M CROM XER APPARATUS AND METHODS OF USI NG SAME 5. Background
Information 1. Technical Field [0001] The present invention relates
generally to fluid dynam cs. Mire specifically, the invention
relates to apparatus for mxing fluids, and nethods of rmaking and
usi ng such apparatus. 10 2. Background Art [0002] A microm xer is a
device used to mx small volunes of fluids flowng in very narrow
channels. A mcromxer is essential in many of the nricrofluidics
systens targeted for use in biochem cal analysis, drug delivery, and
15 sequencing or synthesis of nucleic acids. Biological processes
such as cell activation, enzynme reactions, and protein folding often
i nvol ve reactions that require mxing of reactants for initiation.
M xing is also necessary in many mcrofabricated chem cal systens
that carry out conplex chem cal synthesis. See ~. "Passive Mxing in

a Three-D nensi.onal rpentine Mcrochannel ," R H Liu 20 M A
Strenter, KIICHAMIXHR APIABMGS ANTEME THEDS OB USRNGrSAME Ar ef
and D.J. Beebe, Journal ofM croel ectronechanical Systens, Vol. 9,

No. 2, June 2000. [0003] Wen fluids flow in channels approxi mately
the size-of a human hair, th ;RZ'&BQEEPQ”' %mown as |lam nar fl ow,

exhi bits very different propertres 25 thatttuids flowing within the
macro worl d. Lam nar flow, also associated with | ow Reynol ds nunbers,
will allow Lh®echnwahBield of different |layers of the fluid and

e £ " ¢ oBEEri hSlend hRSRAS) pebrly o Aohd Syl it "

specifically, the invention relates to apparatus for mixing fluids, and methods of

making and using such apparatus.
10
2. Background Art
[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
15 sequencing or synthesis of nucleic acids. Biological processes such as cell
activation, enzyme reactions, and protein folding often involve reactions that
Tequire mixing of reactants for initiation. Mixing is also necessary in many
) microfabricated chemical systems that carry out complex chemical synthesis. See
( | “Passive Mixing in a Three-Dimensional Serpentine Microchannel,” R.H. Liu,
20 M.A. Stremler, K.V. Sharp, M.G. Olsen, 1.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
25  thanfluids 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. |




[ 0004] As explained by Liu et al., using a classification that is
adapted here, mcrom xers can be classified as either active or

passi ve. Passive stirring schenes include sinple in-plane |amnation
and chaotic advection stirring (defined by Liu et al. as the rapid
di stortion and elongation of material interfaces). 5 Active m xers
have noving parts or externally applied forcing functions such as
pressure, electric field, or ultrasound. Passive mxers typically use
channel geonetry to increase the interfacial area between the
liquids to be m xg@ggrt h | e £ﬂ£§ Xi ng.
These m xers can @goc;at%%%gpllazeg%&nlggmt#m% sub%lgééfsﬂscgfégﬁt:ﬂ?\ﬂlg?@yé@

m xers, whi cherdjmicchenizerslcambe cdssifiadias mhmmcnwaoﬁpasm‘cb Tassied stoTikg
confined to one | evel ., and, qut - of i on mxers, which
oo |t hr ee. drEmes Brtite S ipige uERRaghe SREEEN RS cen L u
et al. articlRfindlPscrinkes. & tﬁérfagﬂd;st@fﬁaﬁ hﬁ%ﬂgﬁﬁé%ﬁ&?ﬂ@ﬁl@ﬂi&&)

out - of - pl ane passi ve m xer, relies on chaotic advection, ‘as
wel | as tho Astiys IawemrhiaWem@vmgHWr@ﬂmméﬂy anpliah&rcing Arackensaugihas

channel . The eans into
a single chaﬁ%gwag%&géggl %rh?tﬁmrjn&(@ f\PaE%Jegmx I\(gﬂcﬁﬁlar klgll %?nuggl%ln
relying on t ggomedido h]k:@bsedhefiutﬁfaom araaekﬁa‘twmelﬁ]sqlﬁds torb niifeal, ﬂiuul ds or
nove sol utes. between flujd i.S. tr ubl esone f bi ol ¢
sanmpl es, who r

B’él)f%%glﬁtoﬂéﬁff’f & F%W@ g, els? BYtREHEAn 3’366??5? dinto
ol i gomeri ¢ OfyQbYAREL: fn- EﬁeLkﬁifoseﬁthdiwdéfand RlidBteeands ATIHRARS FIQfA M Xers
sequential Iy split and stack fl uid streams in a three 20 di mensi onal

f 1 ui di ¢ Het weatworkicandinedit¢ one lavoleand opypi-plenc) of lareigetionaniggist Which peer
m crof abri Caﬁlge;%sc{ DS? rﬁ'zilaéﬁglﬁlel &%1 tﬂngalﬁieg g‘rét@x%ﬁce@ltlrl{l @fatl' Xrﬁcl%o

bi oanal ysi s ghers eretargets are abrication,
pl anar desi gﬂﬁscﬁ!&nd t]ﬁas&:mﬁsmnaﬂ]tag@nemhamnﬁl@umi:plmfelpnssiva:mmt ens.

0005] Severa t m.crof |l ui di ¢ devi een devel o
ooty bR HheL of Ul adfestion, SoHAIr R i B R B Fe T E¥os cal o
devi ces. U. Schab@d, anbi@iraigh cAd@el Mhe sipbleshinsisnedixen niezbe twdinid000, and

Is assigned to t he Uni vers;j ty of
15  streams into a single channel and accomplish mixing by molecular diffusion,

relying on time and high diffusion coefficients to mix the fluids or move solutes
between fluids. This is troublesome for biologic samples, whose constituent
molecules are frequently complex oligomeric or polymeric structures. Out-of-
plane, lamination mixers sequentially split and stack fluid streams in a three-

20  dimensional fluidic network. Lamination mixers typicaily require multi-layer
microfabrication techniques, which make them less attractive to bioanalysis
system designers where fargets are simple fabﬁcation, planar designs, and ease of
integation into microfluidic systems.

[0005] Several other microfluidic devices have been developed recently

25  which attempt to improve fluid mixing within microscale devices. U.S. Pat. No.
6,136,272, which issued on Oct. 24, 2000, andis 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

30  this patent, which refer to curved bridge channels used in “mixing mode,” do not

2



Washi ngton, describes a device for rapidly joining and splitting
fluid layers within mcrofluidic channels which allow for
diffusional mxing in tw directions, 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 describe centrifugal mxing in these channels, and in fact
appear to be devoted to keeping the Iam nar flow streans separated
in the bridge channels. The only mxing occurring in these devices
appears to Hescribe pantritzgat hmxlag irpthegetchaheiznal dsin fatoupiebyr e dadevaed @ny
curved bridge channel .. 5 OOOG%EPatent Cbopergtlon Treaty WO 01/ 89675
A2, publ i shEeepingohe fpgaier Sgw supas sereratsd & b seochm%ﬁ#eg Yl nc.

descri bes Ardifih e YOk ik it %& RS ashy bein” %‘R?ﬂ gRNt ai ni ng
e of m serl a

no novi ng parts an apa ing bot m nar fl ow
st reans. Thd@wmﬁwmmémnaywbanmébﬁé@cammmtt|ve m xer, in that the

inlets of this d e onne W, t s, that provide
the 10 pbwer to ﬁ%@a I%gt?ntgﬂgpelr [SWWCFH@&?MEP B backwar d
i nsi de the Nb¥&hber 23000 6Nd ﬁ@xgﬁ&ﬂ@'l\h@ﬁmﬁ@%@rﬂﬂs&%e%@(jéﬂv@ﬂ&x nffer,t he
fluid entering the device, thereby increasing linear velocity ‘of the

fluid pri orgﬁtD@W@HtC@Plﬁ?nghﬁWé @ﬁnkemgg %m%@gpmméa%capébhq@éﬂgmn@

sections [_. eat ed
use. 15 [00 #g%%émjl:}% atenlth]%opl I cat %@%%8‘%"88@%@52 Al ,
pupl i shed Jinmltiatahe mm thmiéesmelabecs)nmcmd)mthspmpmgmlﬁmtm provide the

hi evi efficient of o Or. f fluids. on the
ot oot oot i e enifr ot b i For B 0 Beeriad nshd SheBinet | ot
force prod UPI%’déQite&&}uﬁEs @Hﬁverg-ln@‘lsla@ifoné for EeGRIRMerirthi 156 deviBLBRreBVi CES

appear to be able to mx fluids only in serial fashion, not in 20

| ani nar | ayi8fgasing %@eomlomaﬁme@ﬂﬂblwwo slone the miipg chamber. sFhest et
need in nanéﬁn%lrgﬁlg s8&%ions may lead to difficulties in cleaning the device for repeated

use.
15 [0007) TU.S. Published Patent Application No. 2002/0097632 A1,
published July 25, 2002, describes microsystem platforms for achieving efficient
mixing of one or a plurality of fluids on the surface of the platform when fluid
flow is motivated by 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

20  laminar layers.

1 f0008] Despite recent advances, there is an unmet need in many aris 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 mucleic acids, biological procésses such as cell

25  activafion, enzyme reactions, and protein folding often involve reactions that
require mixing of reactants in microspace for inifiation. Mixing is also necessary
in many microfabricated chemical systems that carry out complex chemical

synthesis, such as combinatorial chemisiry.



efficient, reliable, and repeatable m xing of reagents or reagents
and sanples in mcrofluidic devices. For exanple, biochem cal

anal ysis, drug delivery, sequencing or synthesis of nucleic acids,

bi ol ogi cal processes such as cell. 25 activation, enzynme reactions,
and protein folding often involve reactions that require mxing of
reactants in mcrospace for initiation. Mxing is al so necessary in
many m crof abri cated chem cal systens that carry out conplex chem cal
synt hesi s, such as conbinatorial chem stry. 3 Summary of the

| nventi on [0009] The appar at usSwmdamef Hedsveofiot he present invention
reduce or overcone many of the noted problens of previous

m crofluidics ap us..and th 5 101 A firsi enhodi nent of
the invention ar rﬁ;‘hfiﬁf’ |a£:£§5 %%grlﬁen%()dség%gl%etsﬁrg H?V(?PB?’H %ﬁﬁ%%:a | east
two fluids, @eRolRH@AYi0Y theapRdpedblEmSeiidvicis Afciafluigide appakias and
conprising one or nore fluid inlet conduits and a m xi ng channel, the
m xi ng chanr@#hedvi ng a depth and a width, the mixing channel adapted
to route . fluids e A [£93f 1R ive st aRtd M- SRipal, flow
pattern tshat S s[g@gﬁ) arﬁn%llgfﬁ/ﬁd%gﬁ%ﬂgr% gﬁ@gﬁ “To & ?%%&%élghcg% t he
"substrate, tdpparatux forgnisingmaniehst tomiies,eale invertivepppataios cooprdimga [ 0011]

Apparatus of fhe invention may conprise. a generally. planar .substrate
having & t oG COEPFE Sre st BiR o Sl ity

paral l el tQnkB@ chofheMdvily SdepiiaGd.a widl, G Bfking tRantBadapiée tdfdteOr

nore inlet ports that 15 route fluids to be mXxed to the togmqa or

surface. Forflwdednpe aixediherriain s surtapidly sphaidlon pateeghtds pybs Yor
nore fl ujds ' i nl et | fferent
Tres | e é{}?ﬁ%{l@tﬁ%&%ﬁ%ﬁﬁ%\%ﬁgﬁ thllBng? ‘%‘%?’%‘*"F%‘P%%ﬁ“x‘ R it
necessary, iprodactamdance with the specific use of the apparatus. Mre

commonly, appar of, the. invention.wll mx two or re fluids
£l owi n gyf r omp(F:)li fmqig}]t 1}pggr&tus oF fHe thveltidh may compnse a genererfle I?lanar

substrate having a top major surface and a bottom major surface generally parallel

to the top major surface. The substrate may have one or more inlet ports that

15  route fluids to be mixed to the top major surface. For example, apparatus of the
invention could mix two or more fluids éntering through the same inlet 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 commonty,
apparatus of the invention will mix two or more fluids flowing from different feed

20  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
intet port connected to a second feed conduit, the first a second feed conduits
meeting at 2 mixing point in the mixing channel. At Jleast one of the feed conduits
to the mixing channel is tangent to the substantially spiral flow pattern. The

25  mixing channel may comprise first and second mixing channel sections, the first
mixing channel section adapted to route the flnids 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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20 streans, and if inlet ports are necessary, the apparatus wl|l
conprise 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 neeting
at a mxing point in the mxing channel. At |east one of the feed
conduits to the mxing channel is tangent to the substantially
spiral flow pattern. The 25 m xi ng channel may conprise first and
second m xi ng channel sections, the first mxing channel section
adapted to repuiml bdttiof. | Dhecdnd higingickfthel e@RdAMBESH nidyaioy bOhdjaddhe
substrate to a_center of the substrate. Thereafter, the first m xing
channel sedh¢ Bt pans chapeel setignd Ths utshperhaay be cesiegadip he sbetrast,n t he

fluids bein i 1 pi to the
Spiral patt oot heirfof MESHARLBRThALuRELIF LR, CORRALEY 0
m Xi ng chanrsetond éinfd lemdiigydevicemahereio thetrecand) fhidirndlitgdeviderist m Xxi ng
channel gection. The out]et. port ma centered. in the substrate,

o 1ocat Sd. CHEPHEPRERI MRS IS oRaT & (R GH L Pevioer HOeGURTRE BET 1y
connect t0 anchsRGRRer plath dohianghy POtARNIER aIBRBESpAcal esecond fluid
handling device is a 5 second apparatus of the i'nvention-or a

di fferent deMicmativalficthe pirnmehasnataney beglosediey growingap th edges ofthe ch nmay
be transparep | owm i . i Ve 1 Xd Ng
channel - ay e} sl B AR s 6P sona BT B W IR L1,
mxing fl ui ds mixyng uids ttaversk tdidiking chamebhenbath e sultdifiel fobeutisdek of

t ie m xi pg ui ds. traverse the m xi.ng . channel heneath the saqlidified
ton our P00 Thd pibvnk HREHIES & FRm s HHEDo St T 0F BB RaRestEg] cct ed

fromthe gr gpgcﬁgg,ggls&@%, &1, bRFtagsmbar, circular, oval, and
trapezoi dal . [001{}@1’% m Xi ng channel may be conprised of a reactive

material or an [P¥edt Theovxpsrhanmel guayi beeomprissd ofleseastye batedrldyen
organi c or knar kG C ; i St i f
caralyate, LROCARON, RBMME RRRRNEhay bE QMK AL MBFANE Hd DAY ||
| i ke. The sitiostthegwup ompistisgef il ysty, ezyrs s lmpbdsdoligooers,

15  oligonucleotides, and the like. The subsirate comprises materials selected from

the group consisting of silicon, metal, glass, ceramic, and combinations thereof,
The inlet port and the outlet port may open to the top surface or to the peripheral
edge of the substrate to another in-plane device. '
[0013] Another embodiment of the invention are methods of mixing
20  fluids using the mixing apparatus of the invention, 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:
25 i) dead volume is low as possible;
i) flow rate of mixed fiuid;
iy  viscosity of mixed flnid;
vy O<t<t,
where t; is residence time of fluids flowing in the mixing channel, and t. is
30 time required for complete mixing of fluids in an ideal mixer; and
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the group consisting of silicon, netal, glass, ceramc¢, and

conbi nations thereof. The inlet port and the outlet port may open to
the top surface or to the peripheral edge of the substrate to

anot her in-plane device. [0013] Another enbodi ment of the invention
are nethods of mxing 20 fluids using the m xing apparatus of the
invention, the method conprising the } steps of: a) selecting fluids
to be mxed; b) selecting a radius R of the apparatus and a depth and
a wdth of. the mxing channel according to the principles: 25 i)
dead volune is |ew asa@gﬁﬁg 1igs to Yeinlixéd and floading the fhridsahkobgiuthe; 1)
viscosity of mxedflu iv) 0 <t' <tc, wheret, is residence
tinme of fluids fI&WRS aPWthe m Xi ng channel and t, is 30. tine
required for co f et i 5 ¢)
applying flui dsnﬁj(ﬁ%E m xe O& to Fﬁl fi2 bﬁﬁmﬂlﬂﬁglsd@ﬁ%%e t he

m xi ng chamehbnngammg]e Bﬁeavamm@d@dmnmss,mmﬂaml@ipapa‘amgcrfﬁlye i ncl ude

the step_ of ectln a bet ween ed conduits:

mai nt ai nﬁngﬂ‘{léﬁﬁ % aB‘F et“%é"@o]?e RHEY @8?‘?{6{8% e FARG9E g
heat ener QYhegl%%@fg?tt@ﬂleqwdrﬂﬁs Mgz RE. aﬁ@ihﬁﬂxodhﬁaya@@ﬁrcﬁwet o the
apparatus during m xing. The nethods may al sg include nonitoring

ext ent of rmwtngnaﬁﬁmé of miripg endier pexierl i feasHoB)Y MESHHRE A HTRCRY oper t v
of the m xegt el AfiliSabaeh LoATS @éo%emggoatseoﬁ&'t@ﬁp%m&g Lhpe

t enper at ure,” change % tur%g?rom one” poi nt” t o™ anot
inthe m xmgm:;iaamre Ifrpmrcmehpomcta aniothyr point in the mixing chanuel, radioactivity,

10 binding affinity, NMR spectra, mass specira, IR spectra, X-ray fluorescence
spectra, Raman spectra, conductivity, resistivity, zeta potential, surface plasmon
resonance, viscosity, index of refraction, fluorescence, viscosity, index of
refraction, pY, and combinations of the foregoing.

[0015]  Further aspects and advantages of the invention will become

15  apparent by reviewing the description of embodiments that follows.




10 binding affinity, NVR spectra, mass spectra, IR spectra, X-ray
fluorescence spectra, Raman spectra, conductivity, resistivity, zeta
potential, surface plasnmon resonance, viscosity, index of

refraction, fluorescence, viscosity, index of refraction, pH and
conbi nati ons of the foregoing. [0015] Further aspects and advant ages
of the invention will becone 15 apparent by review ng the
description of enbodinents that follows. 6 Brief Description of the
Drawi ng [ 0016) For a nore conpl ete understandi ng of the present
invention, and the advantages thereof, reference is now nmade to the
foll owi ng descriptions taken 5 in conjunction with the acconpanying

drawi ngs, in which: [0017] Eh%ﬂesicg AnSehe tic opl an view (enl arged)
of an apparatus of the i nven%m—%ﬁﬁ—g}?@—géq?p, g onents illustrated

i n phantom [ 001f§016] Geor a2fvre z&np@@,unmaﬁ’dal@@ﬁhggﬁgeﬁﬁ sRehddNgnd
(enlarged) taken along the lines indicated in Fl 1; 10 [0019] FIG

3is a sc he%aﬂﬁa%qgﬁﬁthgﬁe@fquf@ﬁp%iﬁ ey mefle inibe Frdlowagmdaseniniions tkert he
: Ci oa e g > I N of
oot her appi arfneid it feBaanATPlaGRe I A (21 STOP0 %L ecti on

taken along the'section 5-5 of FIG 4; 15 and [0022] FIGS. 6A -C are
schemati ¢ pl an vi08kg (HOI hispesthendtiaiiredew niragal) 0f amippatagisiafdent i on.
7 .Detailed Description [0023] The.J nvenf.or ave devel oped uni que ’
appar at us o e:%lé)g]h%rﬁﬂs) so()#e com}Jonean illuba edt 1n phantom;

3 - [0018] FIGs. 2A, 2B, 2C, and 2D are cross-sections (enlarged) taken

along the lines indicated in FIG. 1;

C

10 [0019] FIG. 3 is a schematic plan view (enlarged) of another apparatus
of the invention; _ )
[0020] FIG.4isa schematié 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.



using sanme to mx fluids. Apparatus and net hods of use of the
invention rely on mxing resulting froma centrifugally enhanced

di ffusion process. The non 5 uniformvelocity profile across the
section of the m xer arises fromthe conbination of viscous forces
and centrifugal (inertial in the radial direction) forces. The

vi scous forces give rise to the typical quadratic velocity profile
whilst the centrifugal forces are proportional to the tangenti al
velocity, the fluid mass, and the radius of the m xing channel from
the center of the apparatus to D ¢fallgsolDescriptiy interest. The sol ution

f all f | | f h
gon?i nuoﬁgfssc?ﬂgbﬁt il V%nre%fi‘fh %dﬂe ?ﬂegﬁnﬁﬁvﬁgﬁ?tt rsgﬁn%ﬁ?etél?’ﬂqépfl nt o

the fluid esigsainedo mﬂmﬂmdAppa&at@ymirmahﬁi@mhse deRemdintan 9y bhie si ze
of the apparatus and the intent of the user, nore than one ¥I uid can

be mi xed i nmﬁ‘pﬁgafreﬂ’c%ilg@m?ﬁ@ﬁlﬁﬁﬂ@ﬁﬁ}@ﬁwdmsﬂf@m?cﬁﬁﬁFlbmrg now t o
the draw ngyfi B eReinf btk s@th%%gﬁfsatome%&&arﬁés%nﬁﬁ{y arged) of an

appar at us 1 vent 1 on onent's lustrated in
phant om Appantatation tD@sdvas foacesiand terfthﬁngai (ineadl iheltaidial diredtiogpcond

fluid feed 1g_{)ond t 4, agd a nxi.n \Kﬁ‘% ;31 rst and secgn feed
conduits 2 EJ1[l & FBFOHSATCEs Y erits to zﬂ’f@‘i‘ ¢ YRR peefile mhilsto
about 90 degik eagrifufM Forctl ¢ FopbrtivnAQo er%ﬂg@ﬁlﬂﬂ' beldBtyl SedRRdhadd

degrees. First and second feed conduits feed a m xi'ng channel 7, _
whi ch wi ndsamdhegadips plthe trmegdlaanelémnethegentmof@ecﬂppmmsa@mrpams ~

Ater 1P ARG OREonREh B aifTorkd it REPRLIISAL sbhlolB kO T xod

continue in a secon m Xin anne I es m Xi ng
.channel 7, omtintohsy tirailass. thbhqmg froinx &xinhdrades c‘haﬂﬂwmﬂﬁﬂuﬁtﬁ angul ar

direction conpared to,the fluids _ 25 traversi rat us
100 al so had& r{rgﬂg &5°98B-0F Oyigr é’r?ﬂn‘?fﬁi)ea ng %tggﬂﬁ?o g‘?)?Rﬂﬁ‘Tﬁmssanaeadi ng
to an outl ehe et ofl8e nddr, Getethafloat Buliad BEms+HASE bitfatatdPorahe
illustrated in phantom Also illustrated is a radius R neasured

al ong the I'PH&U€E-p  where P is a point on the periphery of the
substragse. |t sigf RerefSiidod 8qhd Alving figures, FIG. 1 is a schematic plan

view (enlarged) of an apparatus 100 of the invention, with some components

illustrated in phantom. Apparatus 100 has a first fluid feed conduit 2, a second
flnid feed conduit 4, and a mixing point 6. First and second feed conduits 2 and 4
form an angle 9, which ranges from about 10 to about 90 degrees, more preferably

20  from about 20 to about 45 degrees. First and second feed conduits feed a mixing
channe! 7, which winds 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

25  traversing chanmel 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 |
iHlustrated in phantom. Also illustrated is a radius R, measured along the liﬁe C-Pp,
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

30  moves around the periphery of the substrate.
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the radius R of apparatus of the invention is continually changing as
the point P 30 noves around the periphery of the substrate. 8 [0025]
In general, the follow ng principles are abided by in the nethods

and apparatus of the invention in selecting a radius R of the
apparatus and a cross- sectional area A and width of the m xing
channel : i) dead volune is low as possible; 5 ii) flowrate of m xed
fluid; ii1) viscosity of mxed fluid; and iv) 0 <tr <tc, where t,

is residence ti fluids flow in the mxing.channel, and t. is
tinme required ?&D%%b %PEM{W{%V}‘H g PIRAIRIES 315 & e‘?@é’é‘lth%me%@sf ect
m xer. 10 [ QR 112AnveaBon | e@ﬁl,% d i [ .
(enl arged) tak?ﬁaﬁglﬁg}rﬁg thYa F?Irl]gls%elZA, %IQ %ECR%%S%B ﬁéggﬂigﬁsel Y,

and desi gnasedonal @rea ¥oand wigth of thewixingrhamiebss- section 110 (FI G 2A)
i ndi cates where in enbodi nent 100,the inlet and.outlet ports 14 and
16 are positioned, as wel Inl}aas fjg%ddvoélgﬁ%lﬁ??vgaip%ﬁ@?%. Cross-section
120 (FIG 2B) indicates th pogiotdar c@mitedgthigonduits 2 and 4. 15
Cross-section 130 (FIG 2C). indicates first and second m xi ng
channel's, 7 and 7'. Finalily, js6esyobeixeddlnidiondrl G 2D) indi cates
the position of outlet por-‘t,) 180<[£Q927] FIG 3 is a schematic plan
ara

. I » . . )
vi ew (enl arged) of anot her “app us’ of the invention, enbodiment

150. Enbodi whert tiS@sidencsitimel e fluids fowimgin enhixidgchandel, Fb:. idtimbut
i [lcl udes at hi .regiﬁnflz et or t .14 ﬁng 1t hi riigi Leeolta gndg{iet_ 4", which 20
copnect wi t FOUEEFRGCRRIYe piFiae Pf tipdsin ay ideahon RERigCigixeR nr o' t han t hr ee
fiuids mpy be nigezk]i IFI6sJA/SB, 20PAE2DUSe BBROCHCHBIR (eni@Ged)@rgy aS
appropriate inlets ports and flow channels are avail abl é. [0028]
FIG 4 is adlewgibedingsci/pi2Bn24i 2 20s FAspachierly, a5 davisnatesk 114p128y {aﬂQJS
and 140. Cross-section 110 (FIG. 2A) indicates where in embodiment 100 the
inlet and outlet ports 14 and 16 are positioiled, as well as feed conduits 2 and 4.
Cross-section 120 (FIG. 2B) indicates the position of feed conduits 2 and 4.
15 Cross-section 130 (FIG. 2C) indicates first and second mixing channels, 7 and 7.
Finally, cross-section 140 (FIG. 2D) indicates the position of outlet port 18.
[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
20 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 inletsports and
flow channels afe available.
f0028] FIG. 4 is a schematic plan view (enlarged) of another apparatus
of the invention, embodiment 160. Embodiment 160 allows mixing of two fluids
25  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 positibned in the center of the device.



of the invention, enbodi nent 160. Enbodi ment 160 all ows m xi ng of two
fluids 25 through inlet ports 14 and 16 and feed conduits 2 and 4,
however, this enbodinent is not limted to mxing of two fluids, and
can be adapted to mxing three fluids, as depicted in FIG 3. In
enbodi nent 160 of FIG 4, two fluids neet at junction 6, and flow in
a single mxing channel 7 toward and eventually into an outlet 20
positioned in the center of the device. 9 [0029] FIG 5 is a

cross-section taken g_the sectign

oot r ot o out BB Y5 8 Serdsstek o Rien g herecionsa bt ERE. oa.
are schemat igcypl ARs4kg %\@ude% bRLOSHA mPfin agafaeenappar atus of the
invention. FIG 6A il stra es an enbodi ment 170 having two 5
centers as opposffi3@jo HIGS. cAE ate sekemjatic Flagsicws(enlarged)iod thred et

Channel 7. “ofeosts i EEmat G e Bl Pl G0 bbb ol 102 1

M Xi ng chaniedtesdas oppbiied o @Aeﬁ@nfewaﬁnlmesass AFlugdRRe ehrdofts npaﬁdm second
stage and m xi ng channels 1l1a and_13a, M xed fluid exits the

appar at us t [direst o Beids t@tbe@ﬁ‘?ﬂ‘l@l a fygt myxjng chame] 74, thep i gecopdmixing
enbodi ment 1, a@hr 0y S 'l\rtﬁ ﬁohﬁlél?e@ﬁ?gx%ﬂ%%«ghgﬂe@ off ﬂ:clzhc':'a s@@nct\}%‘ﬁcf Ll Ui ds to

be m xed enter urts 2 h direct .
the fluids tonmttmum@theIseuonélstagﬁmthnmmmamelsﬁén anti mgMhdfingl s 9b,

11b, and 13b d flnal the mi xed flyi hr ou

channel ITPREALS l%‘?‘fgq’a‘?’l@neé%@m?fb g?gﬁ é@é‘méﬁ 919 Fﬂ&fc{iﬂ?m

enbodi m?mt  130sifhas tb elaaeﬁmeﬂamei_meaem THe!Buidh & B8 mix8d efebithfbagh
experience 15 | onger residence t ‘i)helﬂFl G 6C.illustrates an

embodi nent floid iplgigopdpitsghand ébﬁ’l’l@?%d“%h uidgjo BENE ERBEFIND 1o
t to-b
appar at us O%Bm}g@ én%@&sﬁgp@ggﬁgglm% ing R4} Iftﬁ e R fhlidligs to-be

m xed enter-throu T ul which direct the
fluids to nitbrblr@ oothed ohrainsl She %Jniabdﬁuents lmdﬁﬁ&dﬁ@reﬁmvsﬂ et 11c,
and  13c. n ]%g]}t '1‘?(9hg%,q8§g channels a%& ﬁﬁgt{ﬁ% rﬂﬁmg%l&&%&%ncé 3¢ wit h

nixing c han }é‘
15  longer residence time (&;). FIG. 6C illustrates an cmbod:ment 190 having four

centers, which may be viewed as two apparatus of embodiment 180 connected in
series. Two fluids to be mixed enter through fluid inlet conduits 2c and 4c, which
direct the flnids to mixing channels 7c and 7¢’, then mixing channels ¢, 11c, and
13c. A connecting channel 9¢’ connecte mixing channel 13c with mixing channel
20  15c, which in tura routes mixing flnids throngh channels 17¢, 9¢”, 19¢, 21c, and
finally the mixed fluid exits throngh ontlet 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
25  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. Paralle]l 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
30  mixture mixed with a third fluid in a second apparatus, where the second
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20 15c, which in turn routes mxing fluids through channels 170, . -
9c¢", 19; 2Ic, and finally the mxed fluid exits through outl et
channel 8c. In each enbodi nent 170, 180, and 190, the |length of the
m xi ng chanmbers (nunber of the circles) can be nore or |ess,
depending on m xing efficiency. [0031] The apparatus and net hods of
the invention can accommobdate 25 many variations, including but not
limted to m xing non-reactive fluids, mxing one reactive fluid
with one inert fluid, mxing cold fluids with hot fluids, as long as
the mat eri al BPAHULS e TG Biictrst dogy e St Pebediments may bh emvisidncst

| east one s X NG 20 |.e sl ons..of the
enbodi nent s%g?rellz]{qc% IHH%H E%ﬂangﬁgﬂbﬁl phgése pogg %%S’eé,} I?%@%%ﬁ%ﬁé where two
fluids are mecepidrs, andsthé likes endighp appedratss udetiana filter @Qhrimetdpiaphm xed with

athird fluid in cand ratus,. where the second 10 apparatus
is the same or- d[@?gfe%e Sfuggfﬁ?etﬂétef“fﬂrrgﬂ b@%d’&ﬁt‘?@if@t FaPesaped or

envi si ongd fwhRH @itd a phiBarhiefid BBPO ARhn GO PhE S BSrel PG hd Y6 STH€S, O
reactive noieties, receptors, and the I1ke, and the apparatus used

as a filter Mo¥er & bnvigbieniaspa. or fOOB2]Y sthetrate fudtebla for theafheds of inweegt. be
any materiak,fhat,can be shaped or .5.fgrned i | apar shape and
have channe:nslé %pc])lialrr%%ﬂ Itlglcglr ieﬁsp%F IXPREAHE & theFpge Oﬁéﬁé&!&ﬁﬂ%@ﬂﬁgﬁﬂ cated
on or from agopnsedep! TAE Brodittl dfakd &hahRdls Ediehelrbdtnl1ap fird The
spiral- m xing chglér?%el S grre typically ?n tﬁer r%dr%’ge ’ofab%?%g mcuv%narde and
20y 200m de€Yrl oTiaey pherfshppe thit ceinbe piftenred| oz, theasubbieate. cTiteambsttats may

tf apezojqal . or . any,.of her sh t hat .can be

p(;t 'Ito er nie(g ofe %Aﬂﬁéec}%;é ll'}ggercgt ée‘%%%“%u%é@?%??@é&% B0 IE?tFIilarcf%?Fné’ﬁd t he

cover pl at eborsyd fogettrsith aodiplbdnting witl bidictyedgiser irﬂét?oﬁ@ﬁh&lﬁ:ﬂetbondecj
nl et dQorts and

together with anadic. bindin ith silicon and gl ass.
ou'? | et porP@Sc?? %et?éleﬁ' B #’e %é#a’beeori Qﬁ‘-t‘ﬁf"agée-ometﬂ}’lt“pgi’lﬁb‘l‘ erpBodinprt
out - of - pl ang jekENYE FEFG. 1] Thd AdcksstHoRk@et Afstiatédin the sTltEn RS el es

are illustrated in the silicon substrate that contains the spiral
channel , ho%{aEs thepial chenael. doWere, nppratisiof theHavaation bavelsdsorbeen

15  shown to function equally well for holes drilled in the cover material. The fluid
inlet and outlet ports can also lead to the edge of the substrate for edge type
connections. The apparatus of the invention may employ any other materials
imcluding, but not limited to, polymer substrates such as polyester, for example
polycarbonate, or polydimethylsulphoxane (PDMS), metallic substrates such as

_ 20  aluminum, stainless steel, or titanium, glass substrates such as borosilicate glass,

-(3 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 lfustrated herein depict etched channels produced in the substrate,
however apparatus of the invention may also be fabricated by techniques that

25  resultin channels on the substrate, stich as thin film and thick film surface
micromachining including, but not limited to, channels fabricated using
electroplaied metal walls, polysilicon walls, silicon dioxide walls, or silicon
nifride walls.

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

30  serial number 10/444,505, filed May 23, 2003, incorporated herein by reference,
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15 shown to function equally well for holes drilled in the cover
-material. The fluid inlet and outlet ports can also |ead to the edge
of the substrate for edge type connections. The apparatus of the

i nvention may enpl oy any other materials including, but not limted
to, polyner substrates such as polyester, for exanple polycarbonate,
or pol ydi met hyl sul phoxane (PDM5S), netallic substrates such as 20

al um num stainless steel, or titanium glass substrates such as
borosilicate glass, and ceram c substrates. Likew se the cover |ayer
i s illustr atmeay begsedyiodfers: mipng ehannelpciepanding andhe prapartiesof thedltignice f or

seal ing the I %Qﬁ)} r | | .herein
depi ct etchgg%%ggpgﬂ;%r%% ucgﬂ%égsteﬁf:ar@%}s‘%}?%c%#A%%%\%ﬁéﬁgggar at us
of the i nvenpplizd, poyiblylspin doetel adute & phteshddymbldodnd métiesely atisi@feditesul t
i n channel s on the sybstrate, such as thin filmand thick film

surface ni GSBIFHARIZAT AGOTIRYS EAGT DERRIGRES Ptaiede PelesiveRiaattel s
fabri cat ed %atﬁﬂmsfalaﬁ%f&;eh% S éiRiAlas m@fekeiﬁagfagxéel[ ég%%giﬁe‘é%{eg}ﬁﬁ%r

silicon dioxide wal'ls, - or silicon nitride walls.
i nki ng t echmhirepleen derslopadiyith aigoaldmpgidimprosp Pleiedge SraonthiRes ofdhd al
nunber 10/ 444,505 filed .May .23, 20Q3, .incorporated herein

reference,  PARFHE g’é’gag %{ce Fﬁ?‘%"fd)?itﬁﬁmﬁeﬂgﬁ OZﬁug?d 8?§&f% on the
properties @hndfdiendmbbier (efetrod tdiréihie frotrhsion) hierfast teatel @R ROGESSES, a
polymer, such as a polyner film is applied, f_ossi ble/ spi n coated,
onto a pat t SEFl shstdalsarrdertadytp hgtedt 35 anappliqaks} Epresgated o5 HBRIY at e and
a bosi Luye bh i 5 Lilkie RAIrb SR o icdibth 8¢ surfl 68 e HPoriddOPhe®

treatnents so referred to sonetimes as-differenti surface energy
treat ment s) traksfor endsafenisdenaixppsed tovk sérond guddce brrrgigmodifienpudag withe

edge snoot hness of .t inked' pattern., During selective, surface
Croe ooy R b Bapig bESESSARE ke B e as B R Re e HBE T
herei n as phehbesdndpsiduds siriaes bndrgehisetlthas tedfirstsreainidat.aBedab@xhdl e

sta also referred to herein as_.an applicator) i.npregnated or
Si rrprrlpy( sur?ace energy of the se1dewalls and otton?spof the recesges isrrl%we? than that of

15  the protrusions, polymer dewetting from the sidewalls is promoted. Dewetting
from the sidewalls canses the polymer to become discontimuous near the
protrusion edges (also referred to herein as feature edges). Therefore, the polymer
on the protrusion surface of the transfer member can be inked to the substrate with
smooth edges. Other high thronghput patterning techniques, such as microcontact

20  printing (0CP) and nanoimprint lithography (NIL) may also be employed.

[0034] FIGs. 1 and 2 illustrate plan view and cross section schematic
views of an apparatos 100 of the invention designed with dual helical passages,
spiraling inwards to the center and back ont to the perimeter. In this embodiment,
the device is formed in substrate 12 and covered by a glass wafer iO. Cover 10 is

25  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 ouier periphery of the apparatus. Mixed fluid conduit 8, termed
herein the mixer end, can be connected to another microfluidic components such

30  asreaction chambers, binding chambers, liquid reservoirs, or other in plane
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10 coated with a silane to produce a nedium energy surface on the
protrusions. The transfer nenber is then exposed to a second surface
energy nodifier, such as with imersion in a |iquid organosilane, to
treat the recesses or trenches of the transfer nenber and produce a
surface energy lower than the first treatnent. Because the surface
energy of the sidewalls and bottons of the recesses is |ower than
that of 15 the protrusions, polyner dewetting fromthe sidewalls is

pronoted. Dewettin fro he sid l.I's causes, t he _pol r to becone
di scont i nuod%‘CW%*é‘i‘cg"t ‘ﬂlé‘meg% é‘f’? %‘Wﬁ@ﬂ@‘b@a“(@?%" ?@PEYEWPQ%%&O herein as
feature edggsindralhti8 R6M thd RFcrORIEEBE the@hvehiSn. Pr Ot rusi on surface of
the transfer nenber can be inked to the substrate with snooth edges.

Ot her high throud®l3al Bhe cieeuldtiog Doscefrippureiss okthe invantioningressesthact 20

printing (1s .and .n | I nt. ok I (NI L al.sg

il oyed. | Lo6uHE hred Me Rty il At i B e stiees
section gchex@prbeess ¥ eintnegdy diffusipmalt aArtse shO@n aat ineeeasiny 8 tfloan
designed with dual helical passages,  spiraling inwards_to the center

and back outvelogity prbanses thegisplator fow haweyas dyporcat the oyerall Hmgfhee i s
formed in s r : r f . er 10 is
25 transpar e%r%?&:;tagég?l o&vﬂc}%}t&:ﬁgﬁ aggg%gesfgﬁeghtﬁ eﬁ)g%argé]ueﬁéghgl??%, and 7.
Backsi de opdiffusigm. Fhoexamiphee slomt lixusd dedociting stBerdrun penr|cetuldttry daw

enbodi ment 1 of FIG..1, .feed, channel 2 joins with feed channel 4
C0) Tor m a j HATEbAegesgh HIoE A e S I Lok, kPR e e gttty

peri pheng ofhad ftfle itRateatcnson Mepestedd ofideFfetunchakdd Bixidger med  herein the
m xer end, can be connected to another m crof]|uidic conponents such
30 as reaction cHYRfleraprrasitayphige EWarinmyae syifablgifer sspmmelisitloy raiss

other 1n Pl #lifuei'dRe Hlef pO dHatela GRRRNC! Thel RN AL whth RIAGE RN

connect to outlet port 18 to wthdraw fluids fromthe mcrodevice of
t he invent i same $OBBSPnt Trass densitigsaThospifal gromsiry dppeases the canfrifinged

invention incr eoan%ﬁfaofg%ge ?ﬁg‘% %%Ed ﬁ‘&eﬁ?@&&ﬁ% B R Rer eI AL thd Shgds Of

interest fof HEXIN efore enhance
15  radivs the cenirifugal force is at its minimum. The optimumn mixer design

balances the parameters of dead volume aand residence time given the range of
fluid velocities. Ingrcasing the overall radius of the mixer increases the dead
volume and has an ever-decreasing enhancement by centrifugal forces, however 3t
1s often necessary to provide sufficient residence time for fluid mixing as the fivid
20  velocity increases. In such cases the advantage of the inventive mixers” compact
7 form can also be seen.

[0037] The extent of mixing may be observed, monitored, controlled
and/or mainiained by any number of analytical techniques, includinglbut not
limited to: measuring a property of the mixed flnid selected from the group

25 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 spectré, X-ray fluorescence spectra, Raman spectra, conductivity,
Tesistivity, zeta poteéntial, surface plasmon resonance, viscosity, index of refracfion,

fluorescence, viscosity, index of refraction, pH, and combination of the foregoing.
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5 the process of mixing by diffusion. It can be shown that increasing
the flow velocity enhances the circulatory flow however it reduces
the overall time the fluids are resident in the mxer and therefore
suffers fromreduced tine for diffusion. For exanple, slowliquid
velocities suffer frompoor circulatory flow although the resident
time in the mxer is large. In such cases the spiral geonetry 10 has
little enhancenent on the process of diffusion based m xing. [0036]
Appar atus of the jnyention ar uitable for as tric flowrates

t hrough the inl et[b[?}’éit s‘“’iﬂ‘&&ﬁgﬁ f%&?élaﬁ@ﬁaglpfe?ﬁgﬁs"gm@w@ Biendedda wi t h
fluids of the refadaate Sithd BE&MHonMes ad §PBintdnas to-ﬁhﬁlysxp# xg&jtaf‘eo metry

i ncreases the centrifugal conponent” of force as the fluid travels

t owar ds t he sappearf theeappended plpimshe out er 15 radi us the centrifuga

force is at its mninmum The optimum m xer design bal ances the
paraneters of dead volune and residence tine given the range of

fluid velocities. Increasing the overall radius of the m xer

i ncreases the dead volunme and has an ever-decreasi hg enhancenent by
centrifugal forces, however it 1is often necessary to provide
sufficient residence tine for fluid mxing as the fluid 20 velocity

i ncreases. In such cases the advantage of the inventive m xers
conpact formcan al so be seen. [0037] The extent of m xing nay be
observed, nonitored, controlled and/or naintained by any nunber of
anal ytical techniques, including but not Ilimted to: nmeasuring a
property of the mxed fluid selected fromthe group 25 consisting of
color, tenperature, change in tenperature from one point to another
point in the mxing channel, radioactivity, binding affinity, NWR
spectra, mass spectra, IR spectra, X-ray fluorescence spectra, Ranman
spectra, conductivity, resistivity, zeta potential, surface plasnon
resonance, viscosity, index of refraction, fluorescence, viscosity,

i ndex of refraction, pH and conbination of the foregoing. 13
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[ 0038] Although the foregoing exanples and description are intended
to be representative of the invention, they are not intended to in
any way limt the scope of the appended clains. h 14 Wat is
claimed is: 1. An apparatus for mxing at |east two fluids conprising
a substrate including one or nore fluid feed conduits for routing
two or nore fluids to be mxed to a m xing channel, the m xing
channel having a depth and a wdth, the m xing channel adapted to
route fluids to be mxed therein in a substantially spiral flow
pattern that |aIIy parallel to a top surface of the
substrat e, tﬁ@%ﬁ%maﬁl& Rannel connected to a product conduit. 2. The
apparatus of claim1l wherein the substrate conprises a top nmgjor
surface and a botlomnr@pmtusﬁjrfxmfﬁﬁlggebastaWbﬂuﬂﬂacmhpﬁinga)sublsmate op

maj or surface, the s trate havi t le ne inlet port that
routes fluid to them@g%ﬁamqgﬁ‘%@ﬁ%‘ad 1}53 TFORIRE G B Heast one-
outlet port connect %ﬂld‘s@oEéﬂﬁm@a@@yﬁﬁm&@ﬁmﬂttm%ﬂxﬁ @hébﬁélﬂfaﬁingial of
claim1 conprising first and second inlet ports, first inlet

port connected to adepthend 4 wetih,dbnenning C@n@ﬁt&ﬁ@tﬁsﬂé@ @Gﬂdﬁ flpideto Bsor t
connected to a second,faed GONdUlqanlilfy iPhod Bt AON hRbany

conduits neeting at m XI ng poln

apparatus of claim j;at\ahﬁrt@a Ebp@ilﬁ‘a@fofttm%etmk Gmdmﬁgschhm&éemniected
channel is tangent to th subs antially spiral flow pattern. 5. The
apparat us of clai m 1 HPeF FORRY- ni xi ng channel conprises first and
second m xi ng channel sections, the first m xing channel section

2. The apparatus of claim 1 wherein the substrate comprises a top
major surface and a bottom major surface generally parallel to the top major
surface, the substrate having at least one inlet port that routes fluid to the feed
conduits, the substrate having at least one outlet port connected to the product

conduit.

3. The apparatus of claim 1 comprising first and second inlet ports,
the first inlet port connected to a first feed conduit, and the second inlet port
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 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

15



adapted to route the fluids to be nixed froma periphery of the
substrate to a center of the substrate in said substantially spiral
pattern, at which point the first m xing channel section feeds the
second m xi ng channel section, wherein the fluids being m xed flow
in a reverse spiral pattern conpared to the spiral pattern of the
first mxing 15 channel section, the second m xi ng channel section
bei ng adj acent the L 1:X1 el .section,. 6. The araj us of
claim2 wherein the %glﬁ%}e%éaﬁgé’?gﬁ S%Q@{ean] i éﬁ%tf%%l}lmﬁ?gm%%a%%%@“ > The
appar atus of cl ai m Tirstheix@igrehtihel seciomg channel has a cross- section
shape sel ected fromthe group consisting of rectangular, circular,

oval, and trapezoi.dal. .8 _The aratuys of claim 1l jncluding a cover
plate. 9. The appg'r g]ihﬁgp%afratﬁ %\ﬁiﬁ%‘ ﬁ)‘f‘{ﬁ?‘-‘&%ﬂﬁhﬁf ﬂ@%&%ﬁ Coptefpchiny the
transparent. 10. Theukspprratus of claim 2 wherein the outlet port
connects to a second fluid handling device. 11. The apparatus of
claim 10 wherein the second fluid handling device is |ike that of
claim 1. 12. The Ap(Taeappisared ofdlAinm khabbieFgd ﬂixﬁﬂgf‘chﬂﬁﬁs%ﬂaga%?@geﬁel i's
conprised of a reactive material_ 13. The apparatus of claim12
wherei n the reacti vEcGHaR ghapgselpdedbpmdhegroup easisttpoigedengulaonsi st i ng
of catalysts, enzy i like. 14. The apparatus of
claim1 wherein thgglzﬁutl)ésxi%?’ceﬁgo I %dgfsa material s sel ected fromthe
group consisting of silicon, metal, glass, plastic, and

Cﬁ\nbi nations, thegeehe apparats of claim 1 including a cover plate.

=

9. The apparatus of claim 8 wherein the cover plate is transparent.

10. The apparatns of claim 2 wherein the outlet port connecis to a second

fluid handling device.

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 conéisting 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.
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15. The apparatus of claim2 wherein the inlet port and the outl et
port open to the top major surface. My 16. The apparatus of-claim 2
wherein the inlet ports and the outlet port open to a peripheral
edge of the substrate. 17. The apparatus of claim 1 wherein the inlet
ports and the outlet port lie in the same plane as the m xing
channel . 18. The apparatus of claim1l wherein the inlet ports and the

outl et port 1ie @imolsfl AR ML AFNGH melitietholt NO

of m xing fluids using CS m X1 ng" devi aim1lto
m x fluids, the netbpmhtoaperipsiraigdgdet the sybstraié.. a) sel ecting fluids
to be mxed; b) selecting a radius R of the apparatus and a depth and
a wdth of the mxing channel according to the principles: i) dead
volune is | ow as Jo3Bé igperatus af)clafith dwheadie tiefinlet poatd ahdl thecyutiet port)lie
viscosity of m xed f| < tr.<t ere tr is residence tine

id; iv) O ~,
of fluids flow ng iwtﬁﬁéﬁ?ﬁwﬁ@“&w&w&%ﬁtc is time required for

conplete mxing of fluids in an ideal m xer; and c) applying fluids
to be m xed and flow ng the flujds_ throuygh the m xing _channel. 1.

20. The method ofi% ‘?a?Pi‘??‘?srﬂflci?HPﬁd‘n’sﬂéquB?ilﬁﬁt%H’ntséﬁglﬂ’é BilEitdisn ¢ wo
feed conduits feedi pg-dthRaddindmthe @iAMBhanndll- The nmethod of claim 19
i ncluding nonitoring extent of m xing by neasuring a property of the

m xed fl uid.
19. A method of mixing fluids using the microfluidics mixing device of

claim 1 to mix fluids, 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;
if) flow rate of mixed fluid;
fif)  viscosity of mixed fluid;
)  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 0 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.
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22. The nethod of claim 19 including reacting a conponent of a first
fluid with a conponent of a second fluid. 17 23. The nethod of claim
22 including nonitoring extent of reaction of said conponents. 24. A
~m xi ng apparatus conprising a substrate having a m xi ng channel, the
m xi ng channel conprising first and second m xi ng channel sections,
the first mxing channel section adapted to route two or nore fluids
to be mxed from ameRRihditichinhn b BIDRbERR. AR SROLAL, f cld1e
substrate in a substantially spira pattern, at i ch poin Fhe
first mxing changempeessts on feeds the second nixing channel
section, wherein the fluids being mxed flowin a reverse spiral
pattern conpared to the spiral pattern of the first m xing channel {
section, the seXboddmining sppavhyucmmprisieg bisditbieihagngdjpsixienthdnhel, fhier st

m xi ng channel segt. 25 A method of .m xi ng. two or re fluids,
the method conpri gﬁ%ﬂg? Raenngtcgﬁjgrls%ggﬁs)ta%%e&f’ﬁ ‘%W‘Eha“??g?eé?@%it irst
into a continuouskixiagckinngl settichAGagbarelie tRa Vi Reredhi@ub beinixdd fom a
contacting the fluids through the influence of centrifugal force
while flowing thPERRISTE Mebetibstente t9iaGemts! ehiha selstrate frea @%staetilalkyisz»img
channel having a L LNCr.€ trifugal
force on the flui 82&&%2%%3&)?}?%@%?9%%%3% eeouftﬁlogntsf,ge#ﬁ%er é"B?P“g

i ncreasi ng the ef fadxing veanpelrseciion, whereia thefiwdebeitdwidetl doa<dn whivesse

flowing in the curve 1 xi ng channel and enhanci ng diffusi onal
mxi ng. '26. An ap%:ap ?agP%Le%ECm%E%%GOSPEP]aW%C@ %‘@r%ﬁtﬁmﬁ‘% @t pl at e
qonbi nes wi th t hesectiomahe setend HixtheldhBneR sebtivh Blng AARRAI the HRE g NI

channel having at | east one
channel section.

25. A method of mixing two or more fluids, the method comprising the steps
of

a) feeding two or more fluids into a continuously curving mixing channel
having an outlet;

b) contacting the fluids through the influence of centrifugal force while
flowing through the curved mixing channel, the curved mixing channel
having'a structure that functions to increase centrifugal force on the fuids

as they travel toward the outlet, thereby increasing the effective contact

=
Wt

area between the fluids while flowing in the curved mixing channel and

enhancing diffusional mixing.

26. An apparatus according to Claim 8 wherein the cover plate combines with the
substrate to define a mixing channel, the mixing channel having at least one

inlet port and an outlet port;

27. An apparatus according to Claim 26 wherein the depth and width of the
mixing channel and a radius R of the apparatus are selected according to the

following principles:
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inlet port and an outlet port; 27. An apparatus according to C aim 26
wherein the depth and width of the m xing channel and a radius R of
the apparatus are selected according to the followng principles: 18
i. dead volune is |ow as possible; ii. flowrate of m xed fl uid,
iii. viscosity of mxed fluid; and iv. O<t,<t, where t, is residence
time of fluids adapted to be m xed in the mxing channel, t. is tine
required for conplete mxing of fluids adapted to flow in an ideal
m xi ng channel and Ris the continually changi ng radius of the
appar at us as neasured from ddad voluerstis lwwods pokbleubstrate in said
:33::?2% :aal Ilg spiral pat tﬁgrﬁo%gatggym&%%id?n the periphery of the

iii. viscosity of mixed fluid; and

iv. O<tr<t,
where
t, is-residence time of fluids adapted to be mixed in the mixing channel,
t.-is time required for complete mixing of fluids adapted to flow in an ideal
mixing chanpel and |
R is the continually changing radius of the apparatus as measured from the
centre of the substrate in said substantially spﬁal pattern to any point on the

periphery of the substrate.
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