge of the substrate. 16 WO
2004/ 108261 PCT/ SG2004/ 000167 1 17. The apparatus of

wa@e b@umseémwherein the inlet ports and the outl ePCPOG62002000167
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lie in the same plane as the m xing channel. 1 18. The
apparatus of claim1 wherein the inlet ports and the
outlet port 2 lie out-of-plane fromthe m xing
channel. 1 19. A nmethod of mixing fluids using the
mcrofluidics mxing device 2 of claiml to mx

fluids, the method conprising the steps of 3 a)

sel eciling Thepperatus & €laim derherejn P islel poatsiapd the qualel pest
R of .t ’ th and a wdth of the 5
r%eﬁﬁ%hﬁgg]ﬁgﬁﬁg %tzatg%om?%'ﬂ%gh%ggf he principles: 6 i) dead
volume is |ow as possible; 7 ii) flowrate of m xed
fluid,e8 ikj), Vi ity . of mi . i ds i

< to o iy whpRRRBrbiR | et e thbchorts dnd e qlu e
18 orbef-piand fagn eeanizélg chametlt . is 11 time required for
conplete mxing of fluids in an ideal mxer; and 12 c)
applying fluids to be mxed and flowi ng the fluids

t hr ough. t ha métBododmirthgdhddineing the d@roflitidicsmitingldevice

claim 19 incl udi ng sel ecting .an_angl e between 2 two
P IR AR FBiob bR MR of FOPRISTACSRBRYE! . 1 21, The

met hoq) of gdi&ting A%ids REbd/RIRE; MONi toring extent of
m Xi n%)l_by 2 measuring a property of the m xed fl uid.
he

1 22. srbactiogla vrdiusl B phibg gppartis andiglepdaad arygiddh of the
oo sGibigo ARG e O

secon claim 22 incl udi ng
noni t ori ng ext et ofdeaésclnmens lofv as possible;

et

if) flow rate of mixed fluid;

iii)  viscosity of mixed fluid;

iv) O<t <t
where t; is residence time of fluids flowing in the mixing channel, and t. is
time required for complete mixing of fluids in an ideal mixer; and
c) applying fluids to be mixed and flowing the fluids through the

mixing channel.

20.  The method of claim 19 including selecting an angle 6 between

* two feed conduits feeding the mixing channel.

21.  The method of claim 19 including monitoring extent of mixing by

measuring a property of the mixed fluid.

22.  The method of claim 19 including reacting a component of a first

fluid with a component of a second fluid.

23.  The method of claim 22 including monitoring extent of reaction of

said components.
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2 said conponents. 17 WD 2004/108261 PCT/ SG004/ 000167
1 24. A m xing apparatus conprising a substrate having

W@ 204408261 2 channel , the m xi ng channel conpri BCTY§G2004/000167

first and second m xi ng channel sections, 3 the first
m xi ng channel section adapted to route two or nore
fluids to be mxed 4 froma periphery of the substrate
to a center of the substrate in a substantially 5
spiral pattern, at which point the first m xing
channel section feeds the second 6 m xing channel
secti &h, wAARIBING apprEatps COIRRIISHIE YD dehpVIZAIAng,

r S L&-al : IE Al ot
AR e Skt lchqnhe P el IRERTE SR b bl SRR seqions,
siedstcniningi chenrehseotien adepet] tomulzdivogr adjrabeds td tfeemixed st

i Xi ng_4 | tion. 1 25. f mixing.t
ot okalbhpg G e SERRIRde ASEE: AR S e ShSaREy "o
Spifal phtRediaP@hichPoRk tHITH:& nlikinb EBarinBl c@onClobdsi RIS hdY

curving mxing 4 channel having an outlet; 5 b)
ovxingehanngl se¢tonf wherdia theflgdgypeingyaixed flowdp @aevsese spiral

e j ce. L] i Ng - ved
IR 06 Bl o B Al b o o
sdcond tninieg tHaatel sectiohibeing atjacdnh the das eniBing ehanmief seghidn.
force on the fluids as they travel toward the outlet,

9 thereby increasi.ng the effective,contact area ..

bet webh { e et THRE Y Prtipie s e pitfHod tomhyigige the
Blepd 6fg channel and enhancing 11 diffusional mxing. 1
26. A mecrofluidics mxing apparatus c?rrpri sing:.. 2 a)
a subd®t r atiEedipgitvp rgyr fyids o A SAHIMMAIS HRITHEEI KNG a

mxing 3 AR Ghving BEodtleti Ng channel having at | east
one inlet port and "4 an outlet port; 5 b) the

apparb us ¢eatacieg e fiaifs thyowphdhe inflgenagiof cenjritigalfawe

havi ng

while flowing through the curved mixing channel, the curved
mixing channel having a structure that functions to increase
centrifugal force on the fluids as they travel toward the outlet,
thereby increasing the effective contact area between the fluids
while flowing in the curved mixing channel and enhancing

diffusional mixing.

26. A microftuidics mixing apparatus comprising:

a) a substrate and a cover plate combination defining a mixing
channel, the mixing channel having at least one inlet port and
an outlet port;

b) the apparatus having a radius R and the mixing channel having
a depth and a width according to the principles:

i) dead volume is low as possible;
if) flow rate of mixed fluid;
iii)  viscosity of mixed fluid; and
iv) 0<t <t

18



6 a depth and a width according to the principles: 7

i) dead volune is |ow as possible; 8 ii) flowrate of
woooados2bui d; 9 iii) viscosity of m xed fl uid;PemdG2008000167

iv) 0 <tr <tc 18 WO 2004/108261 PCT/ SG2004/ 000167

11 where tr is residence tine of fluids adapted to be

mxed in the mxing 12 channel, and t, is tine

required for conplete m xing of fluids adapted to flow

in 13 an ideal mxing channel. 1 19

11 where t; is residence time of fluids adapted to be mixed in the mixing
12 channel, and t. is time required for complete mixing of fluids adapted to flow in

13 an ideal mixing channel.
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