M CROFLUI DI C LARGE SCALE | NTEGRATI ON CROSS- REFERENCE TO RELATED

APPLI CATI ONS [ 0001] This patent application is a continuation-in-part of
U.S. nonprovisional patent application no. 10/670,997, filed Septenber 24,
2003, which clainms priority to U.S. 5 provisional patent application no.

60/ 413,860 fil ed Septenber 25, 2002. The instant patent application also
clainms priority to U. S. provisional patent application no. 60/494, 433
filed August 11, 2003. Each of these prior applications are incorporated by
reference herei n MICRORWEDIESLAARGENNALE MOTRGRIESTTON NVENTI ONS
MADE UNDER FEDERALLY 10 SPONSORED RESEARCH AND DEVELOPMENT [ 0002] Work

descri bed herein has been suggorted in part, by NSF a grant fromthe Arny
Research Office (No.CBAAS-REFEBENCIZED) %TE%XBE\H%@ @NBi ps program The

United St r.0n st her, . e.cert airRar i ]
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vacuum t @oe84, 488 {fbd dughstrit y2003. tiae of Hrede pgedamivatioisonaincermotatpdEr . The
transi stor, was 'bnven ed.at Bel| Laboratories in 1947 and went on to

repl ace THEBEP RYPLOLATPHRIES i n circuits, but connectivity rensined a

probl em [0004] Although engineers could in principle design increasingly
conplex circuits consisting of hundreds of thousands of transistors, each

conponent WEATBMERNET &S EQiRICHES TOINVENEIGNA MABEIdNEER EEDER s ve,

| abor 51 ntensive proce ' =t cuit decreased
its ?Oel iability as evgﬁom%?%%ﬁggﬂ)wgﬁ@éﬁggid the circuit
usrerL ess. {ngF]Wch ﬁéneﬁilaai leerdia has btb@nl duppamet], Nopae, I5oONSEd grktﬁdﬂ‘o'ﬁylt%wnny of
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Fabr | cat AREYAISeHPR CHBE B AN dl |-BESSnding ke Elhes mutrcer 1oe
it all gk SR UThyddiABniShly 8 foro !l DY A dRKGR uRd BObAtbn CI T CUI LS
consisting of tranSistors, cdpacitors, resistors and their corresponding
i nterconnects :

BACKGROUND OF THE INVENTION
15 [0003] In the first part of the 20th century, engineers faced a problem commonly called
the "Tyranny of Numbers": there is a practical limit to the complexity of macroscopically
assembled systems. Using discrete components such as vacuum tubes, complex circuits
quickly became very expensive to build and operate. The ENIAC [, created at the
ﬁniversity of Pennsylvania in 1946, consisted of 19,000 vacuum tubes, weighed thirty
20 tons, and used 200 kilowatts of power. The transistor was invented at Bell Laboratories in

1947 and went on to replace the bulky vacuum tubes in circuits, but connectivity remained

a problem.

[0004] Although engineers could in principle design increasingly complex circuits
consisting of hundreds of thousands of transistors, each component within the circuit had
25  to be hand-soldered: an expensive, labor-intensive process. Adding more components {o

the circuit decreased its reliability as even a single cold solder joint rendered the circuit

useless.

[0005] In the late 1950s Kilby and Noyce solved the “Tyranny of Numbers" problem for

electronics by inventing the integrated circuit. By fabricating all of the components out of



in situ, elimnating the need for manual assenbly. By the m d- 1970s,

i nproved technology led to the devel opnent of |arge scale integration
(LSI): conplex integrated 5 circuits containing hundreds to thousands of
i ndi vi dual conponents. [0006] M crofl uidics offers the possibility of

solving simlar syst m i ntegration issu bi pl ry. For
exanpl e, AIHLs s@gprogpdu Cﬁ@cﬂ@ﬁ’@ﬂy EIEE, Lgﬂ’gg?n st “i [ g&gg}’m@% g%]g%l‘slﬁ%&
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bi ol ogi calrc@RrPddneahin %mﬁmdﬂeﬂﬂd&dbmgnm @ﬂ’ﬁnlie/mdﬂaabomp@aan&tl ons, enzymatic
assays, pol yrrer ase chain reaction (PCR), and i munohybridization reactions.
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of the macroscopic approach to circuits consisting of massive vacuum-tube based arrays in

20  the early twentieth century.

[0009] Accordingly, there is a need in the art for hi gh density, large scale integrated

microfluidic devices, and methods for fabricating same

SUMMARY OF THE INVENTION

[6010] Using basic physical arguments, a design and method for the fabrication of

25  microfluidic valves using multilayer soft lithography is presented. Embodiments of valves
in accordance with the present invention feature elastomer membrane portions of
substantially constant thickness, allowing the membranes to experience similar resistance
to an applied pressure across their entire width. Such on-off valves fabricated with
upwardly- or downwardly-deflectable membranes can have extremely low actuation

30  pressures, and can be used to implement active functions such as pumps and mixers in

integrated microfluidic chips. Valve performance was characterized by measuring both



[ 0011] An enbodinment of a mcrofluidic device in accordance with the
present invention, conprises, a first layer including a first recess in a
first surface. An elastoneric 5 second |ayer has a first side in contact
with the first surface to define a first mcrofluidic channel, a nenbrane

portion of the .second |ayer, adja L. L4CL: nel
exhi biti A 3&%8@?5%?W§I¥§ ﬂ(f)éi‘fn Fléﬁ{léetﬁg] Enqggé% t?dg%g% g&'ﬂaﬁl{c?eéé:riﬁﬁcom act
with a 5%&9ﬁ§h #em 8ot 8nd @shenssitclatesoand dl&yxﬁaltwbmaﬂlefgenmemesecond

m crofluidic channel the nmenbrane portion deflectable into one of the

first an?ﬁﬂéjfoﬁ&gﬁi (?HGH gf&n?&gﬁlrﬁﬂ csde'vP: g%@&iﬁﬁle%%igfpthegpésgﬁtsure wi t hin

t he ot he and second m crof i ¢ channel s 012] An
ermbodi Mepvegfiord coinpriedd, uifitbtdayte widelinga ﬁc&tmmtamnm fhist hirfatwe predesiomeric

t f t | di t
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define a™m crb ntro annel | ayer 15 includes a second
recess i m}abmgmdbgamﬁmonsm thieknsd s\mhfrdd@fal i6 inowntet withrisegpnsleddmd

side of t nbrane to crofl ui n ane
portion BP %F St%ﬁ&@fgﬁ@?@fé& S’g]’é # sgegnd %‘58?@82&%&% g@eggliearﬁg%g{%%ect abl e
into the ﬂ'u%ﬁ%hwtﬂne lﬁtb@We oS NRMNEY ankiRed@INOREEITiGicRheSEIY @ reéonkatd he
contr ol E annel An enmbodi nrent of a nethod in accordance with the

preskht. preseme mebﬂhe 021®r©éﬂterfbﬁﬂ andgpeeansinicrofuidiccherals-di ¢ structure,
conpri ses, providing a control channel separated from an adjacent

m crof | U[Ui')'lg f lagverabadineht &5 aivrefldigicalveice ie atuoadumchaxiihnte aresentbst ant i al | 'y
constant thi ckness and appl yi ng_@g)ressure to the control channel such that
the el abwontan, aembrisesea fastdiier Bwluding » {iEst F9rESHDA | F%Hréﬁ% R channel .

[0014] Ay B?%l cattqé IBhd %ye? hgﬁh? ggubé? cg%&ﬁ tWickflest BRd H{c‘ﬁﬁﬁﬁé alfigg¢eNt i on

for 25 f% ing a m-c |csruc ure, conprises, nolding a first
el ast onegidéht @nhtat withehe ﬁrstfslnl’fsde o aileﬁmda teabluatiedrtil chagel Adbind éager

cross-section to deflne a. flow%é F@a first |de of {)hﬁ first

el aslt5orreﬁﬁ°h1§t3%% pegond KeCeeT BrisesPAS Tl F° ?%Cropglsuﬁ &CS 15 1cgBECHVER 2558

rai sed fgal %l?mléﬁé Ewc%éhﬁ%%ﬁﬂﬁf%&& W&ﬁmﬁacawmrgn&@maﬁ oB{HeONt 1 ol
recess in a first si e second el astomer materi al he first side of

t he secosdoml hgeoadacontitoethe atcond redescd Meatghimsto the prieiedpidubsyrate. The
of .the first el astom r teria aced agai nst a second side

first si
of the s‘g@%‘ﬂ IR FESRPBIFER BRI PR ?hatnﬁ “flow recess is separated

from the control channel by an el ast omer nenbrane havi ng substantially
const ant [00h3]c k Aessnb@lifheniid]a methad irerasardanec withdar pasernt siveatigiehod i n

acc%r dan&%tr\(l)\'ihng dow i4 ?‘.rfci((:arr&tflu1<f1 ic setrutcture comprises, providing a control channel

separated from an adjacent microfluidic flow channel by an elastomer membrane having a
substantially constant thickness, and applying pressure to the control channel such that the

elastomer membrane is deflected into the microfluidic flow channel.

[0014] An embodiment of a method in accordance with the present invention for

25  fabricating a microfluidic structure, comprises, molding a first elastomer material over a
first raised feature exhibiting a rounded cross-section to define a flow recess in a first side
of the first elastomer material. A second elastomer material is molded over a second
raised feature exhibiting a rectangular cross-section to define a control recess in a first side
of the second elastomer material. The first side of the second elastomer material is placed

30  against a planar substrate. The first side of the first elastomer material is placed against a
second side of the second elastomer material, such that the flow recess is separated from

the control channel by an elastomer membrane having substantially constant thickness.



for fabricating a mcrofluidic structure, conprises. providing a substrate
havi ng a concave recess in an upper surface, and placing a first side of a
first elastoner |ayer having substantially constant thickness into contact
with the upper surface to define a mcrofluidic 5 flow channel. A second

I jal_ is nolded fi ' e} |
Control eske Apabermvi gioyron o e ARl ERDab SRk B S Moy

si de of tfgi-eﬁaﬁﬁ&?i%g 2 1BlcASHAIR i IBLEY, t@hprises Pracdthgpgainahichasgansnside of
the first elastoner layer to define a microfluidic control channel

separ at ededesimanhgper surfick Lindipdacoent st sidpahaSrstisiasipinerdp s PHBE menbr ane
of substantially constant. thicknes : e PAIRGdipent s
of the pfé 13ﬁﬁ9@?§?@ﬁl}m]¢t§%@smt? cg%a%%{hgg%gkgggggﬁc%?e? télgt% Ures, are
descr i begiy HARAGQ. Febekihd bRs@a: HAGkiaDIS méltibd dine a fist raiwet] Gratamdo defincmed

figures. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0017], Fi.g... | is an.illustration
of a firsontetlastessisrd frst sideof f@rwd&?#%efﬁlataﬂl%ﬁ% fptTide nt HESSHBH

[0018] Fig..2 is ?n‘.iairi.lésglﬁ?ir%f{%éa%b%ﬁ‘ﬁ%‘f%g@Bgth%lf%tt&ﬁ%ﬂlgrlla wab deareed on

top of a““MPEIHME 3is anillustration of the
el ast onemiigroklapes ceftrdfichanni2] sepamveidirdm dim mingoflwidir eomitohthraaielity 31 and
positioned over the top of the_%{astorrer'bc | ayer of Fig. I 20 [0020] Fig.

4 is an eleigsicr mandnaRoe hpaNMAlS RS HICKECS Y it showi ng the second

el astoneric |ayer positioned on top of the first elastoneric¢ |ayer. [0021]
Fig.16 i $0606] i IThes¢ aat other eobedmpoiof Hiy presert gventionh gé WoHER gAY HBAE 1 st

d d. _el ast i c.]ay. b d t _ i -
T uStr amvba o Eter §PAR T LARRAR R BBkt By

m cromachiped nol d removed and a planar substrate positioned in its place.
[ 0023] Fi 5 7Ais an illustration corresponding to Fig. 6, but show ng the
el astoneric structure sealed onto the planar substrate. [0024] Figs. 7B is

a front sectional view gﬁgw?pg@gﬂgﬁngBg an open flow
~7Gare |

channel . 4 100251 Fi gs. ustrations show ng steps of a nethod
for for ngu 7pn Figl lBistaaritudteativh bl e fiust eldsmwieny layerdotmethen foprafed from a
separate elastoneric |ayer. [0026] Fig. 7His a front sectional view
showthg oHeoparkisedmotd.g. 7B in an act uat ed

[0018] Fig. 2 is an illustration of a second elastomeric layer formed on top of a

micromachined mold.

[0019] Fig. 3 is an illustration of the elastomeric layer of Fig. 2 removed from the

micromachined mold and positioned over the top of the elastomeric layer of Fig. 1

20 fUGZO} Fig. 4 is an illustration corresponding to Fig. 3, but showing the second

elastomeric layer positioned on top of the first elastomeric layer.

[0021] Fig. S is an illustration corresponding to Fig. 4, but showing the first and second

elastomeric layers bonded together.

[0022] Fig. 6 is an illustration corresponding to Fig. 5, but showing the first

95  micromachined mold removed and a planar substrate positioned in its place.

[0023] Fig. 7A is an illustration corresponding to Fig. 6, but showing the elastomeric

structure sealed onto the planar substrate.

[0024] Figs. 7B is a front sectional view corresponding to Fig. 7A, showing an open

flow channel.



state. 5 [0027] Fig. 8A and 8B illustrates val ve opening vs. applied
pressure for various flow channels. [0028] Fig. 9 illustrates tine
response of a 100nmxI 00 tnx10Om RTV mcrovalve. [0029] Fig. 10 is a front
sectional view of the valve of Fig. 7B shovvi ng actuation of the nenbrane.

10 [0030] 1 sect i op ew of..an ti.v nbodi ment of
a val ve I‘[Qaﬁg fﬁeaﬁ ﬂ ra%rl[sﬁ %w&grs\/? Oéﬁﬂ?tﬁ%%ﬁgg mm§6§311 Fig. 12A
is atop e?s%ﬂ%%%ic' S@I'u\ﬂu@EWthIn%Q nidRide foahve frol00SdArad @astd@Brit fayer.sect i onal
el evation view along line 23B-23B in Fig. 12A [0033] Fig. I3Ais a top

Sect i onal AV Ao SRS HIPL IR BB DR B ' 147« o

graph shqwkdlg experinental |y achi eved punping rates vs. frequency for an
enbodi ment of the peristaltic punping system of Fig. 13. [00361 Fig. 15A is

a topgsc @d?;{] byeld ﬁ 1128 P&éhﬁﬂe%ﬁvéﬂo@\@lﬂbwes

si mul ?angous CFlg §}[0/68%§%’]ﬁ}1&9a%f5\% ﬁes pg 1s cti %&h evatl on view along line
26B- 26B loharEleg; 15A [0038] Fig. 16 is a schematic illustration of a

mul ti pI exed system adapted to permt flow through various channels. [0039]

Fi gs. 17fgd3s§ 13&?% ﬁﬁlsﬂét@ m@fw%'aﬁsee gb2dbomAk1 Qdx BoMk R'Taphﬁorf){fﬂ% array.

[ 0040] Figs. an vi of one ‘enbodi nent of a cell pen array
structure, 5 41] Fjgure 19 sho a Si an. Vi ew | | lustrating
a binaryl Qorzé?i rélﬁr]d)f’istﬁlfjﬁqrﬁ seqhion All‘ﬁ?‘@ Yn‘g?#% ﬂs Oa"élr“ﬁr?lctu% ‘f?)@ﬁ%‘]e
Figure 1 15%5 a sinplified plan vi ew [ I lustrating a tertiary tree

m crofl ui mul ti pl exor operational di agram (0043] Figure 20 shows a

f. th | .
e ST 00k el I SR I R e
vi ew of gpwesKaesH] REM a Ofrvad Bpok @fidfabiedi ¢ structure utilizing control
channels to control other control channels. [0045] Figure 21A shows a

Sl 11 Gghag7 0955 996 Q1) sHlRi8lidPEe 3l bEEYAROT Figure 21 taken along

the line
[0032] Fig. 12B is a sectional elevation view along line 23B-23B in Fig. 12A

[0033] Fig. 13A is a top schematic view of a peristaltic pumping system.
15 [0034] Fig. 13B is a sectional elevation view along line 24B-24B in Fig. 13A

[0035] Fig. 14 is a graph showing experimentally achieved pumping rates vs. frequency

for an embodiment of the peristaltic pumping sysi‘:em of Fig. 13.

[0036] Fig. 15A is a top schematic view of one control line actuating multiple flow lines

simultaneously.

20 [0037] Fig. 15B is a sectional elevation view along line 26B-26B in Fig. 15A

[0038] Fig. 16 is a schematic illustration of a multiplexed system adapted to permit flow

through various channels.
[0039] Figs. 17A-D show plan views of one embodiment of a switchable flow array.
[0040] Figs. 18A-D show plan views of one embodiment of a cell pen array structure.

25 [0041] Figure 19A shows a simplified plan view illustrating a binary tree microfluidic

multiplexor operational diagram.



[ 0046] Figure 21B shows a sinplified cross-sectional view of the structure
of Figure 21 10 taken along the line 21B-21B'. [0047] Figure 22 shows a
sinplified cross-sectional view of the general mcrofluidic architecture
of the device of Figures 21-21B. [0048] Figure 23 shows a sinplified plan

view of an alternatiyve enbodi nent..o ] fJ Lk di : HBcbhidiZi ng
control &HQ%HeI ISP ICQEE}]?I}%YS aoﬁllﬁgfrlﬁ%%%]?iflgl%vgﬂgﬁ%g#% gtfgﬁs{rggfgg] = guré 23A
shows a %@mk;&b%&&gﬁﬁ&g honal view of the structure of Figure 23
taken along the |line 23A-23A'. [0050] Figure 23B shows a sinplified

cross-s eﬁbb%ggﬁﬁéhe:’%@%gkg} sZrhéHﬁé&J&SssQéecﬁ)% gz?evzgf th akRdaBhReildioR | i ne

23B- 2313 ws a si npl cross-sectional view of the
gener al Fr@iebiu 6f e d2Gicey eftigeet 194-Bf the device of Figures 23-23B.

[ 0052] Figure 25 shows a sinplified cross-sectional view of the general

m cr of| ui g chitac Bl §f aeahb@fimentde\a araftdilliczi ng
contrgl J@%‘?‘ﬂcﬁf{ p%)elﬁ%hlr?gsg a%fyl/mg{ﬂﬁ%drﬁﬁ%gﬁol | ines. [0053] Figure 26 shows
a sinpl i fstractupd witizihpvendfol olmnelsio donten othst cepirolpharngds. 25 nul'ti pl exor
structure in accordance with the present invention. [0054] Figure 27 shows
a sinpli gb@pg] Pl @R B Sovanssigphaed sret-safiopalcase aflde stimuturé pf Bigore 21
structure I n"accordance with the present invention. [0055] Figure 28 shows
a sinpli fiiled apdregriholion2bA-2Ha\'enbodi ment of a nodified nultiplexor in
accordance with the present invention. 6 [0056] Figure 29A shows an opti cal
m crogr anhogy] aFiphes DIfE sHotis: simpfiyd stoss-ageiondeiv of tHeGOBFrepifligere B i s a
sinplified and enl arged pl an view show ng purging nechanics for a single
chantiér mltenia&prwtb@ﬂlé@%§~2rl&m of the chip shown in Figure 29A. 5 [0058]
Figures 29C-F are sinplified enlarged views of the array of Figure 29A
showi ng [b@ai NgigarTogisrgimplifel ¢rasi-sdctioedl vitvoptige gebrat miHotlfidso]

Fi gure 29G shows a nstrat.i 1

e on crofluidic nenory display. [0060]
Fi gure 3@chiRemiEe %ﬁfg@) PYIEAP Wt ﬁ&gﬁ?

‘of a mcrofluidic conparator chip.
[0061] Figure 30Bis a sinplified schematic view of the m,crofl kji dic
conpar at go048ii pFighre 2B0shivg arsimpldficd plan view of an alternative embodiment of a

microfluidic structure utilizing control channels to control other control channels.

15 [0049] Figure 23A shows a simplified cross-sectional view of the structure of Figure 23
taken along the line 23A-23A".

[0050] Figure 23B shows a simplified cross-sectional view of the structure of Figure 23

taken along the line 23B-23B".

[0051] Figure 24 shows a simplified cross-sectional view of the general microflnidic

20  architecture of the device of Figures 23-23B.

[0052] Figure 25 shows a simplified cross-sectional view of the general microfluidic

architecture of another embodiment of a device utilizing control over control lines by other

contro!l lines.

[0053] Figure 26 shows a simplified plan view of one embodiment of an inverse

25  multiplexor structure in accordance with the present invention.

[0054] Figure 27 shows a simplified plan view of one embodiment of a cascaded

multiplexor structure in accordance with the present invention.

[0055] Figure 28 shows a simplified plan view of an embodiment of a modified

multiplexor in accordance with the present invention.



[ 0062] Figures 30C-H are enlarged sinplified plan views show ng | oadi ng of
the chanber of the mcrofluidic structure of Figure 30A. [0063] Figures
31A-D area set of optical mcrographs showing a portion of the conparator
in action. 15 [0064] Figure 32A shows a schematic di agram of the

m crofluidic conparator |logic using and enzyne and f| uorogenic substrate.
[ 0065] Filg0Fa@ SEiBumﬁ%sSlaw@c:almpéi@alfmiﬁm&’mim%%mmﬁ%@d@fm@mé%ﬁﬁ@fagﬁ’ n
conpar at oy nmode. [0066] Figure 32C shows a PETS conparator and the effect
of heter 6§&T€ous mi xture of eGFP expressing control cells and CCP

expressing cells on output signal. 20 [0067] Figure 33 plots the nunber of
control I[P0R5d \iipwie9Bhis arsimplfiedhandraniaresd plar VIS HipWisALEgE Bachans

20 LY A gt s 1 1

Cross-sec u8ira struc operation of an

enbodi ment of a vertical one-way. valye in accordance w.th an odi nent of

Che. p? oo dMER nyBREEbASC AL auH0) 194 lAreel Yans B LRGN g1 F 445 Fovins

cross-se%a@dg{éagnéi}ﬁu@ giogEH%diﬁHﬁélgsto%ﬁééi%étfo%. and operation of one pixel of
I'c di'spray

a mcroflul evice in accordance with the present invention. 7

it 111 SR o e e 28R Bel Wee e Rl op PR P P ) a7 py at s on of

one pi xel of a display device in accordance with the present invention.
[0071] File0E FigusROnsshawsiameptics!suicragirph of eqnicerfhidigicemparatel déwnwar dl y
actuated 5 mcrofluidic valve structure. [0072] Figure 37B shows a

si mpl i fi gEb6e] oFWeweGBARakinidiwdathanattdiesionet madofunidicupngradityr edp vt ed
val ve structure in accordance with the present invention. [0073] Fig. 38
showt? a PistoYtaph of an enbodi ment of a microfluidic device in accordance
with the present invention. 10 [0074] Figure 39 plots actuation pressure
ver sus n{0dedf | dliglires Hathale eniatgdd sngdlifiehplaoiviews showmgliording@O™E Fi gure

40A plots activation, pressure versus..actuation channel width for
enbodi rre?shaéﬂf%fOghled’ﬁ\ﬁg‘?fgi@wég??t&et‘?u@dg‘%fﬁﬁ@ést ructure in accordance wth
the present invention. _ _

[0063] Figures 31 A-I>are a set of optical micrographs showing a portion of the

comparator in action.

15 [0064] Figure 32A shows a schematic diagram of the microfluidic comparator logic

using and enzyme and fluorogenic substrate.
[0065] Figure 32B shows a scanned fluorescence image of the chip in comparator mode,

[0066] Figure 32C shows a pHTS comparator and the effect of heterogeneous mixture

of eGFP expressing control cells and CCP expressing cells on oufput signal.

20  [0067] Figure 33 plots the number of control lines versus the number of flow lines being

controlled, for various base n multiplexer structures.

[6068) Figures 34A-C show simplified cross-sectional views illustrating structure and
operation of an embodiment of a vertical one-way valve in accordance with an

embodiment of the present invention.

25 [0069] Figures 35A-D show simplified cross-sectional views illustrating structure and
operation of one pixel of a microfluidic display device in accordance with the present

invention.



15 [0076] Figure 40B plots actuation pressure versus nenbrane thicluiess
for enbodi nents of an upwardly-deflecting valve structure in accordance
with the present invention. [0077] Figure 41 plots normalized resistance
versus actuation channel pressure for wupwardly- and downwardl y-defl ectable
val ves having the sane di nensions. [0078] Fi %lFJI’e gz PI %t s.nO{.Pacl i zed

resi st ancl0¥r s igusddome n Knaies ofsmesepodpet ofp dispgpy simplified cross-
upwar dl y- def | ¢t aBl 6 Y@k b3 Rlanklguaasn 6§%in§a%@aediﬁﬂ£§ Q&Vidd @r ogr aphs
of cross-S&&ons of a pus%-up valve at various nunbered positions of

Fi gure 42:c0Q086] with ditreesédt mkewora sinplified cross-sectional view of an
alternative enbodi ment of a valve architecture in accordance with the
present i ti dFD, T D OFral Wil BRESENEwaMVENGLEM 1.

M cr of abr@égit]i Oﬁ%&%ﬁf?glw 0081 ?&Hébf ol I owi ng di scussion rel g_t es to

f or matsi ommefoftiidicobhbrirodtieed f| ui di ¢ devices utilizing el astoner
materials, as described generally in U S. nonprovisional patent

appl i cat i[@mzaosm LY HEBsIHGR of dikn@H fiéDEioks-BectidR) 2ievd 8f HDFMBOSnfent eflarNovenber
28, 2001, 8 09/ 8%6, 585 filed April 6, 2001, 09/724,784 filed Novenber 28,
2000, andipegtdgBemacd valvelssdcimia aprordpguovithrihie ecspalt BRINUHp| i cations are
hereby incorporated by reference for all purposes. 1. Methods of

Fabri catijggrs [B£@828 stowerpplatygrapl bbdiserabodimbnt acfatiivgpiididicpicemem | nventi on
are provided herein. It is to be understood that the present invention is
not | i ni taeprdandeapih BarreSsnbYeH® r the other of these nethods. Rat her,
ot her suitable nethods of fabricating the present mcrostructures,

i ncl udi nqoersyi f Jigng dheotsmesietion meshiod sersay micadBwdisoherig vad@and[cooes]

Figs. 1 to 7B illustrate sequential steps of a first preferred nmethod of
fabri cat ith§ W4 t he present microstructure, (whi ch may be used as a punp or
valve). Figs.: 8 to 18 illustrate sequential steps of a second preferred

met hod of[007ZHr i KigtierdA pletsmetisainm presstiesstarastagiation chgmnehwiis rnay be used
| 0084 il 1 i : hod of
o o PR L) O PP O a0 PG ©

assenbl edp@pdohonded. . In an alternative nethod, each 15 |ayer of el astoner
may be cured "in place". In the follow ng description "channel" refers to

a regess [6(9765 heF1§ﬁr%S4b%rEq5ﬂs%cﬁltaﬁ&? bf’é@ﬁlrwéﬁﬁ% HERbEARLRLRAs i hfdihbubs d or

gas. . ‘
of an upwardly-deflecting valve structure in accordance with the present mvention.

[0077] Figure 41 plots normalized resistance versus actuation channel pressure for

upwardly- and downwardly-deflectable valves having the same dimensions.

[0078] Figure 42 plots normalized resistance versus actuation channel pressure for an

20  upwardly-deflectable valve.

{0079] Figures 43a-f show electron microéraphs of cross-sections of a push-up valve at

various numbered positions of Figure 42.

[0080] Figure 44 shows a simplified cross-sectional view of an alternative embodiment

of a valve architecture in accordance with the present invention.

25 DETAILED DESCRIPTION OF THE PRESENT INVENTION

I. Microfabrication Overview

[0081] The following discussion relates to formation of microfabricated fluidic devices
utilizing elastomer materials, as described generally in U.S. nonprovisional patent

application nos. 10/118,466 filed April 5, 2002, 09/997,205 filed November 28, 2001,



[0085] Referring to Fig. 1, a first mcro-machined nold 10 is provided.

M cro- machined nold 10 nay be fabricated by a nunber of conventi onal
silicon processing nmethods, including but not limted to photolithography,
ion-mlling, and electron beam 20 |ithography. [0086] As can be seen,

m cro-nmachi ned nold 10 has a raised line or protrusion 11 _extending

t her eal on@f/8%6.,$8% ﬁkﬁdeﬂm‘étéoﬁ%ﬁll 89{73¢ 884 Sided Novamaher g8, 19, apd RYPE f%ovs uch
t hat f
0t 00 HER IRhEEf 3506 phtet bl LRNNE L bl RGOPRLOMPL] BF forfloyy ATRATE T ©

| ayer ponditng ‘rn o“protrusion

shown. 25,rp#3¢] As can be seen in Fig. 2, a second m cro-nmachi ned rmld 12
having a raised protrusion 13 extending therealong is also provided. A
second el astoneric layer 22 is cast on top of nold 12, as shown, such that
a recess 23 w{l beh/]feﬁ{oqggflz‘ébrlcfaﬁn ottom surface corresponding to the

di mensi ons of protrusion 13. [0088] As can be seen in the sequential steps
i 11 uskratf@dstin Exgsplaf}/ mpikods o%’@bucﬁtn@@h@pms@rbmmbom alsﬂe:rro‘zﬂeql hewehert is
renmoved from aced.on to 0. As
can be sé@%e ng%ré@g %ﬁ%ﬁnﬂﬂwéﬁ‘t(‘) StnﬁE “51 %&#@ng?f 3g‘fnescercto ngﬁlelz

el ast onmerdGhdsaYeithia, Wakﬂer,f&néﬂsalt%i@wle@ﬁb@@@@lfa%amﬁg)&%%lesﬁﬂfr erring to Fig.
5, the separate first and second el astoneric |ayers 20 and 22 Fig. 4) are

t hen bondeigrastyettesy incldingrmodifyina thegratcatimeihods,: aigdHel qopk)lateflast omeric 5
structure 24. [00901 As can been seen in the sequential step of Figs. 6 and

7A, el ast{oo83]i CFigh. UL B Blusitdicissqucheinl sty adirtipeiened meﬂmcbmfdahnmtmgoned
on tog of a planar, substrate 14. As can _be seen in Fig

el asi Bnerthepreseniaipiostractuisatv el maydsiused a2 pyap Bbf’%lﬁ?ﬁ F%r : é‘é gg ﬂig’SBF@nar
substrat %e%u‘lentlﬁfeﬁ Sf %jsF&ﬂrldl prfﬁ%ﬁ@i %Jﬂ%@%ﬁﬁ@ﬂ&%h 0 prégen[t %%]sm-mﬁrep resent

el ast oner’ struc urés rorm-a reversi herneti e seal Wi ih nearl y ~any

snoot h pliahih QBchaty bt esedAn agavgndragévd)o formng a seal this way is that
the elastoneric structures nmay be peel ed up, washed, and re-used. In

preferre Gﬁ’fﬁﬁecﬁﬁwﬂﬂ’bﬁeﬁﬂam%‘ bt %@f&r%btﬁo@h?ﬁ?gs ﬁd‘ 18 Relvadyppinge of

usi ng gl at glass Is trahsparent al l'ow ng optical interro atlon
of el ast onex atdsénne] lsycandhichses a&sambledmmﬂé)pndﬁd Vslap altetnatiy s mestlznsk,

stru bonded nt 0 t he.. d as
Gescrt bednbt AP gPhry 08 cpufihahes ard U poeEhwtrrbdn AR rove
advant ag ePHPecbien thé lhabmeas 5tr@c§t@1%’i#l‘ii@§ e Soi#sifd flow of fluid or gas.

[0085] Referring to Fig. 1, a first micro-machined mold 10 is provided. Micro-

machined mold 10 may be fabricated by a number of conventional silicon processing

methods, including but not limited to photolithography, ion-milling, and electron beam

20 lithography.

[06086] As can be seen, micro-machined mold 10 has a raised line or protrusion 11
extending therealong. A first elastomeric layer 20 is cast on top of mold 10 such that a
first recess 21 will be formed in the bottom surface of elastomeric layer 20, (recess 22

corresponding in dimension to protrusion 11), as shown.

25 [0087} As can be seen in Fig. 2, a second micro-machined mold 12 having a raised
protrusion 13 extending therealong is also provided. A second elastomeric layer 22 is cast
on top of mold 12, as shown, such that a recess 23 will be formed in its bottom surface

corresponding to the dimensions of protrusion 13.

[0088] As can be seen in the sequential steps illustrated in Figs. 3 and 4, second

30~ elastomeric layer 22 is then removed from mold 12 and placed on top of first elastomeric



[0092] As can be seen in Fig. 7A and 7B, flow channels 30 and 32 are
preferably disposed at an angle to one another wwth a small nenbrane 25 of
substrate 24 separating 20 the top of flow channel 30 fromthe bottom of
fl ow channel 32. [00931 In preferred aspects, planar substrate 14 is gl ass.

An advantage of using glass is that the present el astéprreri C Structures may
be peel eday,20washesd bersder, sensetl23 axtendinmalpng BPaeEGRIBEe A575585Y1 ass i s

t hat opt |éi%4t(g§?e%%9g] @%}lfﬁﬂﬁh%ﬂyﬁgmﬁ {ernatively, planar substrate 14

may be an y prove advant ageous when hi gher back

25 pressures are used. [0094] The nethod of fabrication just 5 easngl:ézbed
maybe varli0880}t oRetsriGtodiiE b tf WPARER AR SRR HrRIOPED B ES O

el ast omer Iy | i8R RahtckRkE (8. tRolivad) Sastdméke channel s
of the dedlilg; 'g.% ﬁb@%ﬁqeg%&@%r?catl on r?eE%hod@i s ill ustr)at ed in Figs.

7C 7G5 3Gstfuofd®bl4.Referring to Fig. 7C, a first micro-nmachined nold 10 is
provided. Mcro- machined nold 10 has a raised line or protrusion 11

extendin r ek @Abedakek G the Rquedalsich i Fadsa6 badwn) elak@yeric2Quiisreast on
top of flqu?ﬂm Cro- maecﬁi ﬁed m)ldqlo sucﬁbt hgl?éthe top aof the fifrst

el ast omerd4ds tepermaed Gotlmsld 1fiand pebidoneshompPpedageay suRstge 6 otf ¢4 on 11.

This may be accanplish by, caref.ul | 0t ralsl 4 ok

el ast omer e@e%@gaﬂ‘gﬂﬁﬂB ’ %’H?%elrar%f)@e%f)&%%t%iz\?eﬂa BE%}ﬁsée\égn;Hm Shelﬁalﬁt of

rai sed | isffradelio phhrlagsiitiaieely reckfie2 Ideiil foed a¥l@halpmnebt0.d be formed by
injection nolding. (0096] In Fig. 7E, second mcro-nmachined nold 12 having

a raiged gigr ufﬁeoé'fge?ﬁt e%ﬁo?&gl: @ﬂuétnt%E PR Gevesik POVR W E0ith R8aond
on top o

el astBmerl ¢ ayer I's cas second nold 12 as shown, such that
recess 23mismbothandrubdimid)oht advantuyb de brimding 2 esptnglivay it bat e di mensi ons

f protrusion 13. 10 [0097],In Fig. 7F, d el i 22 |
Cenbed FSIAHBIPISRITRY BeBtACHD. (OEIEE SR g LSPOar L PRy
Second el ashaiPld & AAYCA RANkSRIAAELol Rindibhel is MABIRIR shaum 20 (O

formintegral elastoneric ock 2247using techni ques described in detail
bel ow. Atallbivims; qubicat intenrcghompoHdatenerdionsds 28! fessreirs. yAbewabyds By rai sed

[ i 13 il f fl h | 3. .15 9 In Fig. 1G | i bl k

pon 15 pielisiatnasty SPHRLIE may PEBOII oAt raremel bty BeRe BRRIFELS opert ¢

layer 20 4.5 ®sl an&Fd, Gorhlifek P@:gt@hF_fehtr &id 1e1asitae bend. ahtes n2§ pases t hen  bonded
ed (i.e.:

together to forman integra nmonolithic) elastoneric structure 24
havi ng aadvantageous when higher back pressures are used.

[0092] As can be seen in Fig. 7A and 7B, flow channels 30 and 32 are preferably
disposed at an angle to one another with a small membrane 25 of substrate 24 separating

20 the top of flow channel 30 from the bottom of flow channel 32.

10093] In preferred aspects, planar substrate 14 is glass. An advantage of using glass is
that the present elastomeric structures may be peeled up, washed and reused. A further
advantage of using glass is that optical sensing may be employed. Alternatively, planar
substrate 14 may be an elastomer itself, which may prove advantageous when higher back

25  pressures are used.

[0094] The method of fabrication just described may be varied to form a structure
having a membrane composed of an elastomeric material different than that forming the

walls of the channels of the device. This variant fabrication method is illustrated in

Figs, 7C-7G.

30 [0095] Referring to Fig. 7C, a first micro-machined mold 10 is provided. Micro-

machined mold 10 has a raised line or protrusion 11 extending therealong. In Fig, 7D,

10



menbr ane conposed of a separate el astoneric |ayer 222. [0099] Wen

el astoneric structure 24 has been sealed at its bottomsurface to a planar
20 substrate in the nmanner described above in connection with Fig. 7A, the
recess fornmerly occupied by raised line 11 will formfl ow channel 30.
[0100] The variant fabrication nethod illustrated above, in c%n' unction with
Fi gs. 7C fict elgsipaicEciaer 20 varmsbeeionol §ext mieiorngchined wme dt}?tt”fl%wpt o be

conposed 8%9}1@55?]&%%&&&@&0%&!3?% ahdaith BR t6h BBLAMRMNIf JFBkSHisdn Pf. THhE

remai nder "0 e structure. i's Is Inportant 25 because the thickness and
el asti c pmapéebi@sumfshedby nanfullgrenipbléiyg thekeyume bé clasionpec andtaml spin t he

devi ce. Moreover,  thi t | | the . t .t
o E, e 0T e Ry TR PR £ Sl ST B,
el ast ogTerS}%EE H&&l&%@-forﬁ?edddgzﬁ%&ﬁgxgmo[d?ndget ail bel ow, exanples of potentially

desirabl e condition inclu he 1 ntroduction of nmagnetic or electrically

conductin ecies. tg_permi{ actuation,of ran ar t he

i nt roductﬁ'gﬁ&of !hbéﬁgaﬁl? Sleﬁ?l?)& PHEC A Wgﬁgmlléltpgrh g’élngtac{agw 81?)%? fémglgasti city.

11 [0101] ex¥hidisey fhbRaRAQVSaIIE bRNAeS Setdrdsdlastiinelid RyeoITmRehitam tap ol f or mi ng
vari ous shaped elastoneric layers fornmed by replication myl ding on top of

a ni cr ometskenTetoldol Zdas shwn, prebdatreqepsehisifemedsingésbatiom swHCEo thi s

t echni que r-1e i Leyed to formthe individual

| ayers ofcosr%%a%glgﬂ{été?@%%?%éﬁﬁgkgﬁg?ﬁpﬁég are to be bonded together. 5 For

exanmpl e, a shaped | ayer of el astoneric terial could be fornmed by |aser
cut t Mg d00FTIn) Bekiio i rmered RS ReTsy KRR Y B ETQIA dAed PIASHL Af g

and/ or sagy i Fir ¢ . j S5 j j 1 @pgM th the
second ol LTSI BT AT SO RRIRR el T Pl 800"

pat t er neclastasdronteyerdOrtadommn extegrill dlastangericddoelt dphesing tfchhigues ésscdbed in
encapsul W, t hi l.astonmer. . materi al . er, .the 10 thods.,in

e cor dandlta Beie YA SR e BHEPtnresrE SrdprnpriY Dl Tt Tea g 12

phot or esiygil]. fornPBer cHIBEGMI3al s such as netals could al so serve as
sacrificial materials to be renoved selective to the surrounding el astoner

vt o0, TEIRCIE il VAR Bkl oh 36 BRRRFR T bahiSage

el ast omenouhi lfirdtiel@tdni@iARpeaN iFlisohienblosk afd RisteRstondkbicdayd-2Pearke tod
Channel Dinmensions [0103] Mcrofabricated refers to the size of features of

an el ast dapdaddogetherdo dpian ap negretad éer-1 morlitbicd shslomaricitapuEmisbbiane of
t he presm&nqré%e%ttnj}%(?dBpag&ﬁ%géa?tgﬁ@g%wgp?%in at | east one dinension of

m crof abiica ures I's con e mcron
[0099] When elastomeric structure 24 has been sealed at its bottom surface to a planar
20  substrate in the manner described above in connection with Fig. 7A, the recess formerly

occupied by raised line 11 will form flow channel 30.

[0160] The variant fabrication method illustrated above in conjunction with Figs. 7C-7G
offers the advantage of permitting the membrane portion to be composed of a separate
material than the elastomeric material of the remainder of the structure. This is important
25  because the thickness and elastic properties of the membrane play a key role in operation
of the device. Moreover, this method allows the separate elastomer layer to readily be
subjected to conditioning prior to incorporation into the elastomer structure. As discussed
in detail below, examples of potentially desirable condition include the introduction of
magnetic or electrically conducting species to permit actuation of the membrane, and/or

30 the introduction of dopant into the membrane in order to alter its elasticity.

11



| evel, with at | east one dinension being mcroscopic (i.e. below 1000 m.
20 M crofabrication typically involves sem conductor or MEMS fabrication

t echni ques such as photolithography and spincoating that are designed for
to produce feature dinensions on the mcroscopic |level, with at |east sone
of the dinmension of the mcrofabricated structure requiring a m croscope
to reasonfiby] r ¥gvlevtb¢ Apmugentthed stiflusirataddn cpua@apn Mithploshineg @aios peped |

fl ow channel s 30,. 32, 60 d 62.prefe i o=t 0= ati
of “about e e 4B G SO TLE BBt o WSl G hfienapa AR duf T 5
ratios iNyre@eRReRNEESs Wbt Imeabedineetimigle. tOtRepeatqiesi doukiitid @mplbgediol: 1 to
100: 1, nore preferabl 1:1 to 50:1, nore pr_ef,erﬁbl% 2:1 t%gzo: 1, and nost
pr ef er abl fpng:the méwz@.a{laypﬁ rshanedrppstomericaageral theh getebbended tefsihess 60
and 62 haye w S ' 5 ' [ of

% ﬁ‘%og £ha lb% %?‘f&%’@@ ?A‘f#@f ¢ &9%&191919 PafADSoul 6B P8km XE) S Citinb D

ot her ra ow channel s I'n accordance w t'h enbodi nents 30
of the prigiefnitn inoldng,ioobyinsetBodutiliaink@Bemiviat ctohisg amdfoe sprifoeal abitgriads @6 t o
1000 mcrons, nore preferably Q.2 to 50(£Pm' crons, nore preferably 1 to 250
m crons, drassrddelovheqoEiuRsHon ik the swEndPXaRaTY IBGUAM ary channel wi dt hs
include 0.1 pm 1 m 2 m 5 12 pm 10 pm 20 pan, 30 pm 40 pm 50 pm 60
pm 70 pni01@€L pAn aB@mpiiye hedogripbrich®s apaiterned elsmionkaGlrpeturelddizsiy 150 pm

160 pin, 170 pm 1 pm 190 pm . 210 p 240 pm
and 250 d’r}ﬁvelﬁgTﬁ%ﬁOSfolﬂthl%%ﬁH&p@é%g ‘%@m gqé’stogﬁeg]r@%ﬁﬂa \/gﬂ 08’733?%@9 of about i
to 109 M ERHE inAcfRBance vaxEihePratend ihedntioh atd farliniidaDLutiokingghiobaedst. f | ow
channel s 1 n accordance with enbodi nents of the present invention is 0.01

to 1000 rRbeonsterinssectprsenetaissoyldrlgsseres soeciieirbmaterialide 8° siae¥dabl y 0. 2
to 250 m cf O@ﬁddtoﬁ,@%qugu Pg{ggegfsglcﬁgér%/n&gti%ﬁ ajrﬁioth@\ﬁét@gﬁfg a;rgma rﬁftﬁifﬁﬁé y 2 to

20 ni cr on§:%° prefe M Crons. channel dept hs

iznﬂ)ude isg@ﬁdtﬁitggp&s&% irﬂfﬂitign.gﬂommar{%w@omgetgl thapie e@h2d petectdze3opm 1 pm
pm 3 pm rn, m, 7.5 pm 10 pm .5 .pm 15 pm 17.5 pnz, 20 pm

22.5 pm Wﬁbmlageﬂ}ﬁﬁﬂghﬁnﬁﬁe agrepriateadieppsal Pystiien 150 pm 200 pm  and

250 pm [0106] The flow channels are not limted to these specific

di mensi on ranges and exanples given above, and may vary in width in order

to afifect the 2magniliaydearaf ChameeDimeagwnsed to defl ect the nenbrane as

di scussed_at. | th, bel ow i n conjuncti ith Fig., 27. 15 For, exanpl e,
ext r enel 30fﬂ§r] r WCF‘P%EF?E%WE?@ ?ch iSHy oggﬁw‘gﬁog#flﬁéomﬁggfﬁ?mﬁ 01 pm ray
be usef ulgi Atk Gadordiide Hiftein GRdimattioTms pRsorlinerasedd gemdadlai | bel ow,
El astoneric structures which include portions having channels of even
gr eat er wiadsifontihahledgsmeidbednsion of microfabricated structures is controlled to the micron
level, with at least one dimension being microscopic (i.e. below 1000 pm).
20  Microfabrication typically involves semiconductor or MEMS fabrication techniques such
as photolithography and spincoating that are designed for to produce feature dimensions
on the microscopic level, with at least some of the dimension of the microfabricated

structure requiring a microscope to reasonably resolve/image the structure,

[0104] In preferred aspects, flow channels 30, 32, 60 and 62 preferably have width-to-

25  depth ratios of about 10:1. A non-exclusive list of other ranges of width-to-depth ratios in
accordance with embodiments of the present invention is 0.1:1 to 100:1, more preferably
1:1 to 50:1, more preferably 2:1 to 20:1, and most preferably 3:1 to 15:1. In an exemplary
aspect, flow channels 30, 32, 60 and 62 have widths of about 1 to 10600 microns. A non-
exclusive list of other ranges of widths of flow channels in accordance with embodiments

30  of the present invention is 0.01 to 1000 niicrons, more preferably 0.05 to 1000 microns,
more preferably 0.2 to 500 microns, more preferably 1 to 250 microns, and most

preferably 10 to 200 microns. Exemplary channel widths include 0.1 pm, 1 pm, 2 pm, 5

12



above are al so contenpl ated by the present invention, and exanples of
applications of utilizing such wider flow channels include fluid reservoir
and m xi ng channel structures. 20 [0107] The El astoneric |ayers may be cast
thick for nmechanical stability. In an exenplary enbodi nent, elastoneric

| ayer 22 of Fig. 1 is 50 mcrons to several centineters thigk, ang nor e
pr ef er abl ynalfbrox?erame BY L, o irhi ThkmaShBR. 82 ern SOy F&Emof U Uy L0 of

the. pr s dH: LACHGRRL 0t B bahi B 0T 16t 1 et oi0 5 160 4 ABUIERD D)
10 m 0,44 10 0108 di ngly,
cm m%}o%g} ’%?’Q%O;JBH] gﬁﬁ)!}[g 2l £I008, to mm [ ] Accordingly

menbr ane Separating flow channels 30 and 32 has a typi cal

t hi ckness_of _ between abqut . 0.01. an 00 mi cron I ar y 5to
500 ni crl8&] n%@@”%@%?%?é%l ’égﬁﬂggéggﬁ?g@ﬁﬁﬁoggggggg%ﬁéﬁ%np%ggoégﬁgérons,
mor e pr efgrRbl X 11 off b2 QariBes bP RSy thADLIHP Sharichf i@ raldiarct Wit Ombbdinens. As
such, the thickness of elastoneric 30 |layer 22 is about 10Q tines the

t hi cknesofdlie meset trventian isydr todPO0 ExierapE angremspfisrabheC.0p hp oRP BYEEES i ncl ude
0.01 0. 02 . 0.05 0. 13 |
2m 3 M ﬁ{@%&#g ich?3q mjcsoad ghd E?%%?Jgﬁef%g %Hmzlgg %%Acgg‘gs‘q%‘% 25 m 30

m 40 m efibly’Dton0 hPors, addthom pr2@Patly 52500 micdAe. Bxedflry chanf€i0 m 750

m and 1000 m 3. Soft Lithographic Bonding 5 [01091 Preferablé,
el ast omediepths ayedids ineledibe fdtidinog e nak, Cchenie A1, G3iHay Chem % 2 that s

or of &0 bl G BOR G CoR 0 Tt LB OR &Rt 17 FORCE G2 Bt g,
[ 01101 | o BOGLATARHnASPREL 75 4AE 1001RUSl AXeID h, alemsoanr are bound

t oget her et er ogenous nding.in which the layers have a different
chem stry. ternatively, 10 ho ous bondi.ng. may.he used i.n which all
| ayers V\i%(‘@ll bglit@faﬁQ%ﬁh%Qﬁ% aﬁﬁﬁ?ﬁq@”&%fpofﬁ?ﬁﬁcfpﬁglh? %gn?%%%r@pg%seang | ast oner

| ayers ”%xarﬁ@%é gﬂz@h byoReaf HRY vhAgRtmat Rorad tadhest the magARi@ak fotde a
fourth aspect, the elasftomeric | ayers may be thernoset el astoners bonded

t oget her rdupited & defipet the Taambiane andiseuspetat lesth brtsyeinaoni st o g, Figne .

el astoneric |ayers are conposed of ., 15.the.sane.el astponer, matgr. al ,th
The bneFerErHA, aReRey TR oT Sper L BiTng M Re ok HEOondim 1
entity I Ee h&?uﬂh%?ficil%& biffe? aPPRGhtibAE ak B)ehRed ADGIAIEhelol) MBGoERHOdI Ment
bondi ng between polyner chains of |ike elastonmer |ayers may result from
acti vat i sinuadireawhich include portions having channels of even greater width than described

above are also contemplated by the present invention, and examples of applications of

utilizing such wider flow channels include fluid reservoir and mixing channel structures.

20 {0107] The Elastomeric layers may be cast thick for mechanical stability. In an
exemplary embodiment, elastomeric layer 22 of Fig. 1 is 50 microns to several centimeters
thick, and more preferably approximately 4 mm thick. A non-exclusive list of ranges of
thickness of the elastomer layer in accordance with other embodiments of the present
invention is between about 0.1 micron to 10 cm, 1 micron to 5 cm, 10 microns to 2 cm,

25 100 microns to 10 mm.

[0108] Accordingly, membrane 25 of Fig. 7B separating flow channels 30 and 32 has a
typical thickness of between about 0.01 and 1000 microns, more preferably 0.05 to 500
microns, more preferably 0.2 to 250, more preferably 1 to 100 microns, more preferably 2
to 50 microns, and most preferably 5 to 40 microns. As such, the thickness of elastomeric
30 layer 22 is about 100 times the thickness of elastomeric layer 20. Exemplary membrane

thicknesses include 0.01 pm, 0.02 pm, 0.03 pm, 0.05 pum, 0.1 pm, 0.2 pm, 0.3 pm, 0.5
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crosslinking agent due to light, heat, or chem cal reaction with a separate
chem cal species. 20 [0112] Alternatively in a heterogeneous aspect, the
el astoneric |ayers are conposed of different elastoneric nmaterials, with a
first chemcal entity in one |layer reacting with a second chem cal entity
in another layer. In one exenplary heterogenous aspect, the__bondin

process uped 1t mel, 3 espSctyeS eudOcieriZed paydp $ni.dder Wey 20HiL ddrpiiiise

bondi ng et her t | ayers_of.RIV.6815 sil.} \Y idd~cone s a

t wo- part gﬁﬁ%?@ﬁ%%&’ﬁ’Sﬁ{:’i@i %%H‘él’ﬂﬁ(%b@r .lké’g%%goﬁ%tzgiéigﬁﬁdgﬁ ’g‘%doqups and
cat al yS_ti”ﬁasboﬁnﬁ@%ghﬂ%n@lb@@gﬂ. hydride (Si-H groups. The
conventionaf.rati 6 for RTV 615 is 10A: 1B. For bonding, one layer nay be

made with 30A: 1B (i.e, excess vinyl groups) and the other with 3A: 1B

(i.e. excess [.?i -H %ﬁg@tﬁé%rg{%%%dnﬁéfg[]ei s cured separately. Wien the two

| ayers are brought act an ated at el evated tenperature, they

bond st r efog0sj bipYetabR) BlastemFED Wyicksvire bodbdebgahamnteinicaybsdinatieemitdy [ 0113]
I n an exenplary aspect of the present invention, elastoneric¢ structures are
formed utthet iginigingy tetheolapers eempasing §u padiernedgstame lyycas Mo di acryl at es
such as ( {m i . 7 245 {6 [}I@ Chem cal .
[0114] | n& g%é%g%%%%rﬂe&n?g F(%lﬁ%%%g?‘gé}éérg%\%nﬁ %C;]dgu%} é’gén?@ nvention,

two-| ayer 5 el astoneric structures were fabricated frqompure gcryl ated

Ur ot hane [B5E0T> 781 & prederred 2shets G A AYeiS O AoBSsEoURY MBS Bt or 15
seconds 0P ; . : haintdna! | MicSaidunder

ul travi oﬁgegéﬁgég;ﬁél JP %F&I{%%Irﬁﬁﬁﬁﬁ? glgé %ﬁ]’é&glrhaﬁ(ﬁ ralof'g:;é%(;éhl’?cuC'%l %lts‘ﬁng a I\/bdgayllg ELC 500
devi dé midnuiegehousdebridingfhay be viddtin vdichpdt Bybisrwoutthbe a hesbimedhbryséis  wer e

t hen cur for an additional 30,nm nutes. Reacti.on cat al,yzed a 0.5%
Lot T el it e e elton S 150 e e GERTY 8 R B RS e o
The resulihibgl ahashenr @%&cﬂ%@abmlrnmiﬁg%%ym@eﬁﬁ@eeéiaﬁbmfstm@e@
adhesion to glass. [0115] I'n another enbodi nent in accordance with the

present itpgathariborheativg- | ayer el astoneric structures were fabricated froma
conmbi nation of 25% Ebe 270 / 50% 1ir245 / 25% i sopropyl alcohol for a thin

bottom | gpery] amchiewsseddor ibmabgsheblichdiaing, Bheel2dfmasc yds dropohpyed.of The

thin bottomlayer was initjal l'él cured for 5 min, and the top |ayer

i ni t L&l | yhe sameelaseomenmaterial math the sas cpmicahanghetr qednyer gesdng With Bgen

utilizin ' Fgﬁ‘{ﬁ t ' RO ati on.

The asse?}%lﬁgg@ %g%grﬁ:sn%t ggth'? %ﬁérg re e 5@ Cth%!}a‘?grcﬁ%ﬂ %‘ﬁ%m%btﬁﬁ?ﬁﬂs_ ’

React i onbuading dtaiesn @dlshmyerahfind ¥ likd tlustbmiet ldyarsenaf rekulg &our ectivation of a
crosslinking agent due to light, heat, or chemical reaction with a separate chemical

species.

20 [0112] Aitefnatively in a heterogeneous aspect, the elastomeric layers are composed of
different elastomeric materials, with a first chemical entity in one layer reacting with a
second chemical entity in another layer, In one exemplary heterogenous aspect, the
bonding process used to bind respective elastomeric layers together may comprise bonding
together two layers of RTV 615 silicone. RTV 615 silicone is a two-part addition-cure

25  silicone rubber. Part A contains vinyl groups and catalyst; part B contains silicon hydride
(Si-H) groups. The conventional ratio for RTV 615 is 10A:1B. For bonding, one layer
may be made with 30A:1B (i.e. excess vinyl groups) and the other with 3A:1B (i.e. excess
Si-H groups). Each layer is cured separately. When the two layers are brought into
contact and heated at elevated temperature, they bond irreversibly forming a monolithic

30  elastomeric substrate.
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500 manufactured by C ba-Geigy Chemicals. The resulting elastoneric
material exhibited 20 noderate elasticity and adhered to glass. [0116]

Al ternatively, other bondi ng met hods maybe used, including activating the
el astonmer surface, for exarrpl e by pI asma exposure, so that the el astoner

I / sypst r at I d t F

posi bl o 1B oaBrriarewaliar fepect Dbt Aae i Rsp oty SHANReEeor " ne
sane mat %ﬂ:ﬁ’éa dedizhet sﬁg&ﬂah sby1m1f1>86€&r AlphatiRapittnd % Rraket yhng (bht not
Mcrofluidic Systens Tnh Poly (di mtt%gl I oxane) Anal ytical Chem stry

(1998), TinyitedSTUEHSBY, 27@@‘@@65&@@ ehemigplr ef erence. This paper
di scusses that exposing pol ydi nethyl sil oxane (PDM5) | ayers to oxygen

pl asma cays@s axiotstch®ddifertt heaccstiahas @ith\whd prebont éventoh| teobeymi ng
occurring when the two oxidized layers are pl acg%l nto o%c% .30 [0117]
Yet ahot RlegstosispicsHERUES WoR dbagaied dornarredgpdaied Urethpug b i8¢ orer is

to. U] bofok I8 RANSShG BIARPESIADrPlor {8 GHERHI: G PAI-RTEIhe (BPRA bbEgh] Y, @

thin layer o ast oner I's applied on top of a
first cutserselastinitiely culcdyeder mmmoleahgm%s&thm@@r pltwgeonBliziogkayer

of tneur Mipoel BOEoMOdev e Ea oY 5 TN oo Al et b BN | ¢

structur %rerﬁh&&‘ E{ﬁ%ﬁlf&{@iﬁadcw&w solnBh@sd. %&tx&ﬁﬂa@@tﬁpﬁéd ©da 3% he/ot t om of
a first cure stoner layer, with the first cured el astoner |ayer placed

on tbp oﬁuﬁusaemfdrghcumw zﬁatelfamu@d@ty (Iihgfé}elgmwm@alshé’hml@mlﬂt&& hi n

el ast oner e in re n n.o ol hIC el astoneri c
struct ur 83 tf’%‘filg SX %%E%ﬁa? %a%llp& g%‘?l eésfoé]{} 1gysers is enmployed to
fabricate the el astoner st ructure, bondi ngY of successive el asijlorrerl C

layers ntjl1Bk 4 evetbei enkalimgntin aesardanca iati e Pessal iBieNiosy BYo-lRYEF evi ousl y
cured el astaent gqug 5P BRY tzﬁ,&‘fﬁo}r{é%rﬁﬂnng&&%f o PoPHd L5 da4s

t her eupo N oner ayers occurs due to I nterpenetration

and r eaEfi%Q@p@épjﬂ &opol Boﬁerthm Ih»attam lﬁlj‘ferﬁmdplxrel vedlatdbahar BayXi0 asiat h t he
pol ymer chains of a . cured el astoner Iayer Subsequeat curin

el ask%mﬁopéaﬂeayghe\Ihlplboéﬁ@éﬁlfﬁf &5 dnidially SR doF 1 men-epd dadioais rll%lf}%l?% and
create &Ir 1fofl}hgho€é;aéﬁ4%?‘artfam&mfgm i of t%ﬁluuﬁ%{?garmeex mLEReofirst

met hod o Irst elastoneric be 15 created by
spi n- coadavm:@ mmxfﬂ'dim‘adﬂiuﬂleotmttmmpoﬂaabm Tlag asdembled 1a;z_erawemb@1 WJmI forf or 30
seconds vyie dl hi ckness of pro Sec

el ast omeft Iﬂr‘% %% FUNRIES, Eacf:‘P’é e %EX a@og)’#’ Vﬁg %Eﬁaﬁ?‘éreon

m cr of abygoGakadadialed pYlcibBUde) 8Y&hRals. The resulting elastomeric materlal exhibited

20 moderate elasticity and adhered to glass.

[0116] Alternatively, other bonding methods may be used, including activating the
elastomer surface, for example by plasma exposure, so that the elastorer layers/substrate
will bond when placed in contact. For example, one possible approach to bonding
together elastomer layers composed of the same material is set forth by Duffy et al, “Rapid

25  Prototyping of Microfluidic Systems in Poly (dimethylsiloxane)”, Analytical Chemistry

(1998), 70, 4974-4984, incorporated herein by reference. This paper discusses that
exposing polydimethylsiloxane (PDMS) layers to oxygen plasma causes oxidation of the

sﬁrface, with irreversible bonding occurring when the two oxidized layers are placed into

contact.

30 [0117] Yet another approach to bonding together successive layers of elastomer is to
utilize the adhesive properties of uncured elastomer. Specifically, a thin layer of uncured

elastomer such as RTV 615 is applied on top of a first cured elastomeric layer. Next, a
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20 and 22 may be separately baked or cured at about 80C for 1.5 hours. The
second elastoneric |layer 22 may be bonded onto first elastoneric |ayer 20
at about 80C for about 20 1.5 hours. [0120] M cromachi ned nolds 10 and 12
maybe patterned photoresist on silicon wafers. In an exenplary aspect, a
Shipley SJR 5740 photoresist was spun at 2000 rpm patterned, W tlkhe‘% hi gh
resol ut i escohd anspatasiveyerio layerds placeiktonPd thebly PEPBEIS 1287 0 B
inverse channel of approxi |y 10 m.cr dulde Reh&HLthiYheRtRaked at

appr oxi nﬁ‘l“éﬁﬂ?i@[ﬁﬁ%{?%‘ﬁpefgég%%% %6&%%%&?%? he photoresist reflows and the
i nverse ghannel lkeserely aandedelattomepeafterapplicdipbebeitonind afFiddrefhy be
treated with trinmethylchlorosilane (T vapor ., f or out 1hut e before
each use elapfoprebayes, &Vipy i8¢ gL Ci ?Siﬂ\"q%ﬁz‘%eil p?aggﬁl. an F%%{e)ar &Cﬂsd g%}]l&'?abl e

El ast pnerf ¢ Mt Fdrfenﬁl éurﬁx?%&%]miﬁmectﬁﬁ%lﬁﬁoxﬁér113}@@@gﬁﬁﬁ@&fu&é‘ﬁl Reingties ofaem stry,
2a Ed? dESerIbes el astorers in 30 general as polyners existing at a

t enper at wodohiowesomhet sirgitai®s transiti on tenperature and |iquefaction

tenperature. Elastoneric materials exhibit elastic properties because the

16 pol ymmeg; 1ghaiyifet &AsiiaHBA 6F §Rritierasi:9Balis employed tofapeiate thamiatheng  of
t he backbone  chains in response to a force, with the %gcigone chai ns
recoi | i ngiricturasisunding dfsupedssive shigioaeric ayeremal 88 AEOTHIISPRLDY BPWHE |

general , r@'m?%é agﬁéﬁgﬁgﬁegﬁrg@w%{, BU68 elaSton?PR! kR and Uhy SheHicidl Rlakidl L O

their or Cé I's renove The elasticity exhibited by
5 el ppt ORREdrEedMERNHGL. SBERYnD Bettfran alubtermer bgetsyocauréaiundo siteporAtipson and

El astoneric materials hayving a Young's nodul us of between about. -
TPa, nor eeapii@f ef thp polymarwBains ghtpncuigs %ﬁl@nli%‘éyfiﬁﬂﬁ%%h hi?rp@lwgfcglr a |°§f 2

bet ween aboyt et SR § _hablaviohrivesfer vahetdatddbdal - 10 MPa,
and nor e"%}%F‘e‘@‘%‘gH@‘a&e@%mene OE?U% P& - 1 MPa a?%( useful in accordance
Wi t h t hep@eseMe dlaxventiohnyealahi otegle abasalghierdlastoragrer $taic8gavi ng a Young' s
10 nodul us outside of these ranges could also be utilized dependi ng upon

the needfyghy aRdRafihl &R i 3PRLMGALE Ps. { RIEB)firThetasymbaatyof 20 hay present
inventio mall be tTabricated froma wide variety of elastoners. I) '
exenqy ar yreaspeytspinttuatiol as (RINE mixturagremicrodaripited Bokhis abe (0BM Scigf S@ from
silicone rubber.. Howeyer, other suit e ; . 15

O e T o e e S S e e

are fabpi,catekafdiay Hin-ebasiERTY npigtyreen niicofitaicalee RNy 161 Both layers
(formulation), a vinyl-silane crosslinked gtgél‘%a)f siljcone gl ast oner
or

(fani | y) 20 Heh& eray belseppriskebaked ps twad abiwu 1.5 hours. The second

elastomeric layer 22 may be bonded onto first elastomeric layer 20 at about 80°C for about

20 1.5 hours,

[0120] Micromachined molds 10 and 12 may be patterned photoresist on silicon wafers.
In an exemplary aspect, a Shipley SJR 5740 photoresist was spun at 2000 rpm patterned
with a high resolution transparency film as a mask and then developed yielding an inverse
channel of approximately 10 microns in height. When baked at approximately 200°C for
25 about 30 minutes, the photoresist reflows and the inverse channels become rounded. In
preferred aspects, the molds may be treated with trimethylchlorosilane (TMCS) vapor for

about a minute before each use in order to prevent adhesion of silicone rubber.

4. Suitable Elastomeric Materials

[0121] Allcock et al, Contemporary Polymer Chemistry, 2™ Ed. describes elastomers in

30  general as polymers existing at a temperature between their glass transition temperature

and liquefaction temperature. Elastomeric materials exhibit elastic propetties because the
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limted to this one fornulation, type or even this famly of polyner;
rather, nearly any elastoneric polyner is suitable. An inportant

requi renent for the preferred method of 20 fabrication of the present

m crovalves is the ability to bond nultiple |ayers of elastoners together.

In th f l.til ay. ft lith phy,. | f.. el d
separ at o Do PR Bl Poipeionurt SRGY o AU Pa i SRR 0ERE s Ty e
possess  ghHiitd igiredponsetact fovdel WithahdBattbbRoetahrecdHil RN askinge kgl shEpe be

of the sape type, and are capable of bonding to thenselves, or they may be
of two di Frile absenespitbe fofre By generabamhrstorneys defopaitiangores iaapmiash hetrthery her

Cbi L . _ i _ ¢
Pher noset Ll Bt @RI 84S, 00 AFARSL KToRBLUE e AMELoRy RSy Ve,
chem sit ri ésstojpesc nrsoiak, msybd Heiriderizwtbiyadgourgeaebioins C Biudtdn@itSmaidfsls

potential additjves, there are a huge nunpber of possi bl el ast onmer systens
that coul ¥V 4 48H4 ngsﬁéﬁé‘i"f@ﬁia&@l%}%"tﬁ Flae QP pisvRirki belirren3doBunps.

Vari at i b_t (=Y 1 Inidel i d f
ariationg pp m@qm, %t@;&:&éﬂﬁﬁﬁ'bw@}é@nal@&t doipgel y ars, %ké/@{aféggtg@g@%ﬁ or

particular material properties,’i. sol vent resi stance, gas

per meabi | 4boyt SGPa —t1@iyYBe, and meors pedfeilablyyhety Fer] poa6U00TPe+ é MPe arepuyful many
types of elastoneric .polynmers. A brigf description of .the nost _conmmon

ol asses. dFoRRaRTGHER o mesTLbmliay. EheR AEl RO PREERE PAYINEROVE HE § hat
even (oW thodgh@bityigb Mf&é_&@ﬁﬁgésdsbumwsf Bt [iFBANEp ARBSE Bhdd the8Redbr Hondi ng

exi st. Common_ el astoneric polynmers include polyisoprene, pol ybutadiene,
pol ychl ortgpicadas appligpdioni sobut yl ene, pol y(styrene- but adi ene-styrene), the
pol yur et hanes, and silicones. Polyisoprene, polybutadiene,

pol ychl orfofu2¢neThd §426]s JFahy preedit enentipe ey bedah@aed fand peidyeatierear ene
are all %EG%nerized from diene nononmers, and therefore have one double

bond per 7 InrsvexsEIamE esncsl the alpstemare versppmarisfaraliy beffebrirstsiner s to
be convey 4 j ' ial | sul fur is used
e ook At Bl AR ke WAL R SRR b SV !5 e
al I oy ho equs nmulti]ayer soft I|ithography by inconplete vul canization
of the | g@‘%ﬁi t %&X%Hﬁé%?spﬁﬁ%ﬁgéh%gieé?ﬁqé%‘%& i the PRCRIGYFEMB 8% 0ssi bl e by
a si m | akbrIBREA 3RS B cRObMAEPYIHAENGeh ad GREIIORE 615 S RabYl, SARMINERe has
no doubl e bonds, but fs_ cr gsslﬁl iﬂnlked %oause as an €efqgtsltaorre}’ geh?lnéé]ﬁg(gl ng a
smal | anotesslinkedl (pelofilicane piastvandrifanéy)p dlopraer, at present Theems are not
limited to this one formulation, type or even this family of polymer; rather, nearly any
elastomeric polymer is suitable. An important requirement for the preferred method of
20 fabrication of the present microvalves is the ability to bond multiple layers of elastomers
together. In the case of multilayer soft lithography, layers of elastomer are cured
separately and then bonded together. This scheme requires that cured layers possess
sufficient reactivity to bond together. Either the layers may be of the same type, and are
capable of bonding to themselves, or they may be of two different types, and are capable
25  of bonding to each other. Other possibilities include the use an adhesive between layers

and the use of thermoset elastomers.

[0124]  Given the tremendous diversity of polymer chemistries, precursors, synthetic
methods, reaction conditions, and potential additives, there are a huge number of possible
elistomer systems that could be used to make monolithic elastomeric microvalves and

30 pumps. Variations in the materials used will most likely be driven by the need for
particular material properties, i.e. solvent resistance, stiffness, gas permeability, or

temperature stability,
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i soprene nononers give pendant doubl e bonds on the Polyisobutyl ene
backbone, which may then be vul cani zed as above.

Pol y(styrene-but adi ene-styrene): 20 [0128] Pol y(styrene-butadi ene-styrene)
is produced by living anionic polynerization (that is, there is no natural

chain-ter step in the reacti o] yner ,ends.. exi st
T the. oulUdShor ek ety HaxbEPR ofelkeiivas pRarhat LR b PRt ShaR:

phot or esi ﬁbsﬁé&ﬁﬂ%ﬂb?&%ée@ Bf §M§t5§1€}s(1¥\’@?ers@ntw‘ﬁé1@ With khdogtept 6ﬂ§m’mﬂﬁg Hak east ed
nmononer in the %gm{poure on top of the cured | ayer). Inconplete

curing wowiith rallanmbyfsta pogrs, mahy ppmhtl@sofptbm&%gmatpr@mmwo A

bondi ng) e &0 |I|tates th extra
but adi eneeif’ ‘L‘} I:ﬂ)m coe\{uspi%ﬁﬁl(ae é’nst0 Q%%’mﬁ ?§§’erg¥&gﬁr¥g’ with a
but adisenepéigfsbsmtyleﬁé,qwow(eﬁyﬁarn@gﬁim swyﬁem)L mﬁmiﬁméthaﬂdsldtm@im}.. SBS is a

"thernoset el astoner”™, neaning that above a certain tenperature it nelts
and becones plastic (as opposed to elastic); reducing the tenperature

yields the el apgg,{ggﬁ] %d&buﬂlfz‘éye p39chi gﬁ@?;éﬁepan be bonded together by
an

heating. 18 Polyure es:” [0129] " Pol'yuret hanes are produced from
di -i socyajtdtes &’AlyAG)Opmmd Ianlylaitabmﬂ, sntbpoldchlomﬁmswBJB))iyn”sirméanhere are a

| ar ge varé.et of di-is and | s/ am nes nberdof

it for oo diedRmehafen R ERRR BaR SRl g skt GORPER whiF po Bz

pol ymer s, THis H@u\m ®bnd Medth%lsgmiéﬂ@fﬂ pes@invbrié Do dBtRREEReaURnilibh | ayer
sof t Iltho ra&ﬁ/ﬁé just as S usi n% excess A-A in one |ayer and

excedd B-(Bssentitlhe sekipidp upagyte dorm siqS$I§7é;ﬁ gtweep fixpjoubls baislsbydwptiney Jhis

pr obabl y ave
L R DR AT T
10 (Si- H)onh@B@bﬂsl’tdibﬂgoﬁ):fedf{fhbtﬁrb&s( sfvkpdulaldnovsuld bt hotsitle begesiedums

mul tilayer soft |ithography and photoresi st encapsul ati on) has al ready been
di scussed™®Paiisthis is only one of several crosslinking methods used in
silicone polynmer chemstry. 5. Operation of Device [0131] Figs. 7B and 7H

t oget her show the closing of a first flow channel by pressurizing 15 a
second fl ow cmmﬁhWbmykmm Fig. 7B (a front sectional view cutting through

fl ow,cha correspon howi enflrst fl ow

chanhér 3BE T +Fetes T AEa R A o roftute tohs PR AR e et 7Y

pressuri zakicer®y 1ha§d1%g%%ﬂﬁllfénﬂiﬁn@ Panpedf ieprene in the polymerization. The
isoprene monomers give pendant double bonds on the Polyisobutylene backbone, which

may then be vulcanized as above.

Poly(styrene-butadiene-styrene):

20 [0128] Poly(styrene-butadiene-styrene) is produced by living anionic polymerization
(that is, there is no natural chain-terminating step in the reaction), so “live” polymer ends
can exist in the cured polymer. This makes it a natural candidate for the present
photoresist encapsulation system (where there will be plenty of unreacted monomer in the
liquid layer poured on top of the cured layer). Incomplete curing would allow

25  homogeneous multilayer soft lithography (A to A bonding). The chemistry also facilitates
making one layer with extra butadiene (“A”) and coupling agent and the other layer (“B”)
with a butadiene deficit (for heterogeneous multilayer soff lithography). SBSis a
“thermoset elastomer”, meaning that above a certain temperature it melts and becomes
plastic (as opposed to elastic); reducing the temperature yields the slastomer again. Thus,

30  layers can be bonded together by heating.
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[0132] Referring to Fig. 7B, first flow channel 30 and second fl ow channel
32 are shown. Menbrane 25 separates the flow channels, formng the top of
first flow channel 30 20 and t he bottom of second flow channel 32. As can
be seen, flow channel 30 is "open" [0133] As can be seen in Fig. 7H,
pressurization of flow channel 32 (elther by gas or liquid introduced

t herein) causeBolyeretheans 25 to defl ect downward, thereby pinching off flow

F passing ugh, fl ow cha ne cqrdi g i ssure in
channel @é%]o ?h’@éer AL {?ﬂhéceggA 'glsgé}% Jres FX %raag%& dpto ﬂglgﬁ)rr? at flow
channel 3&&@@(&1@)%@&&%@&@5 18EOSREELPYT mqgoo}gnmmcmnala@oagamm rtieel

(For illustrati on ur poses only, channel in Fig_ 7G i

h

"nmost |y chusslesof fiarent sypes ofpakiuathangs & hvfge{ e &4 v @&atw&séﬁf?@%\fbﬂme'[so 134]
Si

| NCE S u%vye(a?!e¥ gléou% rrgl\?lﬁ% 5&%@%&%}[‘\2#@@%&1@3 rfe%ﬁs el a%!r sgﬁ%ﬂgﬁﬁﬁg@ d§5t as

t hensél ves ves an unps prod by this

t echni qUERTEVA 5ds:thiyulsing exeess Aldaih orel luye andpgcessBti i thg ofladriaermade by this
t echni que have a dead vol une 30 approxi mately equal to the active vol une of
t he valve, for exanple about 100 x 100 x 10 19 m = 100pL. Such dead

vol umes and arggsefeensumed by the noving nenbrane are approximtely two
orders of magnitude smaller than known conventional mcrovalves. Snaller
and | ar gdP1344 v&iéicamipdwnﬁshirﬂ@bmh&@sthag@a@?@?ﬁ@wﬁlélt‘éﬂéile% apthalmpsésent

i nvention,

oV L el nfts MO RAES Ry e Bl Hor  ANARR R SRR MR OSRED © 8

pL. [013Fpi-Fercexi SHRTIWEI 15 (WaldiEBwsapabhaeobehsus grulitlalstesoéd by punps
and valves in accordance with the present invention represent  a

subst ant |lﬁh0%@n)afrﬁnég$otos@%&nﬁpé}ﬂiayon)tIﬁﬁé alrepdyl hesardisenssgt, RA I sEsoy onf ui d
capabl e of Deing, gfﬁah%xlemdgr S bR el chemtlls, STel| est knoun

vol unes capab e o netere y auto systens’i1s about ten 10 tines
larger (1 ). Utilizing punps and val ves in accordance with the present

i nvention, val urres of l|q ggi of 10 nl or smaller can routinely be netered
and di spensed5 The ORFEHIARR %ring of extremely small vol umes of fluid

enabl ed ?O’Ibll he MEeseUnd m%‘dgetkféﬁshdwm&%wﬁnﬁﬁi AFR Y wVHaHAR S réssaridiag ge

nunber ologlcal applications, including diagnostic tesfs and assays.
15 [ 0336} SEecpmdtﬂooﬂclnameb vothdriesTR (hitght spctstnapyietd adtingthineusht floukcharmebl  of

i cknos a2y eifesapii e R thr octiobhiE S | Rpp AFRVRSO WA 73 M T

defl ecti Qﬁbv%gmrﬁt%w channel 30 closed by pressurization of the second flow channel 32.

[0132] Referring to Fig. 7B, first flow channel 30 and second flow channel 32 are
shown. Membrane 25 separates the flow channels, forming the top of first flow channel 30

20  and the bottom of second flow channel 32. As can be seen, flow channel 30 is “open”.

[0133] Ascan be seen in Fig. 7H, pressurization of flow channel 32 (either by gas or
liquid introduced therein) causes membrane 25 to deflect downward, thereby pinching off
flow F passing through flow channel 30. Accordingly, by varying the pressure in channel
32, a linearly actuable valving system is provided such that flow channel 30 can be opened
25  or closed by moving membrane 25 as desired. (For illustration purposes only, channel 30

in Fig. 7G is shown in a “mostly closed” position, rather than a “fully closed” position).

[0134] Since such valves are actuated by moving the roof of the channels themselves
(i.e.: moving membrane 25) valves and pumps produced by this technique have a truly
zero dead volume, and switching valves made by this technique have a dead volume

30  approximately equal to the active volume of the valve, for example about 100 x 100 x 10
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B = shape coefficient (dependent upon length vs. width and support of 20
edges of plate); P = applied pressure; b = plate wwdth E = Young's

nodul us; and h = plate thickness. 25 [0137] Thus even in this extrenely

sinmplified expression, deflection of an el astoneric nenbrane in response
to a pressure will be a function of: the Iengégw wi dt h, and .t hi ckness of

the menbrame: 1Q0pé- ffushidsid velymes apdarcpetiBFURES PYHIFTEOCIERIETIEYC 28nd t he
applied AetuAblAR, O 6o FAGANSR.EAGR.IRE 1RGSR WBAAVBIRIEL Midbvatay wi dely

dependingﬂﬁ%on sions and physical conposition of a
parti cul agmellasihdnmgbicvadesiand sivitcRilg aalvos ararmontewipidicd athp peaseMtinyeNient i on,

a W de range of nenbrane thicknesses an el ast.icity'.s h i , and
act uat i on? %%Ee’%ﬂhé“ﬁ)ll‘ﬁté?gfﬁn&?% “tRpdoR Tberlélg@ﬁ?s i f"%\t/%}ltu ﬁoﬁ@@%t%%@’ | t
shoul ¢ bey yerGhOOMbO'RAb 1418 @RIl @ J0USL. presented is only an

approxi mation, since 1n general the nenbrane does not have uniform

t hi ck 149] t hi i LG I : th
ongt he arlgrilG: TR B a0k Yl e Rt L o PEAZ A0 sk PPt PRIPAIAR ihC | 1€
I engt h, Wdbflan@ withit St Bfvehii RBrbEanesubNevail bielness, Spetificalbgtiat i on

serves as a useful guide for adjusting variable paranmeters to 6chi e\é% a
desired sedjsstigevar vadehteef flud cerabiue beig mapualypeereddy ggpngPdgil dReand

8B illustrate val ve openi nq vs, lie : 1 first
Low charmiiest ot Hhagenharile RBri e HsT Yol Ple Gt ubbilten’ |15
this jgdevifigs Mas: fpll??@}tﬁ%ir% PR an@fvaRp Y &cofda@Ed with tie priesat as/eRId,615
havi ng a thickness of 10 approximately 30m and a Youlggés nodul us of

appr oxi matodliyes7alliduiRhof FG gisor spiallar eavcroutndly bpowterpdarddispinsed: peni ng of

the valve to be substapti,ally |ingar, over i ed
pr essur eCVGESBICANS OB?’QE%%%S @vg{%}e?gcfi Wtﬁgé ea@%’heg[t 2 tpig’t}’rg}gnr%g{né%g%f t he
devi ce t hyQghe 3xd8n6val@BR iRiadege@lmbkast biclogital aplhanimginehiding er

di aneter of 0.025" connected to a 25 nun 15 piece of stainless steel
hypoder midiagnobiihigsipiang agddydut er di aneter of 0.025" and an inner dianeter
of 0.013". This tubing was placed into contact with the control channel by
i nsensi onoizgjo Ehetiehdsieprmeeits a hightksiinplified nmadichaivanoodelof defledtionodat r ol

channel . Air . . .
rectangular, linear, elastic, isotropic plate of uniform thickness by an applied pressure:

(1) w = (BPbY/(ER?), where:

w = deflection of plate; '

B = shape coefficient (dependent upon length vs. width and support of
20 edges of plate);

P = applied pressure;

b =plate width

E = Young’s modulus; and

h = plate thickness.

25  [0137] Thus even in this extremely simplified expression, deflection of an elastomeric
membrane in response to a pressure will be a function of: the length, width, and thickness
of the membrane, the flexibility of the membrane (Young’s modulus), and the applied
actuation force. Because each of these parameters will vary widely depending upon the
actual dimensions and physical composition of a particular elastomeric device in

30  accordance with the present invention, a wide range of membrane thicknesses and
elasticity’s, channel widths, and actuation forces are contemplated by the present

invention.
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pressure was applied to the hypoderm c tubing froman external LI-I1DA
m ni ature sol enoid valve manufactured by Lee Co. 20 [0141] Wi le control
of the flow of material through the device has so far been described
utilizing applled gas pressure, other fluids could be used. [0142] For

exanpl e, si bl e eriences inite

berveen’ TSt HEBR s e et o s b G SRR R Pubih B ERBI P val ve
and the tifgs ﬁlf'g%heﬁahth% m&ﬁ&%ﬁé‘ B8es! ot BXRAMIRRE&HicRYesk e MRMIANEh  dkhedn
alternative enbodi nent of the present 25 invention, pressure could be

appl i ed f ot agceeseriéy sapll S@up@r@dtmfhﬁ lmﬁtm‘w@suabdéhef ﬂQﬂQﬁtIOEmfas wat er
or hydraulic 0|

pressure tO the ySI Ifra(gotlﬁle‘g ggthnﬁfdﬁ% hpﬁgl sp?sgceﬁé af r%ﬁng%)\Legzﬂ bR iigdl S

| ar ge por ﬁlla%quamtsreﬁjes @Jﬂalﬂ@ﬁhl HEAO T Opstiny @tmblevpasmsuetsyto%mav@@a&sﬁ@a
fluid may contribute to delay In _actuation. The optinmal nmediumfor

t ransf er ricHgPIse égé?ﬂeétlwI"Prst‘f’rﬁméheérf@”c@epend upon the 30 particul ar
application and device configuration, and both gaseous and liquid nedia are

cont enpl affa@dsby FigaeS8 A aué ABI iﬁnstra?év{l@dd;&]rﬁﬂ%sl @Iﬂied@rmhrwﬁophiiéﬁl ypreskure as
descrlbed abgve lLied b rough ressure
regul at or TEhHCE £ @nggﬁ’i@g P W\‘z‘%% %‘7801%0@3}’“ fﬁdfﬁ%’fmgg’ﬁ%&? Oﬁéﬁléxt er nal

pressure @hfealRFosRed P IALLGE G&&h@a@&ﬁ@ snfcohwv o, havir%ca etihess QS
tanks, conpressors, piston’systens, and colums of liquid 5

cont elﬁpl adperbximatehel3(yge aofl anfowrgd inyaduius:uf arppm@umaﬁ}s ibe kEmuFrgelestwmﬂ as my

be found _.inside |iving organis s hl ood ssure S

pressure, Zlﬁjﬁgowrﬂé%?ﬂ% 9 0REuHE of frie ‘{ﬂﬁeﬂegﬁéﬁb%%a nrem‘f&rgw %flstﬁ?e
present éet}g Pﬁﬁé@p@%ﬁlr%r space, and the pressure exerted by nuscles
duri ng norma exure. O her nethods of regulating external pressure are

al so Ia such as ture Ives copi.c

per st al QPR g st ol Butth e s g By R e PR e PSR Qg
equi prentiorfisiBe At pisstik EMIAg hAvib an dlter dlatiefd o 80268 RN cERIAD 2 A5NBmr esponse
of valves in accordance wth enbodi nents of the present invention have

been lexp@tacaenstainlsss stieliynodeneicdihing withanfostsr jameteres 0.3 rand anllalrege
» | 1
P esent dpmdE IS, and] G¥e vl bl b S8l MPE IR ohuro (BERBRPY s o' "

control . inkbgiohiin@ané émst@fnehlaeﬂdcﬁc i aldnecti@spanse cheedsisiashasndlhatr t he
i ndi vi dual val ves are wel| nodel ed as Hooke's Law Sﬁj{l’l ngs. Furthernore,
hi gh pr eBESFES Yap apilisdiipdhy hyadsenictrbiag fogpakexiemsbLHDA muniatyee solengid er ed

si mply b¥allvgﬁ{acﬁg§‘ﬂcﬁge&g5¢ngtldatl on pressure. Experinentally, the present

20 [0141] While control of the flow of material through the device has so far been

described utilizing applied gas pressure, other fluids could be used.

[0142) For example, air is compressible, and thus experiences some finite delay between
the time of application of pressure by the external solenoid valve and the time that this
pressure is experienced by the membrane. In an alternative embodiment of the present

25  invention, pressure could be applied from an extemﬂ source to a noncompressible fluid
such as water or hydraulic oils, resulting in a near-instantaneous transfer of applied
pressure to the membrane. However, if the displaced volume of the valve is large or the
contrel channel is narrow, higher viscosity of a control fluid may contribute to delay in
actuation. The optimal medium for transferring pressure will therefore depend upon the

30  particular application and device configuration, and both gaseous and liquid media are

contemplated by the invention.
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i nventors have achi eved val ve closure at back pressures of 70 kPa, but

hi gher pressures are also contenplated. The follow ng is a nonexcl usive
list of pressure ranges enconpassed 20 by the present invention: 10 Pa - 25
MPa; 100 Pa - 10 Mpa, 1 kPa - | MPa, 1 kPa - 300 kPa, 5 kPa-200 kPa, and

15 kPa - 100 kPa. [0145] Whil.e val ves and pu do, nat_r LI | near

act uat i on{0t163bpéwﬂ&ff‘e¥t?€h}§‘81?f1?q py&gure ?ségﬂﬁﬁﬁ?g%%%%h%ﬁegr\}ﬁg@ F‘i/dgbssj Af o0 nore

easily be%ﬂﬁg@ngﬁg&%%ﬂongh A8YdsG8S redulatONfd &iedintRntwefvatdeeothavent i on,
g

t he openi valve T's used to control flow rate by being 25 partially
act uat ed tethadkobamp!ydegexdernel pressusuare alspicnaigmplaisd/ @ the PIPAERIGRAVGRERBs i t

easier to term ne.the_anount of, actuati f r i dedA cl ose the
val ve to Hodumegag apky SQRPEFO %@tﬁpgyslé%‘r}%t ar Q@g[ﬁlgfog'?ﬁ Hg%; | i%gar act uation

is that thgdeyeed iQuyusest fairalabyaast patsuansounss sheh easiy pe daindr ni ned

fromthe pressure in the flow channel. |f actuation i E | inear, increased
pressur e inpide hizing|coganisiai Aeth 3l joekbpIst Uy EAYHC BIESSHE the PIREE BFRE“Hr'Bssur e
30 (force,per unit. ar ted:porti t heq MRlo¥&suleQkddd

Li near i tythglcelgg’{?é?’\l}% @%’éﬁ?@%ﬁ’@%@@’ﬁgé@%(Sed,u@dgosﬁ_%coeéi tion. and nmethod of
act uat i orpyofhutdie diing@oshaiutdare . Offior mbhdwoivotregulating exteiriahpeesurg aieslyp

desirable 22 characteristic in a_ valve depends on the 9 | ication,
Ther ef or econtrsated.iugh pyMERHFOTRIVES; HRERS, g“aﬁa‘g&%? BGW%\@? ups. RIACH enpl at ed

in the pr U ad dMEDLL AR, 12Rh 8 SSHP B APROR Es isQr@vniRitehard val ve is
i negr%I y gac u’aﬁderb\{gmé}lt'}’&\%é}rf?ﬁa} 1teggtahegs%dggi Fi C enbohsi rrentn. [0147] Fig. 9

illustrat i response (i.e.: cl ure of valuwv . i ime in
5 res pons@?‘l“g_ gﬁéﬁ%fh SGCH t&'ﬁﬁﬁpgﬁg‘a’pﬁfgbﬁﬁ&ac&) rdgﬁieg%gg eﬁ%ﬁ%%%?%

m croval ugesoft foledifmaivk 8B8&h @perikiehiang sEO0A eSbesndosppertdedy dinepr dver a
pneumati ¢ val ve as descri bed "above. [0148] Two_ periods of di % tal control

si gnal , detgeaortainrofiseangerad teavel, athaniingg! hygerasisoi MgordREYYBEPESEHeni ng are

shown in Fig. 9...T ressure. : r [ [ £ kPa,

ani on 1 5 enpserierd T Bitafi FRRLE Sty e Bt TR BRARR ok Ule.

Thus ;1 swheiil re§iongs déddiehsiraley ehat shepudivethatvdseachrowntch maoqul@ssileokel kiva

greater than required. Wen opening, however, the valve i s_e‘?ri ven back to

its rest SpYEEt i OHtheHMgrepkish PEesaiRs Ehibe A9 qhared (& DEPLEBESSUIS RS O% ¢l ose i s

expected { ; ihdYaki EHEE Breksurd! BRp@ich@allRehdiieEent he control

si gnal ar?g&é%ﬁetd?so M reorslgl%}?gsléggggﬁtsue? dﬁre tcr) thgpl i m tat)ibc_)ns of the 15

M ni at ur gnwekote hwaesthieved oalve olostiftat padksgessares CAl7DikRg, butdhghcageessuranarct he

g' /C|eoglem=3 acﬁs%gc;%%&psl@teql.g !éé th_o%@\\/wgllig %:a r%rngkclasqeg Hst_of %’rees:s)’uger%asmgels (?31")15'\0@{113_&sg‘e‘d8 8 ms,
20 by the present invention: 10 Pa-25 MPa; 100 Pa - 10 Mpa, 1 kPa - 1 MPa, 1 kPa - 300

iPa, 5 kPa-200 kPa, and 15 kPa - 100 kPa.

[0145] While valves and pumps do not require linear actuation to open and close, linear

response does allow valves to more easily be used as metering devices. In one |
embodiment of the invention, the opening of the valve is used to contro! flow rate by being

25  partially actuated to a known degree of closure. Linear valve actuation makes it easier to
determine the amount of actuation force required to close the valve to a desired degree of
closure. Another benefit of linear actuation is that the fogce required for valve actuation
may be casily determined from the pressure in the flow channel. If actuation is linear,
increased pressure in the flow channel may be countered by adding the same pressure

30  (force per unit area) to the actuated portion of the valve.

[0146] Linearity of a valve depends on the structure, composition, and method of

actuation of the valve structure. Furthermore, whether linearity is a desirable
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3i each are allowed for opening and closing, the valve runs confortably at
75 Hz when filled with aqueous solution. [0149] If one used anot her
actuation nethod which did not suffer from opening and 20 closing |ag,
this valve would run at -375 Hz. Note al so that the spring constant can be
adj usted by changi ng the menbrane thickness; this allows optimnzation for
ei t her f adtaractyyshE iy2 srlve depends os Hmppplipasiosp rlihsepiesnkethdncedi it Mo be

adj usted b ngi I i.Ci Y, ' ) .. 0ff , as
s possi D0y ReP bl En Rl ot b Y RGBSR ek BR[REPEARE

di f f er entowel agicdievilee BElRLRbcthablS @4l eadSviththempadifianmbaddin(cdéescri bed above
in conjunction with Figs. 7C7H.) [0150] Wen experinentally neasuring the
val ve progesfyl efidd ilibd ik ilelsldheb % cloditfor WiHIR ORBBIAToNRR FRasur ed
by fluorescence. T n these experinents, the ow channel was filled with a
sol ut ison efpdnkbeiay ecienibe id golbd pepana) &  FIOTE)x 100 pubud Dem RPH micr@kpland t he

fluorescence of a square area occupying the center -I/3rg, of the, c?annel IS
noni t or ed¥igh 18GhlpnE B HPing cesirddram 192 RGERac JREESTICTTPEfter t ube
with al Z bandwi dth. The pressure was nonitored with a

Wheat st one- br'i dge pressure sensor (SenSym 23 SCC15GD2) pressurized

simul tan ith the contrql line.through nearly identical mat i
sommectt JRLPL Yoblho o eobeGabl 8% SRtk e SLAARTENERLE e
present iRNQALJQPARY a8PLHoNMBhLIFYg e HRSireRerk Mptibd on did dREeNineis0D®

sectional sizes and shapes, offering different advantages, depending upon
t hei A0dedPegahimpps swatantally Fgherdhanthice 40tkPe requires te slose Hisayalshabaisof t he

| ower flow channel ., may have .a .curved . er._sur i | its

entire | Qe g e BeluRa ST SaPPRGRAE (R bl Blandeilted. P
Such a cupHafopRRey, hsWweiachehakklid dadashasR iy Bs 8@aposigon adly biydlsloamsspribg
[0152] Referring to Fig. 10, a cross sectional view (simlar to that of

Fi g. 7B) feme ¢udh kPp). cliushemlessiis casceddo Bo smellerbomtonsa. ddwras alseenagt | ow

channel 30 is recta lar jn.cros sectional s | nR. . \at e
preferr ege%eﬁgé eﬁqnqﬁélgpwgﬂtc% (?lpégssglﬁor\?ﬁ)olnﬁe’@lg% %?quﬁﬁ%iﬁ;n%;%ggge section
of af! owishansehlvdRsédet@atoBas pedsiBP Calikigrsvell lagy i had the /O 4ibR]coRethatsr i ng
first to Fig. 10, when flow channel 32 is pressurized, the nenbrane 15

porti on 25thofvakiessteo toweh e ho bk, wpes spladmisnigldse 5w thanedleseso0ahas AT wi | |

Tove: dounenal ¥ 10,05, ESE Y GRRE KR SIRE D6 ADS 95 HEshbbpes 254

filled with aqueous solution.

[0149] If one used another actuation method which did not suffer from opening and
20  closing lag, this valve would run at ~375 Hz. Note also that the spring constant can be
adjusted by changing the membrane thickness; this allows optimization for either fast
opening or fast closing. The spring constant could also be adjusted by changing the
elasticity (Young’s modulus) of the membrane, as is possible by introducing dopant into
the membrane or by utilizing a different elastomeric material to serve as the membrane

25  (described above in conjunction with Figs. 7C-7H.)

[0150] When experimentally measuring the valve properties as illustrated in Fig, 9 the

valve opening was measured by fluorescence. In these expeﬁmenﬁs, the flow channel was

filled with a solution of fluorescein isothiocyanate (FITC) in buffer (pH > 8) and the

fluorescence of a square area occupying the center ~1/3rd of the channel is monitored on
30  an epi-fluorescence microscope with a photomultiplier tube with a 10 kHz bandwidth,

The pressure was monitored with a Wheatstone-bridge pressure sensor (SenSym
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and 25E. As can be seen, inconplete sealing may possibly result at the
edges of flow channel 30 adjacent planar substrate 14. [0154] In the
alternate preferred enbodi nent of Fig. 11, flow channel 30a has a curved
20 upper wall 25A. Wen flow channel 32 is pressurized, nenbrane portion 25

wll nove dly to the ccessive positio shown b : i nes
25A2, 25A§?€g§§\§5§iﬁ@é5%&%,& Qs WHBB{‘? eohing ﬂ’g"‘%%‘r%”raggé&&n%\‘}%‘ing first
into the phawnslann®dctiohel | owed by top membrane portions. An advantage of
havi ng such a curved upper surface at nmenbrane 25A is that a nore conplete
seal wll be provided when flow channel 32 is 25 pressurized. Specifically,
the upper wall .of t f I ill provide a continuous contacting
edge agai nst pP'anar pgol%gﬁ&gﬁgéﬁgste gorn\gby avoi ding the "island" of contact
seen bet D] Walhk f2% cdntlhef hetpraeniahvédtiow méaoptenalB be dedignpd woh [ 0155]

Anot her advant age of havi.ng a curved er fl channel surface at nenbrane
25A 19 t hAKIETIRG CHERBICHABE LS AbA VP enarFy B BHIBT T 0T S s ARSETUR P08l urre
of the flgw, d%QréEir‘%gﬂ%tfdnn FEESRRRARE éﬁeooragstéeaﬁmm shapRegitfid oMl Nowdhange1a

rectangul ar flow channel 1s enp the entire perineter (2x flow channel
hei ght, pinag havee ¢uroed opremsedfaos eithey alongtts eptredength ot édthienegion Rspesadw

channel . However where ap arched.fl ow channel i.s e a | ek rimeter
o ot er | W10 BhpP REoss STy St Chr e B b v R PingBFy o t he
channel . fonolki s manner, the nmenbrane requires | ess change in perineter for
actuation and is therefore nore responsive to an applied actuation force

to block fl : . 5 . . e (

11 ust a5« REBOR Bihiar i ASERy kst 5 RURALE 1BRPOLEIE, P through,

curved suflfvackaniBises®) anidt32 ik Bieowon rAsadin bppedn, bkt clhAeldX) is eemarignldriig cro2d
descri bed above. [0157] In summary, the actual, conformational haﬂ}q?h

exper i encéationgl shpendnin altenatg gECHERd 1ae5 08 the Vet ARShpEHndHE U, the

conf i gur at.j on..of t. i I lBrfacel0 Specifically,
t he conf g%r%ﬁegtf}%f C gﬁ‘é’é}h\%ﬁﬂeﬁg%gﬁgﬁg%ﬁ%%%%Cﬁgﬁgtsﬁffaﬁldth, and t hi ckness

profile aof e nbrang, jts. achment to t remai-nder of the structure,
bha the Hardle RERGinfio asfentd, SGH o Prbe) 2218 PRORCTSH b amtieiiahing t he
mat erjisal RLAREIE bESabmbhiCblotk 25 LYIMRALNTRIY TR RO MMty enabvehange may
al so depend upon the nethod of actuation, as actuation of the nenbrane in
r esponse downavardippd thedsupeassiza pesitipns shownpbybe doliediiizas 25de AP Bcitatd5h in
response t neti.c or electrqgstatic force...[.015 reqver desired
Confor et OAE. e e Rt R sctingt) EfphORRGt ol RO BRYSTor doP

channel 30 adjacent planar substrate 14.

[0154] In the alternate preferred embodiment of Fig. 11, flow channel 30a has a curved
20 upper wall 25A. When flow channel 32 is pressurized, membrane porﬁon 25 will move
downwardly to the successive positions shown By dotted lines 25A2, 25A3, 25A4 and
25A5, with edge portions of the membrane moving first into the flow channel, followed by
top membrane portions. An advantage of having such a curved upper surface at
membrane 25A is that a more complete seal will be prbvided when flow channel 32 is
25 pressurized, Specifically, the upper wall of the flow channel 30 will provide a continuous
contacting edge against planar substrate 14, thereby avoiding the “island” of contact seen

between wall 25 and the bottom of flow channel 30 in Fig. 10.

- {0155] Another advantage of having a curved upper flow channel surface at membrane
25A is that the membrane can more readily conform to the shape and volume of the flow
30 channel in response to actuation. Specifically, where a rectangular flow channel is

employed, the entire perimeter (2x flow channel height, plus the flow channel width) must
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dependi ng upon the particular application for the elastoneric structure. In
the sinplest enbodinents described above, the valve nay either be open or
closed, with nmetering to control the degree of closure of the valve. In

ot her enbodi nents however, it may be 20 desirable to alter the shape of the
menbr ane nd/ or the flow channel_in order to achl eve nore conplex flow
regul at i oA fared infrsthgdloar chapael; Hawenawhel a8sahedplovpelamnakig vied B smalrs ed

pr ot r usi OB%Iggt@pgﬁfrPa&ghg; @ﬁﬂhﬁ@@&n{p&{&ﬂﬁ?mhﬁﬁﬁpﬁw :rrhdéPBE' E&S%]d"ﬁlﬁ ga the

menbr ane uts only a percenta rou ow channel ,
with the plmmelnt[a@as ofanm{aﬂ, tw rbd:rnb‘ﬂaﬂdrﬂqlnﬁ”emEBS thamgt m péranappfdrackuammatd on

force. 25.] menbrane thickness prof.iles nne
cross- sectfi tg‘?fgt%l@i‘? @OI%E?HH’ Apicdp &d aB@/heldI"Pét"Bﬁ% &ee F‘h@@ OW ﬁ 86t ng
rectangul ar, trapezoidal, circular, ellipsoidal, parabollc hyper bol i c,
and pdl ygiﬂiéﬁl s ameliemats asieot, i(oris lestratadd thbotéors oA psy chavimed3 € srplueded
Cross-secti

a e enbodi rotrusio scussed
i medi at e‘c‘l’lﬂ?ggl?)a B CB‘B’ gﬁ“é?‘ﬁ%ﬁ%ﬁ%?(ﬂgﬁl%‘f“ﬁ&e c%??gé\wai&é ?WeFﬂén?]Igo%) channel ,
are al so &ccpyatpaptated by the present invention. [0160] In addition,
while the invention is descri bed primarily above in conjunction with an

enbodi g ehier 6] Bt WalloSn AN 38kl A Aol Al AN ENANNGL AL, L0 med

from 25 oner, oor 0 or rre

under | yi ngaosubisﬂanam ef,lﬁ ﬂb@nﬁmss tite canfigentibonf ile pmﬁcdiarrmés@ﬁnéﬁb étfucmre
parti j els could also be forned

ul orjentation. Wal]s and floors of chan
in tH %J@Pﬂfjwﬁvg t@%wf?lawéwnak Fnghyll depsnd apen Hiy lspethywidth, @wdélhlah?‘r‘éﬁ
constr chﬁ‘@ﬂife [P PR B b RE its Jﬁbﬁn@]{lﬁ@ L RMatl W ERRBE Lt uE 'ahfcii u%
proj ect wnward 5 into the channel Tn response to an appl'i ed actuation
force, t h’adﬁbynctdmprz olftherf@w i Edudnn] ofannektaeditld nmm:aahg:lmpbﬂms bFtw channel .

I | t t d el inth
nstant SpRChsh D aE by SRS S6P dre B EEDRST Hovever .
it may bectaénllas h&u@t‘iﬁﬂ &ih€ el iheegetsd @ atnfh%pﬁy@ﬁfe@ﬁﬁemﬁ% such an

arrangerrent provi des advantages. For instance, a substrate including
opti éal weveyhatdeyn actuaidurl i rogponemista megraticss etemvstam&wml cal wavegui des
direct light specifically to the side of a mcrofluidic channel. 7.

Net wor ke 158§t evierepOGH It debiged cdnlAmaiidnd2BasHON tBe MicayWiaef wal aﬂb@gixg on/ of f
val ve, identical to the systens  set forth above, (for exanple in Fig. 7A).

Fi gs. ;3Aem1ﬂfw0§ﬁhﬁ/@alﬁmaérrmﬂlamﬂq%fowwlaﬁ@mqw @ymtu;rm Sothsrsimplgstof a
plural i t ¥,8baitihtsie0di a8 E 880116 191%% ther@ opeR 0?%10%9&%1't}pm%{egmgjto

control the degree of closure of the valve. In other embodiments however, it may be

20  desirable to alter the shape of the membrane and/or the flow channel in order fo achieve
more complex flow regulation. For instance, the flow channel could be provided with
raised protrusions beneath the membrane portion, such that upon actuation the membrane
shuts off only a percentage of the flow through the flow channel, with the percentage of

flow blocked insensitive to the applied actuation force.

25 [0159] Many membrane thickness profiles and flow channel cross-sections are
contemplated by the present invention, including rectangular, trapezoidal, circular,
ellipsoidal, parabolic, hyperbolic, and polygonal, as well as sections of the above shapes.
More complex cross-sectional shapes, such as the embodiment with protrusions discussed
immediately above or an embodiment having concavities in the flow channel, are also

30 contemplated by the present invention.

[0160] In addition, while the invention is described primarily above in conjunction with

an embodiment wherein the walls and ceiling of the flow channel are formed from

25



but networked together. Fig. 14 is a graph show ng experinental ly achieved
punping rates vs. frequency for the peristaltic punping systemof Fig. 13.
Figs. 15A and 15B show a schematic view of a plurality of flow channels
whi ch are controllable by a single control |ine. This systemis also

conprised of a plurali of...t h i nal ' Fi g.
Pt 1 sirisRab et Bier St Vet BrRdEoREAPLEONLE hliit AR Bloscfl O
12. Fi g. &?Fﬁ@é} iﬁ@@lﬁkﬁﬁ@d ioCtﬁjsIﬁaufdm@tdgﬁntﬁdbn.ar:mlstmpIﬂ@g@irsr@ cﬁl?muaémcaﬂ@f)jt ed
to permt ui ow through . sel ected channpels, conprised of a pluralit
of the sidgh be et 0 %%grjhdﬂg ﬁ'iﬂg%traiezyfl‘]h&%ﬁw&fﬂﬁ“ﬁgp&%er fied CP%‘HQ her.
[01621 Regzo%rs{rhggd I;:Jﬁfél\?\%%astt(gp@ is é‘l%ﬁf)ﬁlgfjﬂ&@%haﬁlﬁ @Hﬁﬁ@%o@llcpylgroj g@&b\ﬁﬂ@ﬁt@m S

30 and 32718 ow channe O preferably has a fluid (or gas)
fl ow B pagsd g chiverebinhespogke toFdmapplict acineiior3yce, fieraty eoniredog thy Bpwidfow

channel 30, as was alread xpl ai ped herein),,..i.S essurized such that
nenbr ane 125t3§1é]pf§¥°&‘tgﬁrﬁ}§e. ﬁ%‘é Cg?rg\ﬁ?cﬂ"agﬁ‘i‘éf %‘%P‘%féw&é%{oé%%éé’“?%{% a? he path of
flow chan 1‘,11'1;&81’ clSMHetd iﬂghQTJstahhﬁ'pIﬂﬁﬁ@ﬁg@feg?eiﬁﬂr@&vfdl_' rhibRITRIEAIE @p@iiatiags. has
been explarned. As such, "flow channel” 32 can also be referred to as a

"cont rol Howeverydhimah b80isefot tratmeplon chinmglsdforagd i the syhshicoigipercham | n

Figs. 12 to 15, | ur.al i of such. addres Qi :

net wor keoarfa&é@ﬁ%rpe?ﬂd?/saﬁ%ﬁtgg%sr ;%)rll élésﬁ%nr?f’ Y @%@%&%@Agé&ﬁ%&hﬁdz q%agggg?ées of
peri gipal tddeiPsdmimguctddsh dhbgk dptivildisekoidecdiaqaplighadpecifisallPf the iki8lof a
Referring to Fig, 13A and 13B, a systemfor peristaltic punping is

provi ded, miggofliidicichemel. A f1 ow channel 30 has a plurality of generally
parallel flow channels (i.e.: control 1lines) 32A, 32B and 32C passing

t hereover. By pressurizing control line 32A, flow F through flow channel

30 i s shut of f7.undeNetwenxdSyete2A at the intersection of control line 5 32A

d fl h |, 30.. Sinmlarly, (but h ' iz |
e 328, 1006 louFiest ot L 8ide i oLao niae St Vo Sfab ot SAEMSSE o
the int ers'g(aﬁ»@h%op /&foq%g;ghgiae ihip% 723B raidd 18 h Qwd ghBNM6Ys 3QeriehRic dudfidg Each

4
of control Tines 32 nd 32C i's separately addressable. Therefore,
peri 46al siysempnigeised v fiapkuallly of He spagle eddiesspblgonieft VHyesmmeani Bizcl2,

together, follo b 10.32A,.folla b A . wed
by 325, | 8 PEVOH Y SHBIFE £ EofRrRE rovute S DY SR tpib
successi g, frddibnod R thedld@ist M Opupihg s983m IaiE €3N Figswh®A @nd Q5Bishowaat es

"val ve open” and ™1" indicates "valve closed.” This peristaltic pattern 1is

al so knowphexsate view opartwality(of Slost ehianpels svhighearp rasoiiabls by 8 pinglaceafebn
bet ween three,.val ves). her. . j i I i ,
Cnel udi n 1n§0%gwéﬁéﬁﬁbléta%sgcRgprlggé 32! ﬁilu}ellﬁy BARLSE e MdressAR o fPOSSELL
20  Fig. 12, multiplexed together, but in a different arrangement than that of Fig. 12. Fig. 16 is
a schematic illustration of a multiplexing system adapted to permit fluid flow through
selected channels, comprised of a plurality of the single on/off valves of Fig. 12, joined or

networked together.

[0162] Referring first to Figs. 12A and 12B, a schematic of flow channels 30 and 32 is

25  shown. Flow channel 30 preferably has a fluid (or gas) flow F passing therethrough. Flow
chanpel 32, (which crosses over flow channel 30, as was already explained herein), is
pressurized such that membrane 25 separating the flow channels may be depressed into the
path of flow channel 30, shutting off the passage of flow F therethrough, as has been
explained. As such, “flow channel” 32 can also be referred fo as a “control line” which

30  actuates a single valve in flow channel 30. In Figs. 12 to llS, a plurality of such
addressable valves are joined or networked together in various arrangements to produce

pumps, capable of peristaltic pumping, and other fluidic logic applications.

20



15 [0165] In experinents performed by the inventors, a punping rate of 2.35
nL/s was neasured by neasuring the distance traveled by a columm of water

inthin (0.5 mMmi.d.) tubing; with |00xl 00xI 0 mval ves under an actuation

pressure of 40 kPa. The purrpi ng rate increased Wi th actuation frequency

until approximtely 75 and then was nearl nstant. until ve 200
. The K63 Pacffemw@&gaﬂé%ﬂuéd3aumswearfa cgistali PHEPIZS oPReiGifies

Menbr ane o, QN @haﬁﬁ@%@%i%o 13k 2B ?l t?%‘f%eﬂ&!@y hegy f?)@@@l'ié{ﬁglst(i)ef biltrol | N

exper i ment's’ pertor e he T nven fone “of the val ves in
peri st al tihes) BaAp BZEaﬁ&BBG@dsm te;ereose:oijamesswgmgdonmhhn@?sthafﬂ@\glEe after

than 4 mll t dd d b |
D50 gontveuchaliewichumsh oo But erds BRI TR Sadh 1 insttragt ebdiel Iy o
viabidity, ﬁ@ﬁmuﬁoﬁﬂl{w@r \su‘ﬁ%ﬂya(bet n&éhwﬁﬁﬁ_};pﬁsmmlﬂg b&ltﬁ)lngnaBLlB$ howi ng

experimental I'y achi eved |ng r‘ates vs. frequenc for the peristaltic
punpi ng SystRihroighHlagy chéBm ¥ 8 ehurefendaspebigng 3 i} thgdnieresisonplot her way

of assenblln i dressabl e val ves of Fig. 12.
Speci f i c&8114f, h&egbg fiftox"%pnﬂgsgl’ F@ fl ow channel s 30A, 30B, and 30C are

provi ded. Flow channel (i.e.: control line) 32 passes,thereover across flow
50 channill§4B0&=cB0Bsorred T2 08 ansl Ja IbfFParale B ARTISFap |ond Fgsetore,

255, andb 3t BARAY Srieist YR phbarn of BRGUE RL AREBICORTRARIRD RS,

rsections d flow
chanpniel s380A11308d bad AIRNC.32B7 ok &h68olkiveed W63 IR fallowdehpBlR and Cust rat i on

of a nultiplexing system ada ted to sel ectjvel 1t fluid to fl
Chr ough ©EFEEn e TR FETSPORE Paisbewssvar b a0 et dc o brp e, O
menbr ane?H%p%ra %dﬂg?st hﬁlvre%zgﬁ’%ﬁd’ e+ hawachapnet siobd m’lﬁu§§éﬂs‘feﬁhc hteeen

passi ng ereabove for ex nbranes 25A, 25B, and Cin Figs. 15A
and 158);s(im@emd>$msdsraomwaﬁemmmﬁeﬂmg t@ﬁ&p@m@a@lmﬁ&twwn betweandhbregl y, by
varying the widths of flow channel control |ine 32 | g 15A and 15B,

it is pogsdves) thI@errpavealéw@@Hemémq qvelly ressitigdncl uﬁlﬂgtﬁ pRE §P0W HR85hnel s,

yet only actuate (i.e.: seal) desired flow channels. Fig. 16 illustrates a
schemat | [©165] S@1@Bx;&:rﬁﬂe&ﬁs%ﬁrfo@ﬁleﬂBb/kl@él\ﬁlve)[nﬁﬂsﬁﬁbuﬁ&ppigmaﬂ ofta3dflsavasl | el flow
channel s 30A, 30B, 30C, 30D, 30E and_30F are ositio % nder

pl ur al i tyeafuresklampasurag sag dstapseigavebedby %9@““131 WaseITin 1‘%‘? §

Cont r ol I ff
Bl el A byt
channel s280Acre3QR, willdSotuA M, frdfiencyandil 3Pproxémmglyel byHof anidhber why hemglysy st ens

descri bed above, with the follow ng
constant until above 200 Hz. The valveés and pumps are also quite durable and the

20  elastomer membrane, control channels, or bond have never been observed to fail. In
experiments performed by the inventors, none of the valves in the peristaltic pump
described herein show any sign of wear or fatigue after more than 4 million actuations. In
addition to their durability, they are also gentle. A solution of B. Coli pumped through a

channel and tested for viability showed a 94% survival rate.

25 [0166] Fig. 14 is a graph showing experimentally achieved pumping rates vs. frequency
for the peristaltic pumping system of Fig. 13.

[0167] Figs. 15A and 15B illustrates another way of assembling a plurality of the
addressable valves of Fig. 12. Specifically, a plurality of parallel flow channels 30A, 30B,
and 30C are provided. Flow channel (i.e.: control line) 32 passes thereover across flow

30  channels 304, 30B, and 30C. Pressurization of conirol line 32 simultaneously shuts off
flows F1, F2 and F3 by depressing membranes 25A, 25B, and 25C located at the

intersections of control line 32 and flow channels 304, 30B, and 30C.
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nodi fication. 15 [0170] Each of control |ines 32A, 32B, 32C, 32D, 32E and

32F have both wi de and narrow portions. For exanple, control line 32A is
wi de in | ocations disposed over flow channels 30A, 30C and 30E. Simlarly,
control line 32Bis wide in |ocations disposed over flow channels 30B, 30D

channol & GORSF ogit e ARuettie Buslfty o0 pRORHERRR IR ARRRe0 RYFLec Y

respect i veeragntliid o ffoneht@ighiselected tharpreBs sufollaat] Ohe dowhwagibdgRctifieof
menbrane (25) separating the flow channel %nd the control line to depress
si gni fi camemprangs 5@&%% thovespahie o Heredy TBmue (! ke prisHg tharsebeye
therethro t B guheye trol
line is ngg{]%xv%@ @\égrlgﬁjgx Z%A 238 %rﬁg 55%9@2 nar Fﬂi)%{dms@%glgﬁ&sls\&%ngﬁg same
degreé ofupmnetﬁs malrz!:aameoumnmi;tbnmoicqoechugm/ bywa&rrgethbmxﬁths Qﬂﬂa»wh:éaammlng

depressed | nt fluid pass t her eunder
Wil Chot asut Bk gain Pl oDy fet 15 dsPES RS FHrol RS aRRYPS

pressuri Zxﬁghtzp'lé ﬂ%lchaﬂe@sc Ko drPy e th:ite (1':63 @Qg defiﬁsd' fibv kRneRamel s 30A, 30C
and 30E. Simlarly, when control l'ine is pressurized, it “wll block
flows Fl,illFstratessa sohgmptc pﬁSLfCh@wysihfalnﬁ%f@O%A SOB 30E and 30F. As. can be
30 appreciated, nore than one control |ine can be actuated at the 'same

time. Fo r[ﬂ%ﬂﬂﬁpl&qﬂura@@%ﬁ;ﬁh‘alld A6% chdinan s 82001, 30CH 0D TS AEd mdare
simul taneous]y to block all fluid flow except F4 W|th 32A bl ocki FI, F3

and HS: aeditigped ppdriehgrakty ofparaliebeapiep! lheys 322@ miéﬁ? D sBhad
pressur | %&ﬁro‘i‘hﬂa{r&f %:AC%BEr ﬂrq 22?%%%201 32? ?efﬁcfég?etdggrsh@t'hqfhﬁﬁl H@{«)é PPS

sequences, great e réeof € ‘achieve redver,
by exterd] E@, E@@Smrﬁiéﬁrﬁassnyg tleougiopavlial flovachashals ﬁaAaB(D}RI 3(f¢, 30 BaBnel s

(30) and than four parallel control es (32 by varying the
posi ti omagg ﬁ? UPHE 3 @ tk}fn‘t’fl‘ﬂ% FYsiprBs fl%gﬁFB?fyhﬁ’f"e ‘ﬁ’éﬁ HhsieHeY g nes, very
conpl ex fdHiffcdilogw control systenms may be fabricated. A property of such
systens is that it is possible to turn on any one flow channel out of n

017511 IO e EOnty SRR AR pell IE8 sl e PR e bl vel o

di r ect ednh@ow HrfidRW FoP eirh$18/ collfrol Me PEA RERHeGH h@faﬂ&hsﬂﬁ@ﬁds@@ sverMbwexanpl e
of such a "switchable flow array" systemis provid in'Figs. 17A to 17D.

Fi g. 17Ack#isgls 34 SOEamd\ 08w Somilarty.i qogtroi Jing/B4B WW@mslawmnsgbspO(sgd any
other suptaty &y SHRSE fsa3t0%> 308 h%g}" an%ocon?rm BHd §2’a(9 s Wlde In ocations disposed

over flow channels 30A, 30B, 30E and 30F.

0 . {0171] At the locations where the respective contro! line is wide, its pressurization will
cause the membrane (25) separating the flow channel and the control line to depress
significantly into the flow channel, thereby blocking the flow passage therethrough.
Conversely, in the locations where the respective control line is narrow, membrane (25)
will also be narrow. Accordingly, the same degree of pressurization will not result in

25  membrane (25) becoming depressed into the flow channel (30), Therefore, fluid passage

thereunder will not be blocked.

[0172] For example, when control line 32 A is pressurized, it will block flows F1, F3 and
E5 in flow channels 30A, 30C and 30E. Similarly, when control line 32C is pressurized, it
will block flows F1, F2, F5 and F6 in flow channels 304, 30B, 30E and 30F. As can be

30  appreciated, more than one control line can be actuated at the same time. For example,
control lines 32A and 32C can be pressurized simultaneously to block ail fluid flow except
F4 (with 32A blocking F1, F3 and F5; and 32C blocking F1, F2, F5 and F6).
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pattern of recesses formng a flow channel grid defined by an array of
solid posts 92, each having flow channels passing therearound. 15 [0175]
In preferred aspects, an additional |ayer of elastomer is bound to the top
surface of layer 90 such that fluid flow can be selectively directed to
nove either in direction Fl or perpendicular direction F2. Fig. 17Bis a
bot t om vi EA73F Bﬁéeb@h‘f@ws&ﬁsum@ difftetdme conded dines {32y bpthopgetheistigrigr 95

show ng recesses e t r ol

i nes 96 ‘éarﬂ?usﬁ g%érgl‘ta%fﬁ'ea %‘%f“? ?Flﬁlﬂg‘gwg%%% er %MG\Q%QHM&F% I'nés 96 20
have the sasmling mtaﬁh1ésbﬁtr@§ﬂeﬁm miveer£asx phellélZivw ahinnenBopind moesh@éd have
alternating wde a narrow portions, as shown. [01761 El astémerl c |l ayer

95 is postodf Bﬁé@ei@%‘im]tlﬁ‘f?sé?z)e?%]%?ﬁﬁ’in@ thf*ar;)%ﬁm%n&eéwemé? ana §FFtY cal "
contrql | I i n

"hori ?ontllg ﬁﬁscgﬁtthr@o tlp&si(ia&sesg gC% %}s( i %ﬁ%ﬁ%\?\nﬁ?% hégﬁqrs !{v}\?yg!é&%ggltz Elggﬁsﬂ

bet ween paspeatyOX, suah sysZrﬁnS Isatat it is pebgble 17 Brn pARAY pnédfowathabrelvetof i floFi g.
17C, when "verti Cﬁ troB lln‘ﬁil 96 are pressurized, the nenbrane of the
i nt egr at edhaRRelE¥it roél g B?“f D&f-astoneric layer initially positioned
between layers 90 and 95 in regions 98 wll be deflected dowwardly over
the array of flow channels such that flowin only able to pass in flow
direction F2 (§.e. SW@WMED%AH% 30 shown. 29 [0178] As can be seen in

Fig. 17D, s hor i 9 taI g es r menbr ane
of % ne. 1 APLEf o R ph Rt oy of bl PR s RE EaR bE SOREN AT dito e
posi Ubonqﬁ)‘ﬁbﬁlt segenof taxmﬁesp&ﬁhamﬂ (ﬁ&cmﬁnsr e0H &m0 oNkikdh dfamdehhtﬁe fledr

downwardly over the array._ of flow channels, %but onI in the regions where
t hey areamaMegxs;emﬁmﬁwﬁ in Figswl T4ntsl B §igab %Sb@wm QUPIR FPE R aiﬁﬂr%ct. on
Ft I A Fi

L & TEOLERIE AL M oP SR b OL T SERLOD LSRR T 0=

el ast one Ipatterha)y” eﬂscsssewfdntnmg afiort ¢I:taahel\,gmil deffimsd bpgn hetbwed nolic prsty Qﬁ eh¢lnes in

differeni1 el ast erl ers requir If all vertical flow control I|ines
94 are ¢8HH aflﬂ §/Pﬁ%?§)" gfbersrrLg r| zed fromone input. The same is true
for all hori zont aI 10 flow control lines 96. 9. Cell Pen [0180] In yet a

further 5 cdniporferéd adpectsr esehiitional byed aivlastomed iadoonetd e sar oefgee can
be util] Zﬁ%«}ar%d@%h%&'ﬁ%u?d Q5 ac'?i%:l%e sel%ctlvetly erect%ec? % 01915\93 <|31thertil? rcfxrectlon i*"p

18A-18D §
or perpendicular direction F2, Fig. 17B is a bottom view of the bottom surface of the

second layer of elastomer 95 showing recesses formed in the shape of alternating
“vertical” control lines 96 and “horizontal” control lines 94, “Vertical” control lines 96
20  have the same width therealong, whereas “horizontal” control lines 94 have alternating

wide and narrow portions, as shown.

[0176] Elastomeric layer 93 is positioned over top of elastomeric layer 90 such that
“vertical” control lines 96 are positioned over posts 92 as shown in Fig. 17C and
. “horizontal” control lines 94 are positioned with their wide portions between posts 92, as

25  shownin Fig. 17D.

[0177] As canbe seen in Fig. 17C, when “vertical” control lines 96 are pressurized, the
membrane of the integrated structure formed by the elastomeric layer initially positioned
between layers 90 and 95 in regions 98 will be deflected downwardly over the array of
flow channels such that flow in only able to pass in flow direction F2 (i.e.: vertically), as

30  shown.
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pl an views of one enbodi nent of a cell pen structure in accordance with the
present 15 invention. [0181] Cell pen array 4400 features an array of
orthogonal | y-oriented fl ow channels 4402, with an enlarged "pen" structure
4404 at the intersection of alternating flow channels. Valve 4406 is

positione the entrance and it of each n. struect.ure, 4404, :

beri st al & IBLASsEh b fofde Bikob Br whbeRTronen SiUTHbFel 1 b itow
channel apd Qithge SO0y alibderl silhomchanaehs teatdstorgeric lagd infiiMtyst ruct ure.
[0182] Cell pen array 4400 of Fig. 18A has been | oaded wth cells A-H that

have beenpospianeil beisvepn dayiersef) aml Ysin regipng BT wilh bdelirsteddeuway ag it Hismoval

of individually,stor C b neni I | de of
adj acent ﬂé%sOéﬁfmghagjﬁﬁlsn@%%I}%éﬁf tﬁ%ﬁ%@ﬁ%{é’ﬂﬁrgﬁ%ﬁﬁ ﬁqé%@)égvﬁ%kﬁﬂg%ﬂ@fwzﬁwa to
di spl ace &gl lableGo pad iSfloandirdctien I3)i. pungmiogtalls), weshéwal flow channel 4402b
to renmove cell C Fig. 18D shows that second cell Gis noved back into its

pri or posigipn i G6ikn REGLALA BYFALO0 DY IRVAISWEHLAE (i 8ehy GbOT 11 qui d

fl ow t hr ough rizont ow chanrrel 02a. The cell pen arrdy 4404
descri bedconabronmed frsmaappbt @clastostear ilnygraywt thmioatestion] viss passisgbdvee,

addressabl e positi.on. for rea access. 30 [0 AL L e t he enbodi t
Shown: anceansBlRrasad dspson' SRleieerrsediten o ARk RS | e
val ve pai ;g .0fhRRAOSLY BraY g2 e ik il bih Qe GirBNThe bdMhielsIa fof B hofifisali S

30 not required by the present invention. Q'her configurations, including

| i nkitfg oflovadpeicdiines %@l ves of an intersection, or independent actuation of
each valve surrounding an intersection, are possible to provide the
desired flow characteristics. Wth the i ndependent valve actuation
approach however, i¢elshaul d be recogni zed that separate control structures
5 would be utilized for, each_val ve, conplicating devi

' e layout. 11,
M or of | ui IQF80IL alrie! séuiteer AP BGHURRIOS 419 1 2553 IOTRENGS, 8 RO TR
descri be it hic -mGr - i 8l and
cal abl o, PAR e Bl AL B ERs LB Rb B Al Fik LY S Val ves.
For the rghmatiewebyosd embalimentya oftl pinctrotiud idi accudhnasswith g prasdng
descri bed, each fluid 10 fl ow channel nmay be controlled by its own
i ndi VP dudlvsMie control channel. However, such a non-integrated control

strategy cannot be practi cablf)é impl enented for nore conplex arrays
conpri si f§18HouSehps: arasetdN feansesah anayef aribezostllyweicvied i ghangbldr essabl e

valves. AG60" A Y BIR OPLIPRER0RE 40P RRERRNBY 041N REL LGS @ variety
channels. Valve 4406 is positioned at the entrance and exit of each pen structure 4404.

Peristaltic pump structures 4408 are positioned on each horizontal flow channel and on the

20  vertical flow channels lacking a cell pen structure.

[0182] Cell pen array 4400 of Fig. 18A has been loaded with cells A-H that have been
previously sorted. Figs. 18B-18C show the accessing and removal of individually stored
cell C by 1) opening valves 4406 on either side of adjacent pens 4404a and 4404b, 2)
pumping horizontal flow channel 4402a to displace cells C and G, and then 3) pumping
25  vertical flow channel 4402b to remove cell C. Fig. 18D shows that second cell G is
moved back into its prior position in cell pen array 4400 by reversing the direction of
liquid flow through horizontal flow channel 4402a. The cell pen array 4404 described
above is capable of storing materials within a selected, addressable position for ready

access.

30 [0183] While the embodiment shown and described above in connection with Figs. 18A-

18D utilizes linked valve pairs on opposite sides of the flow channel intersections, this is
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of techni ques which may be applied alone or in conbination to allow for the
fabrication of 15 large scale integrated m crofluidic devices having

i ndi vi dual | y addressabl e val ves. [0185] Enbodi nents of high-density

m crofluidic chips in accordance with the present invention contain

pl umbi ng networks wi th thousands of m cro _nechani cal \&éal ggg and . hundreds
of indi vhdirenryedliitessesniangeitme Qhermpadaupianyinelyling iaking of 2diasi¥gous
to elecironl&elf 160 Fiif Gyl LLERAESaiS A ge bALERIRGALE

ot egr at VANE S ADhEHRUGE FiiERbidenl BAMERIEalE the fluldi¢ miltiplexor,
whi ch i simgeestivhnae@obsbleds payidfthbdedrey flost cheragieristios.n¥Vitthiae indepeortdent i al | y
i ncreases the processin ower of work b L.l ow n conpl.ex fluid

mani pul abFBRSCHRER PTHTHIPRN CHEmISRoBR HeRpAERZe L SO B G Ap U ructutes

mi cr of | ufdiy & BetPIel 30:53B0 RELVUSEELIIR 688 iMEydlte m crof I ui dic anal og of a
conparator array and a mcrofluidic nenory storage device resenbling

el ectroni c random access 25 nenories. 1. Control of Flow Lines by

Mul tiplexor [0186 Q-ﬂrlri'i%iCLlﬁeer OfSch'éfﬂtgll%BB structures has previously been

describet”in c tHof t of control lines overlying a
single set of flow channels. Figure 19A shows a sinplified

. h, pl an vi ew
i 11 ustr.afQ184] a Thedronous %P@%h%&eﬁcﬂheéén?ﬁﬂhﬁ?lﬁF‘é%@?’gg'ﬁ%?h&f ?Wﬁ&gﬂ%‘ﬁm@?’agr am
Fl ow cha i.n i . e : L i id of
|t er oot AP SR s Bl e R e Do s
| ayer repsehenélati@ly siapie adraysiofesicodinidic milvgs previmuslyatesaibetl] edcl fBudh as air
or water, Valves 1904 are fjned by.the nbr anes. f or.ned at.t he
i nt e ectlpBieharne Fy e&@iﬁrgﬁ? Pons a9p G R R Y5 i 11
flow ch | Thes skt EpraSticBBERIpISAcitBaoraRby the Wi de
menbr anggsu%grae&c}?ﬁ?fe?%g | ect egﬂrgﬁ %&aﬁﬁgﬂt? I %\%/ (l:ha%ﬁle:ib 1980_. . S?)eci fically, the
5 mul ti ptamplex strpysctompeising thassddoor ¢ves tesafphiusendspfdndiidsed¥sur e required

to actuatge a valv as,the.ratio_of .contr channel. - wi X I

wi dth i discssible 831_."65{- o&%ﬁﬂfd*?g@’ ﬁlﬁg??‘B}eé‘%?o the Pi&é{hﬁ#%‘yggﬁéﬁﬁ;‘%@&%ﬁu?g@s 19A is
in the formpfiqitsRiHigH Yay beappiicd Adh/@Sn\WoSbMaEas o sllag €orsBb birisatitieodut  of
two total groups of flow channels. In the multiplexor enbodinment shown in

Fi gube lowe sealetintepntadmaicrafinidic dopieny kdvdrpimdyaduatly addreperbinEalyen- t i pl exor
selects for a single channel, so that n flow channels can be addressed with
only 2| qo2ssicoBhivelimedaneehigh-defiBahicByluidicrpipsih htqiréared with the psyssiiens,

the power of the binary system becones evident: only about 20 co(PtroI

channel sngeniioneqoiamepiumb g erieariy houepnds of magamerhgpical valves an

hundreds of individually addressable chambers. These fluidic devices are analogous to

electronic integrated circuits fabricated using large scale integration. A component of
20  these networks is the fluidic multiplexor, which is a combinatorial array of binary valve
patterns that exponentially increases the processing power of a network by allowing
complex fluid manipulations with a minimal number of inputs. These integrated
microfluidic networks can be used to construct the microfluidic analog of a comparator

array and a microfluidic memory storage device resembling electronic random access

25  memories.

1. Control of Flow Lines by Multiplexor
[0186] The use of multiplexor structures has previously been described in connection
with a single set of control lines overlying a single set of flow channels. Figure 19A
shows a simplified plan view illustrating a microfluidic binary tree multiplexor operational
30  diagram. Flow channels 1900 defined in a lower elastomer layer contain the fluid of

interest, while control channels 1902 defined in an overlying elastomer layer represent
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channels. This allows a |arge nunber of elastoneric mcrovalves to perform
conplex 15 fluidic manipulations within these devices, while the interface
bet ween the device and the external environnment is sinple and robust.
[0189] Figure 19B shows a sinplified plan view of an alternative enbodi ment
of a nultiplexor structure in accordance with the present invention.

IV}JI t It pl exajlrnns)u lined wniea.lmagaﬁ lacmmwn feid sacney &t onWawneVsiv@%%éf geredngd an

el astoner | ayer overly 0 channels 4 0 | ast oner
| ayer. Op@Y B&Blrﬁ‘amﬁfﬁﬁ%?tlo?ﬁéd athe IpFyEAteRC g} ’gile’bﬁ)%% OBflld&? %%‘1”[9‘.03 exor of
Figure 194, figop 'vﬁﬁpé ﬂé&%@a&%é@@ eByPacti@itiohPressileaSciRfseN 8b WS onlyhies e
each stage conprises three. ("a trit") and selects one out of three

t ot al growa mémbiapes arclflaltfmé&szcteﬁanﬂo tbo bW rhensh 1860, o&@@lﬁqaﬂg’e@eval ves in

the mul ti , 1950 sel.egcts .for a n 0 nnel s
can be ad‘g‘f“g’é’i r s e hassd og dh “hSh@H’n‘Ln? eﬁsezgﬁﬂﬁ lr%tneell%gu&{bgt%fg va h%%aggﬁer al
m crof | ui diGe f:ow oG itbt @ahtelSyiafh: fdW bennel widileisaksteasandl ti pl exor  devi ces
shown in Figures 19A-B naybe generi cal l y represented in the sinplified

Cross- e@ggﬂnallhw em@f X&lsg!dcﬁr{%ql& over I Lﬁ'e ??ﬁ%‘& &EWHP& b#n%%ﬁtrreeﬁ?f

defi ni ng r ol networ I rst astoner | ayer
def i ni ng dlvwy veread Bt stepiewelektsione 30t cﬁf(}%l]}taﬂ'gmupaeéﬂewmhhmnqbﬂ dudhe of Fi gure

198|s the nost efficient design that us dtoadres nb
of | owmekigipter smbagiprenf shoyatia é@YPHgRyG%CBgCO AR 0@81 MOﬁ?ﬁ%“?fl{Rhgz

e '5 ysedyf ﬁ{ultlﬁﬁl@xtﬁﬁs%ﬁtcﬁffof Qﬁn%ﬁ%hafﬁ%l fsbagdti:OMNSw dhsrRRlca $RAdiREsciRgttbase

an actu I pl exor e nost efficient nultiplexor structure is
achl eved ontelbgiheontall ukanefs. x=3, the integer closest to e (2.71828).
[0192] To highlight this point, Table 1 conpares the efficiency of the base

2 mul tipl [ﬁfcgg t r%h@lntg@ﬂui%ﬁﬁecﬁﬂ% kB eHe pwel dpkies Hinadiuhiem @bomkow Li nes

Nunber ntrol Lines Enhanced Efficienc Control Lines
Base 2 Baesre:leat o@nlBabeu@(]\mntfpbﬂ@mﬂS apuegrpiddr spegifipaliypadexess 1924 flevure 6 8

+
9+ 9 20 annels+ 4Thls allows a}arge number of elastomeric microvalves to perform complex

15 fluidic manipulations within these devices, while the interface between the device and the

external environment is simple and robust.

[0189] Figure 19B shows a simplified plan view of an alternative embodiment of a
multiplexor structure in accordance with the present invention. Multiplexor structure 1950
comprises control channels 1952 formed in an elastomer layer overlying flow channels

20 1954 of an underlying elastomer layer. Operating under the same physical principles of
the multiplexor of Figure 19A, multiplexor 1950 comprises a tertiary tree of valves, where
each stage comprises three bits ("a trit") and selects one out of three total groups of flow
channels. Each combination of open/closed valves in the mulfiplexor 1950 selects for a

single channel, so that n flow channels can be addressed with only 3 logsn control

25  channels.

[0190] The general microfluidic flow architecture of either of the basic multiplexor
devices shown in Figures 19A-B may be generically represented in the simplified cross-
sectional view of Figure 20, wherein second elastomer layer E2 defining confrol channel

network C overlies first elastomer layer E1 defining flow channel network F.

30 [0191] The base 3 multiplexor of Figure 19B is the most efficient design that may be
used to address large numbers of ‘flow” channels. This is because the x log, n valve is

minimized where e is used for the base of the Iog.‘ As fractions are not used for the base of
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15 181 243 +62 18 512 729 +217 [0193] Wil e the above description has
focused upon various nmultiplexor structures wutilizing stages having the
sanme base nunber, this is not required by the present invention.

Al ternative enbodi nents of multiplexor structures in accordance with the
present 10 I%pmpltgﬂexn?ythggrgg{eggm { ﬁﬁgﬁ@e?( r iR iDAG eV MRk Sthe Al

exanpl e, exXor - consi 8 stage and a trit stage

represenkamqhmég@fctdsegte@e(M@,Vlg:pfg) addressi ng six flow channels. The
order of the stages is arbitrary, and will always result in the sanme
nunber of W 4 1 el t 7 Shkweur es
conpri si r{g i fFwadeirill n%lglﬁﬂltﬁ%rpyﬁgn%éyt%?g?rg y Ss"éjha%geg‘eefg‘fjIglliwo(\sli‘\/stH4[3 ﬁaés@ef fi c?er}ft

addr essi rgttohe daye hondigrexalr. “fl ow' 15 channels that are the product of the
nunbers 2 and 3. [0194] A nultipl exor may conceivably use any base nurnber.
For exanple, five may also be used aspidhe base nunber, if necessary.

However, efficiency in utilization of control lines dimnishes as the
nunber of—eentrol—HnRes—rroves av\?\y num Lne d.l ue of 7e: |ni SIS shown in
Figure 33, which plots the pumbe

ugtoee gh¥ F‘ﬁﬁes ve n%%% of 20
flow |inds bei Mpceartofol | ed f@llﬁmlictibj’gﬁéﬁdsftm@%t urj e H§J gr ent
base nuriers. Cdn@d9Binedhe st andaade rul tipl exBasess r uct & @55 Y shown
and descrji bed a sui tabl e for Mﬁfﬁ?ﬁi&BP' i caM,gagleXJ;{ovwver F‘fcé‘Frﬁatl ve
enmbodi nents—of—mtt+ pl exoft troet-gres—ay —of &1 entranced Pel ] OT TTENCE| I n
certain |tuat|ons6 33 [0198] Eorlexanplie whefe. several fluid inputsf are
to be seljected and i ntroduced serdzally |into @7her regions of4a chip,
unwant ed [CFoSss- copgam natiof attrd4but ablie to %qad voI umes bgyween val ves
can occur—Accerdi-hrghy—FHgir-e—-28—shewsta—stnpti-Hedptan—virewof —an
al ternatilve embodifent of a mul tilpl exor |structtt e of [the pré@nt invention,
which fedtures 5i@ m ni nunj of deag vol yne. [PID7] Specificadly,
nmul ti pl exor—2800 conprises a fTow channel netWorK 2802 having sanple
i nputs 2804 arranged in the shape of a fluidic input tree. Control |ines
2806 ar e[01a8] anikite th:a abbvceéesstiphj;:&shasvfbwsetﬂ upsi vamilssmdtipbxowmcangs st ates
2806a and, 2806b, and bi nary g % 06¢c control r&q}sﬁt ccess tOf trtle fl owed
FIuid t oNGAIBHEBEVEE BhEne BRCOHETGR IS %%&%%P HE® BBHRYY I TIRBs 2806
are posi AitQﬁ%Hvé &nb@&%ﬁts%ﬂﬁﬁlﬁ%leﬂ&l ALY a@éorﬁh&%&vﬁisihe &ehbl e to each
fl ow channel junction in order to mnimze dead volunes. Additionally, a
final0i nmuentlanneayzsdmpn$e sames pi muliltd tpise ruombprs. Flor exampld. & Bva-gags plexer

buffer, éorﬁ%{s mn 0? a kJRW!cag% and a trit stage represents the most efficient way of addressing six

flow channels. The order of the stages is arbitrary, and will always result in the same
number of flow lines being controlled. The use of multiplexor structures comprising
different binary and tertiary stages allows the efficient addressing of any number of “flow”

15  channels that are the product of the numbers 2 and 3.

[0194] A multiplexor may conceivably use any base number. For example, five may
also be used as the base number, if necessary. However, efficiency in utilization of
control lines diminishes as the number of control lines moves away from the value of e
This is shown in Figure 33, which plots the number of control lines versus the number of

20 flow lines being controlled, for multiplexor structures having different base numbers.

[0195] The standard multiplexor structures previously shown and described a suitable
for many applications. However, alternative embodiments of multiplexor structures may

offer enhanced performance in certain situations.
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cl eaning of the contents of the flow channels and fl ow channel junctions.
2. Control of Control Lines by Other Control Lines 15 [0198] One techni que
allowing for the fabrication of large scale integrated (LSI) mcrofluidic
devices is the use of multiple layers of control |ines. Figures 21-2113

illTustrate this approach. Figure 21 shows a plan view of aqne enbodi t of
a mcrof | #Id0E Fgs gravarigavherg saverplibpd H‘BHYS%&Q%W&‘??&%WIIP'EQEW‘??@ ond

control | ﬁrﬁ?ath@ {5 E AP Euicf EAISSASHIANGh AMHBNGIAL 1§ BedVdkEAEd Ui di o

devi ce of ure taken “adl'ong 1'i ne 21A- 20 Figure 21B shows a
Cr 0ss- secbétorah valvescafoctine Avcordihgly] Figoreddahows afsimplgfiedeplan vievaklean al ong

line 21B-21B . [0199]. M crafl uidic struct 100 i ses two. flow
channel s SHEYAIS FORHENT! ArogP st r et SBF b RSGRn. MiRes e, o

channed ngtwRkking d88eddnchudeng first inlet 2106a in fluid comunication
with first and second branches 2106b and 2106c¢c, is formed 25 in a second

51660 of HDYEL spenbrdls” iinGrondibhsmeBd e o PSR et BT 2110
over | yi Ngsdnhgs inphitsnBo4chanpe] in2hO2apt of dabidieirut Ste. vEbieo! 2ihtR28(Bearend

branch 2106c of first control channel network 2106 incl w dened
porti on 2artangsd & thyeaiagsscyii st ond §¢pgﬁq1,gqmagy(§%est%§06agp$2§5@be ‘igm\?ﬁf ve

2116. 30(;%;2%(3%06?%@%% 1@%9%%%%%%#@% %%Lveﬁghe okoutib B RAUMAS AbRGnhRA d

control thir astoner |ayer 2120 overlying
seconid) el gsworkerTheoatroRilad.280hiarapGiicnehta batelvaniel vai: 2810 ne tloskess

wi dened portjon 21 | 8b oyerlying first branch.210 f . first nt r ol
channel n@%fﬁ@oﬁ%gf’w OX‘S?IF’%\V&} flan oy ggler OaBIFTIZE %gaﬁlv@?@??'u#gﬁ@m%&’ de

i1 ustratgeh o, Fi;gub 8 deelPriiByNS R REAIRLAEd 8 reck b hWrer, Andrbhby lidvAal i s
to be manipulated is present” in flow channels 2102a and 2102b. 5

Appl i cat i deandig of the essante of thet fivev thangtls eod flowl chehaglnenctivas.wor k 2106 causes
t he menbranes of valves 2112 and 2116 to deflect downward into their
respective flow channels 2102a and 2102b, thereby valving flow through the

fl ow channel s.2.[ 0202hntAIRIfICH@AtIoDNined bROties £outrel Limesecond control channel
network 2118 causes the nenbrane of valve 2122 to defl ect do rd into

underlSyi H§198]r sPupiheigue riewing iy therabricgtion pSlargbicpieanicgri et wor k
the. presdiirl ik FiokElatfe G hflabe TR DEFhED) BAR Tabls 120", o e
wi t hout iHfidtend ihivgappheacht Figurel1 vadwea @b Riew of one embodiment of a microfluidic
device having a first control line controlled by a second control line. Figure 21A shows a
cross-sectional view of the microfluidic device of Figure 21, taken alongl Jine 21A-21A"
20  Figure 21B shows a cross-sectional view of the microfluidic device of Figure 21, taken

along line 21B-21B".

| [0199] Microfluidic structure 2100 comprises two flow channels 2102a-b formed in
lowermost elastomer layer 2104, First control channel network 2106 including first inlet
21062 in fluid communication with first and second branches 2106b and 2106¢, is formed
25  in asecond elastomer layer 2108 overlying first elastomer layer 2104. First branch 2106b
of first control channel network 2106 includes widened portion 2110 overlying first flow
channel 2102a to define first valve 2112, Second branch 2106¢ of first control channel
network 2106 includes widened portion 2114 overlying second flow channel 2102b to

define second valve 2116,

30 [0200] Second control channel network 2118 comprising third control channel 2118a is

formed in third elastomer layer 2120 overlying second elastomer layer 2108. Third
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[ 0203] The general architecture of the mcrofluidic device depicted in
Figures 21-21B is sunmarized in the sinplified cross-sectional view of
Figure 22. Specifically, elastoneric 15 device 2200 conprises | owest
el astoner |ayer El defining flow channel network F, underlying second

el astoner | ayer.  E2 definin irst control ¢ nel network O, First
contr ol p%ﬁéé?ff%‘?@?%_rlba I@C%I‘I?IS &‘IWGG REE QéIsI gIg aeEghdng %t PEoch I"IAI;IIII%PI‘O net wor k
2 thal | fist Athiolefhitiol dicRofV 10 1okaat iRe oloayer 3. | 0204] While the

enbodi ment of the mcrofluidic device of Figures 21-21B is described 20 as
being fabricated fromthree. separate elastomer rs, this is,not required
by the pr@ggﬂt IIIII?I%?'IPIIBI(IIC ‘I.%’I%éhg%%teed InﬁIl%IﬁP%%IégIlﬁir%fI’onﬁ ried gI?ruct ures

i n accor danees WAt flyig e BRISanifilateld & ReameH fidwn RNt f0eatud 20ERb.

mul ti pl exed control |lines nmay be fabricated utilizi n(?ﬁ] only two el astoner

| ayer §. Thpicapipn obeprepsire fisgigonirolphenngl aghwosk dbPhesspotheviembrapssyur es
23- 23B. ' .ol i fi - Vi
m cr of abrzoffééf‘égﬂeﬂgéﬁjin@rﬁ %gg@ﬁg%%ogﬁgaﬁ%’ﬁn%ﬂl? IIr'r ‘Lé)gtpgé;h(f 1£g(yeIIégIrIailj‘ﬁjfEIso:I/I06:2%anneI S

2300a andind3Q0bw, thaeh{ valsingiloanthaghahe flo®l chagiednnel net work 2302 overlying
fl ow channel s 2300a and 2300b to define valves 2304 and 2306 respectively.

Figure 2 o] : G I i ] ) st oner
devi o oflTE o AP E  eo R B a8 0m, 50

defi ned interhimare ofvaisd DIASrtoldafiert d280S/ardindo hirdesltyirgpimst bianchh 2 hofel or2B 0P
defined i | ast I 310. 35 20 L I .
2308 1§ ur (e CCE GRS et alie 3R Bies Eiatid £ Hadnar kerisen inin A"
under neatyiofifSthe SRIALIR witiamRelrstZd8Rol ChabBdliRBy KRN 66 3B vartecwiEbigl v,

Figure 23B shows a cross-sectional view of the microfabricated el astoner
devi ce ofaffefingibe s oftwkeariildlong |ine 23B-23B'. Wile present in the sanme
(lower) elastoner layer 5 2308, flow channel network 2300 and second

control qmgel TNk ar Bt f SePatoad RuidRNvidte deplctddrih Gigaes 2DOEB is

anot her. [0207] As represented in the sinplified cross-sectjonal view of

Fi gure 2aumzwpaedivehe Sigaplificd srersisesiangbyiRWoldngle g3t PBECIERHERASIASHBISr kK C2
may us F i I : tgiS

over I ai dd ﬁcgggﬁggrméﬁaegpyn%?aﬁg?@? Pégg%%f?%gggﬁrﬂy&éﬁﬁefg%%ﬂtﬁr%l channel
net wor k Ghder[y@2®&coidh elastoriepdyen B2 defiieug €iesticbhtusltohatred netwdrk @lir. d3rs23- 23B

b t ed foll . Afluid that is t | at i t
irrﬁyf | gwog%?mghgn%gg%oggéﬁ IR HHR _uHIierlies s?ecozll con%‘o %ha_q%lre]:I Bgm%rlggﬂltﬁat% esen

defined within third elastomer layer E3.

[0204] While the embodiment of the microfluidic device of Figures 21-21B is described
20  as being fabricated from three separate elastomer layers, this is not required by the present
invention. Large scale integrated microfluidic structures in accordance with embodiments
of the present invention featuring multiplexed control lines may be fabricated utilizing
only two elastomer layers. This approach is shown and illustrated in connection with

Figures 23-23B.

25  [0205] Figure 23 shows a simplified plan view of a microfabricated elastomer device
including first and second flow channels 2300a and 2300b, and first branched control
channel retwork 2302 overlying flow channels 2300a and 2300b to define valves 2304
and 2306 respectively. Figure 23A shows a cross-sectional view of the microfabricated
elastomer device of Figure 23, taken along line 23A-23A/, with flow channel 23002

30  defined in lower elastomer layer 2306, and first control channel 2302 defined in upper

elastomer layer 2310,
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Application of a pressure to the first control channel network 2302 causes
the nmenbranes of valves 2304 to deflect downward into their respective

fl ow channel s 2300a and 2300b, 15 thereby valving flow through the flow
channel s. [0209] Application of a pressure to second control channel

network 2312 cayses the nepbrane of val ve 2314 flect i.nto the
overl yi ngm&pglnc.'oi‘.?ﬁﬁ stgpack F“g’g’if@gﬁ%ﬁh‘ﬁwmé%%se geﬁgggxﬁ?zﬁuﬂgg%ﬁ%rﬂ?ﬂé%%]?xes
the val ve;231dnhoivhdcdeith 864t @8n$d 128 and] D302 toedink wwive 31 Ae Acporeimly.e
within the first control network 2302 to be varied w thout %%f,ecthng t he

state of Fizora2dR shaxgiMcrofsotdinal nicsonk tha sicrpfabRctifd clstoafit $81HEC Shown i n
Fi gu 21 ..th 1 fluidi i . Fl. 2 t hat
e SN 3880 S ligh SRR e e 1

wa ] acent contr annel in response

to an sl eyaggedoRr @8Hd] Qetvodk 380G &al Scbit egitai ethrmicradbdi 28 1@ ars sepacttar es

i ncor porati ng such upwardly deflecting val ves may include flow channels 25
havi ng ro GrintgrerfaBcdpoiHel sections to facilitate valve closure, in a
manner simlar to that described above in connection with Figure 11. Thus
in a two-foager wmiseembbanitadiia thedimplifiod erosoativsilngew boHigaihekparai¢ kot h t he

upper and |ower |evels, both e _upper_ a | ower channel ably
exhi bit affeBRHEHY ?f?c}:fs qngc_ongotfg{aapﬁéﬁ%qrgg{%@% u(%?) °#) ﬁ%sgnf%rgé g?:lg{ei on and
per forna BRGh  PURE Bl Yhal8f dRelhidng, Makhee slasnite 0ied 8 daghingy dnby 30
Section gﬁ&f%ﬁ] Thema%pr oach of Fi gtr}%es 23-23B and 24 maybe utilized to
i nt r dduc ecomltobshannaldtwitkedl.cont rol over conplex flow functionality,

w t hout having to resort to nore than 36 two layers. This is illustrated

i n.conj unebbsN Whi MibloAuidee Eviceilligthreeipriigeant 83-23Bimyp} bé opated as
cross-sectional view of a mcrofluidic structure 2500 conpri sin b@?wer

el ast omerfollayer ARfluid aafiintg berawipuatss &t Pragshst ROE chpp aaeégr? :
channel ngtwor k ' el [ aes E2
B R R R R e e
defined tdrampies 2300 R1@dflclt dovarwdd iitdititeichespat ve flowi chiangels 83 Gagindc3@hbel s t o
control other control chag@% asocj,go and described in connection with
Fi gurids Zhersby splvanestiow Humbsrthe flofhaRi%fes over conventional i crofl uidic
devi ces enpl oying a single control channel network. One otenti al

advant agg02a9ienAapiediohwie pronat ite yecond C@IQZHE@haISF@éGﬁMOG]aBE 12 cauges Wienpl e

mul ti pl exor structure i gures 19A-B. al l,ows val vi.n f I of n
1 ow CharhenEiegp obkiansy A eaRRR B e iR el S il 2 ol SRRl
channel network 2302. This fixes the valve 2314 in its deflected state, in turn allowing the

pressure within the first control network 2302 to be varied without affecting the state of

20  valve 2314,

[0210] In contrast with the embodiment shown in Figure 21, the microfluidic device of
Figures 23-23B features a valve that operates by deflecting upward into an adjacent
control channel in response to an elevated pressure. Large scale integrated microfluidic
structures incorporating such upwardly deflecting valves may include flow channels

25  having rounded or arched cross-sections to facilitate valve closure, in a manner similar to
that described above in connection with Figure 11. Thus in a two-layer microfluidic
structure comprising flow channels on both the upper and lower levels, both the upper and
lower channels preferably exhibit an arched profile. A detailed discussion of the
fabrication and performance of such upwardly deflecting valves is provided below in

30 Section 8.

[0211] The approach of Figures 23-23B and 24 may be utilized to introduce almost

unlimited control over complex flow functionality, without having to resort to more than
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t hrough a single channel. However, the sinple nultiplexors of Figures 19A-B
do not allow for the inverse functionality, wherein only one of the val ves
may be sinultaneously actuated utilizing a nultiplexor having the sane
nunber (xlogn) control lines. 15 [02141 Such functionality is, however,
avai | abl e through the use of control Iines to control other control |ines,
as previ owsl pyeaes ThisbedlusEatgd inecaGurickibn stithalfigerediie whidbodpressnts a efnpified

inverse multiplexor structure 26Q1 in acc nce Wt enbodi t he
b osent  CRVERETON at Brf TRt Saehro s P it o s BRRRRTRR: Bl 021E)
Paral | el fdnw SharRgalv] 44081 PEARELRA Borkitd ShadlcRaéiomer Chajahe@nRraver | ai d
by a 20 control channel network 2602 conprising a parallel set of control

channel s weedgingopreklastomer leye didchnd) g ingraspapinlist adhigf spitayl charifinon
inlet .2602b. There_are the ne:.. nunber of control channels 2602a as fl ow
channdl s ?%W}S%r‘taﬂgeégﬁﬁg%cﬁ Fol™ channel  having a wi dened portion 2602b
overlying one of the corresponding fl ow channels 2600 to.  define val ve
2610. 2sg[pélz?a16 1Aapiczo fudigdenies welbang samisn STAEAS 19600 kThoR SRBIEP] FIAFE o

channel , a?rsgf?\%g 2t déﬁ%ﬁ%@& f c%@zﬂé‘cﬁ%&zﬁﬂgﬂ;g%escﬂ%@ﬂf 5 Bgﬁ%ﬁw%r BF fiaBgs L0 the

first con hann net wor k efining a multiplexor structure 2606
conpri si nyeveadnwesti@&l thicrofitidée dovices efnployipd aisialle oonob] dennalmetworknifpzEnes.
In certain enmbodj ments, this second network of control Iines defining the
mul tipl e%@?anﬁ‘éﬁa antage iedhpireed plicgal¥ast omer | ayer overlying the 30
second el astoner |ayer containing first control channel network.

Al t erlfiat if0213], $Spreifsetynte smplooniktigéxastuecre of Figereg P A sowhaalving of

mul tiplexar, may be formed in the first elastonmern . | | oRgsi t not
"t er Secttihyl R AE» ERY Frmifts ey HeG R g et Shes Ry AIARHER oo
t he invenmuplh kidgleARnng! Hikiawee tis MM ld Mulfipiikoss AFigued TPArB dohet 2602b
of first control channel network 2602 is initially depressurized.

Mul ti pl exBpwdentheiinvarsefingéqnalitewhersin enkycane of thetalvesdaapbe siRBIERENHE s of
first t | _ne : ' hi.ed to inl et
Chost CoWlflea SRR PEIRE R 02 BB B ol FaBRRINEE O TSt

of network 2602, thereby actuating the _valve of only that unsel ected

cont il E¥dhel Suchrdyrstiveatiis.homexeigvailahia hemmehiths usraf coriie! lingsdn
achi evedCoxgtpcgljoglﬁe:r?tgﬁttr&q{ne&%ﬁfg%\’iﬁs%ﬁgys‘%ﬂb@(9.eFI {eIEubYatbhendisBoQfimegnt r ol

lines to contr er cont es is a reduction in t e nunber of
ext er nal byamnressidigpeant shalcture 263! ineguoriedcd with 40 embodinoint o6 thel peesent

m crofluidic.structures. Specificall the, yse of nultiple | ayers of
cont r ol %nventlon, W Cch utilizes n?ueitlple layers 8¢ control fies. P y

[0215] Parallel flow channels 2600 formed in a first elastomer layer are overlaid by a

20 control chammel network 2602 comprising a parallel set of control channels 2602a formed
in a second elastomer layer and sharing a common inlet 2602b. There are the same
number of control channels 26024 as flow channels 2600, with each control channel
having a widened portion 2602b overlying one of the corresponding flow channels 2600 to

define valve 2610.

25 [0216] At a point between common inlet 2602b and the first flow channel, a second
network 2604 of control channels passes proximate to the first control channel network
2602, defining a multiplexor structure 2606 comprising valves 2612 in the form of a
plurality of actuable membranes. In certain embodiments, this second network of control
lines defining the multiplexor may be formed in a third elastomer layer overlying the

30 second elastomer layer containing first confrol channel network. Alternatively, the second
network of control lines defining the multiplexor may be formed in the first elastomer

layer, alongside but not intersecting with, the flow channel network.
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| ines can be conbined with the nultiplexor concept just described, to allow
a few externally-accessible control lines to exert control over a |large
nunber of control channels responsible for operating |arge nunbers of
internal valve structures. [02191 Figure 27 shows a sinplified plan view of
one enbodi nent of mcrofluidic 15 device 2700 in accordance with the
present ifoger|t i Doring bpératiogoLias tmcest muilipiepprestmesire sigpee irf Figara 3P, paral | el

fl ow channels 2701 in in on | ast o ' . ) g4y first
contr ol - craiTel WEE b Bat g e o n Y R B B el

por tions plRfiddoR d6tmistthd] £xH2N83elet ABbuteanbE e hansiebf fiet vartiol 2702 i n
turn either overlies or is wunderlaid by second %}! ﬁw_ channel network 2704,

whi ch al suhafiedneivessk AR Newt, prepsusais2epbehioriplet & |c2H%57 3 PGREYef i ni ng
second mnul tipl exgr 2706, 01 Fi.gulr Hows j lthe

conpr Ssi HBCIB%GJH&%OZ%%SP %?%%icﬁlé%&%;ﬁ?&%egﬁtf rﬁol 1%1@?%%’ g]ilérgtw %%ﬁ?%—tgeven f1ow
lines af tygilyeCavaneihatuistlesict Rosesiahdnmall fivetsexartipleaing fanctipnabiii hasdhusi ngl e
input, resulting in a total of only seven control lines. The |ogical states
of the dJdweoachiaifdii pl exor may be set sequentially by addressing each |ine
using the first 25 nultiplexor, and then setting the state using the

addi t i ongb2i8)jpusinothigivtprtas sdvaatagemyfestidtyebe upmyt epairet Hingsiolsentek etheied f or

alimted anount of tine, due to the intrinsjc . N ,
s over - scoRBopmes & o B o GBS s R e LaS o P SRR Tt e BE
evapgpat ic%ﬂ?g@l{co%l&@ﬁ%r@ﬂui@fc AGHRLd. Apetilfichigy, s Jfessliible lpyessficantoan be

counteracte Wo © ways, either % periodically refreshing the state of the
second miines phrebaromizinedyyith dumitipla0r corcephivtit depclegstq HlRRA Y i on f1 ui d

to negligible. evels.relati to the.t i I a8
0201 adsferiivaeceriiEett Fpt i BEPha SisEE Lfe bbb pRMncil
pat t er ns 6@AnsibRAbLERRatiiSaiecat@ER IS iR valve atroetmesr k by al | owi ng
conplex fluid manipulations with a mniml nunber of controlled inputs.

I
Such nul t}plsX rel J.i - [ hiclBRINE: devi ces
wth t hodgglr?zs elglg&@a nglngg i g ﬁﬁ%ﬁ\%érhe@gn g%@'{j%%c?l\? iehg%[dfrgég%%ﬂrc ess abl e
reactison detiaehe0®in avcbiianceswib tienirbsht nwedntodn wilizimg ¢dseadedrmbeltiplskotsont r ol

inputs required to address, indjvi | .valve structures. 3. Mcrofluidic
Voot y APt Tuerane Lo3 shimelscy ok e s ARets o deb pRaRie by b
embodi ne : i ' Bed WhirbizedirbDcHaahélipoatiénsa chi p
t hat Cm?%rﬂ?t@?ﬁtg&%&ﬁﬁﬁ?ﬁﬁ%ﬂ; 22??2%/&@?1%%18 10 indivi 5ual _Ia a dr_esssabl e
pi col i t edeBninkemdtiplrbe$0RnBirstrontroipmsd mevark 240%irc st pithaerioyerlies or is

underlaid by second flow channel network 2704, which also features wide and narrow

20 control channel portions defining second multiplexor 2706.

[0220] Figure 27 shows how a multiplexor comprising only six conirol lines may control
a total of twenty-seven flow lines after cascading it with second multiplexor, requiring _
only a single input, resulting in a total of only seven conirol lines. The logical states of the
second multiplexor may be set sequentially by addressing each line using the first

25  multiplexor, and then seiting the state using the additional input. High pressure (on) states
may generally be retained for a limited amount of time, due to the intrinsic gas
permeability of PDMS, as over time pressure within the second multiplexor is reduced via
evaporation or outgassing of actuation fluid. This loss in pressure can be counteracted two
ways, either by periodically refreshing the state of the second multiplexor, or by reducing

30  the rate of loss in actuation fluid to negligible levels relative to the total time of the

experiment.
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menory storage device. Using two nultiplexors as fluidic design elenents, a
mcrofluidic nenory storage device was designed with 1000 i ndependent
conpartnments and 3574 mcroval ves, organi zed as an addressable 25 x 40
chanmber mcroarray. [02231 Figure 29A is a sinplified plan view showi ng a
mask design for the mcro fluidic 15 menory storage device. Figure 29B
shows a sfoppiji f Aefhsedtsariped coinbinatdriab neayst adrtaggay of othat ivelve phtterthecaly ray of

Figure 29A, illustratin urgi chani cs. [02241,Array, 2900 I
[l ot el dstiamshs ByarsHumang” f oTE 3605 p™ B arde i e ERON L ne s
2902a-c %‘Ahﬂ&gi 4 SUE QRBGREIING iMSIh.| S@dh hh@PRRed bowrainarpehisb2@RAdo  For

t he purposes o I's application, flow channels 2902a and 2902c fl anki ng
central fihbnicad0sibérammievicegeih thonseadstofrvelveaped hetdipdseef individiatliius | i nes”.

Each int %&)‘geCt%@@P’ie%@t’s&{\% g 8’}5\;{%@%‘?5%{35@& L2928 @ qﬁ“ﬁ‘é’t@?f ol Irpis

channél 55 orage location 1n ow and tor the

st orage demiifd to BaGBssahdivirbial bV 9ve eftenimel.s shares a common sanple i nput
2904a or 2904b, and a common sanpl e out put 2906. Each of the row fl ow

channel s 2902a-c shares a common purge input 2908. 25 [02251 Overlying the
first elastones 'aﬁ[c]g&tﬂﬂﬁi%il\'l}eﬂgﬁhﬂ‘ﬁ{rgﬂﬁ&ﬂf‘é s is a second elastoner |ayer
¢

cont ai ni ng net'wor ks of contro annels. Horizontal conpartnentalization
control qbzamel Miedfhoidic t2&HirOquravn agrocdamre withringtod20¢a of éhe freseed i n second

el astoner, layer. Control |ines . C-C fini row pul ti.pl exor are
al so f or ARYPTHIAT {HY b§é‘@g‘ﬁﬁd 2 é&?ﬁ"ﬂ%? C}Q‘fﬁg?t.co %%sfgﬁéﬁ%ﬂfyaﬁ%’sosa?éﬁt rol
| i negq D130 281 P &R MIEBEoliRer sbfl e SRAMMSs BhBFhRIBAaY 368 as 2 AW AGIIRS S

control lines DI-D4 are selectively actuable to control the flow of fluid
39 t hr ougterbdrg stoeagerdelvice! dlvlaghiaymeiltiplexorreasciuidicalepigamplements asnicrafBddieor

any one of the rows pf. the arra . . T r al so
defi nes W??é{orﬁr%é{f(ieﬁ%%t%ﬂgyéq ?‘%tglzlc%:) éar% I}%&&%ﬁgﬁﬂgﬁ&ﬁ@%@gﬁﬁd gg%ﬁ havi ng
comon i RhiglovRRddbroMized abahRHdREIABREIS £ oMORIMBerinnicaiarR914b and the first
row of the array 29%0, a separate control channel network 2916 formed in

the firs st I yer . i.cals.c ' i on
o o ORI R Y SRS IRRG WORGHEEbhgRenames B abn
embog§ menfenfry BiogapealcRRe. Figisc COPrsasent sinaplifivd-dnbayeed diewi afonalsiaageng
control over vertical conpartnentalization .contrpl .channels utilizing two
separ ate1®éﬁ9¢@fthéH&'ﬁﬁ@f&fé‘?%?&slllh‘ﬁﬁ"%fi“}gl%‘i%}?‘gI‘E?Cg‘?ri‘lﬁ%tur es 2914 and 2916.
Specifically, during operation of the storage device, actuation

[0224] Array 2900 comprises a first elastomer layer defining rows 2902 of parallel

triplet flow channels 2902a-c having interconnecting vertical branch flow channels 2902d.
For the purposes of this application, flow channels 2902a and 2902¢ flanking central flow
20 channel 2902b in each row are referred to as “bus lines". Each intersection between a
vertical branch 2902d and a central flow channel 2902b defines a separate storage location
in that row and for the storage device. Bach of the flow channels shares a common s_ample

input 2904a or 2904b, and a common sample output 2906. Each of the row flow channels

2902a-c shares a common purge input 2908.

25  [0225] Overlying the first elastomer layer containing flow channels is a second
elastomer layer containing networks of control channels. Horizontal
compartmentalization control channel network 2910 having common inlet 2910a is
formed in second elastomer layer. Control lines C1-C10 defining row multiplexor 2912

are also formed in the second elastomer layer.

30 [0226] Row access control lines D1-D4 are also formed in the second elastomer layer.

Row access control lines D1-D4 are selectively actuable to control the flow of fluid
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of select control channels of the colum nultiplexor allows access to only
one particular storage location in the array while all other storage
| ocations remain seal ed and uncontam nated. Operation of the storage
device 2900 is now described in detail. [0228] Figures 29C F show enl arged

pl an views of ope storage |location of th r 15 shown [ n Figure
500, at afPRAPapoN RLEOyea e 0T S mpate TERCAE Fis fihesmice ant pof obamiet 05914
i's pressupj.zedyt o close vertical conpartnentalization valves 2924. Col um
mul ti pl exor 518 is then pressurized to activate valves 2930a-b to seal

th ti t I 29 th d .stat
[0320] " Fi G070 2357 SHOTE RIonF SR A aRe e behhe PSR IPBERtE a ong
a parti Cuttdhnel4@e@R192Y hilaWcbinR®nihidh2§14sl dat oisedRebin&mBBAPUl ation of
control lines D1-4. The closed state of vertical conpartnentalization

val ves 29t 2P b andithe five rew odthavbveaadng, dieperiée canbud ebarfnelinetwors ¢llfe 29E
shows pr fo%!r{éé ﬁat‘hé P02 aﬁs%%é[‘%%/%% %los@%rqon@éﬁtﬂg%ﬂcpz&%%g&% 22 10%8&%”9'

2910 to cl osé horrT zont ation va

i sol at i ngchaasl] aeenitk 004 &g&ﬂr@@@tu@mmltgﬁ@{o@zao& thuﬂneo&&l%nsbpmuﬁem
purging of loaded fluid fromspecjfic storage |ocations. Specifically,
col umm  mufbs SPEREHS 0678 %@r&éw%éléwms@anw QYen¥EistleompaEentdigaiions| | owi ng

ventin

corrpar%J m(;é;?tn gP?ézHaaﬁl %%H@Q{l@%g@&%%ﬁﬁ%@%dlg %Igle a&% El&lrﬁmﬁ@t or age | ocati on
2950.10Col stnmntumslﬂQil&laa& 89 1 @ 93 Beci fevubllynduringropssuion 2d thd siotege deviad, netuz8@0a
act uat ed ereb i_nt ai n| |n ac state vertica

Conpar £ i CAET OB 6! S5l e HH reay AU gt Gely SRepapinE)
Finally, sﬁgggeri@l:atidnnﬁ%%ﬁ@ﬁummbfm} ﬁb@ eti&aabﬁsoe@ﬁam\éaﬁéarﬁﬁgh only the
top bus line 2902a. Pressure is ap &grge inlet 2908, forcing the

cont ent s uwgtoemmatpd. Q@ratsveef tbﬁstz%a dﬁme@ ishoy d¢saababimaietaikl ong the
bus line 2902a, and ultimately out of output 2906. [0232] Summari zing, the

storage 30Ixy Cfipires 00CH Govabnladpbaplafvidbs &f AR tdrapdricasiotatie aghy WAkCh
has vol unme -250pL. Each chanber can be |nd|V|duaII{ addressed using the 5
col ukh rrﬁh‘?‘f’lbl igrregRE, ebon Hilialilpreyesiical TRapadmentatisatisn eoagnl @F&ﬁﬁwl&’ﬂéﬂor age

| ocati on I i ut) or
wator (uishERuRRele! i vetion BEARLATHRR Ao Rat b 251 MR AR oo
val ve sygpesis then @emndammm\rhﬂa va&mbaﬁmmhﬂtcsssaf triehertp;faesent i nvent| on

all ow each chanber of the matrix. to be indjvidually
compartmentalization valves 2924 in their pressurized state.

[0229] Figure 29D shows the loading of all storage locations located along a particular
20  central flow line with fluid, by selective manipulation of control lines D1-4. The closed
state of vertical compartmentalization valves 2924 limits the vertical movement of the
loaded fluid. Figure 29E shows pressurization of horizontal compartmentalization control
channel 2910 fo close horizontal compartmentalization valves 2922, thereby isolating

adjacent storage locations.

25  [0230] Figure 29F shows the purging of loaded fluid from specific storage locations.
Specifically, column multiplexor 2918 is depressurized to deactuate valve 2930b, allowing
venting of control channel and deactuation of the vertical compartmentalization valves
2924 lying above and below storage location 2950. Column multiplexor 2918 remains
pressurized to keep valve 2930a actuated, thereby maintaining in a closed state vertical

30  compartmentalization valves 2924 of adjacent storage locations.

[6231] Finally, control lines D1-4 are manipulated to allow flow through only the top

bus line 2902a. Pressure is applied to purge inlet 2908, forcing the contents of storage
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10 addressed and isol ated, and reduces the nunber of outside control
i nterconnects to twenty two. Fluid can be | oaded into the device through a
single input port, after which control |ayer valves then act as gates to
conpartmental i ze the array into 250pL chanbers. Individual chanber

addressing is mpl i shed thr h f | ow. channel a . parallel.to the
sanpl e cﬂéﬁ%@@%gﬁgﬁﬂé‘ép ‘r‘%’é‘é‘iﬁ@édﬂ?‘i‘%@?@uﬁﬁﬁ%?géﬁeg%%ﬁ@?%%léﬁpuﬁfe row and
col um 15)1@uttjggg.exors and to flush the chanber contents to the output.
[0234] Figure 29B is a sinplified and enl arged plan view again show ng

pur gi ng anjcs for. a single chanber w.thj hi p
shown in {E?%ﬂr e man‘z@gtﬁlef%w’%eoﬁaa ihg %%{t%%@%g%xzﬁ gﬁﬁ?é?%@%@%ﬁé’:@f)ﬁTo
purge a sIegiifh Baschaurhe -2 Puss sBichzddmbed diintbeiisdividually hadioesdd eeitgithe t he

purge buffer input. The row multiplexaor then directs the 20 fluid to the

| over S moseluraAREIPIEor 2Rd IeR nudiiRlgxeiow hepRBteR(S A FACh IR IOpY eREec/diaigles t he
verti cal QWM 1 bl 486 e, f | ow

t hr ough tc\églb}é%glﬁ@evreﬁ)h@r? purg%ml l?ésélgl\g%?genisgﬁp%ggﬁ Thi srg‘g?/% ce aéds a

si gni fi camput).evel of conplexity to previous nmicrofluidic plunbing in that
there are two successive levels of control - the colum nultiplexor 25

act uat es (Ve BNfsclbARS el kot Vi 3Rk B dkBitaly Ryt hermel ves.

The desi ( anics of "the mcrofluidic array are simlar to random
access memboyliniéd{ thEaodsentsarendionrmllbwi qatleglangbar oF Hhsahelgieus bedndivideaidy y

address regi ster, .mappi t.0 spgcific ro or. 3 t.r]
0238 LiRgrecna Sl dph e Pibl BRereBeLaoudie PR s RebiS (il
functi ongwo. Bfidbe BOWaded tnkdtRxRVick Shryggita biaplefihpitchott; aftéd whichgontidl
directs the fluid responsible for purging individual caonpartnments within a

row and faver saliesthemactas riesito eompatnaEniss the pampifo eP&rerianbeiit hin a row,

anal ogous,_ 1. Lne. - . |41 S
Fundanent T RaEANRY ot 1 AR AU A RLERAGAI T Padlicl o

val ves f @ apptd Hagnteenindadseposmariisddifusd umice dodvonael of D230y 20 colpemat e t he
colum nul tiplexor, the vertical contali nnent valve on the control Ilayer is
pr eskur i edtinlexqs gadtooflyshthe clegpbsrconteptsyo the | urm nul ti pl exor, | ocat ed

on the 5 flow layer, is activated with its valves defl ected upwards into
t he cont {0234] ayRegurt A9Briap sivhyglifiqer asisutdargeld lkn gigivdagam sthevieppirgmgerti cal

Ul | pl CRBFLALiRoE RSB GREr SHOEH VI B8t SR EEPAIRNE DAIREE P24 of eased
Itogeggﬁpi Izaétgl Iﬁ?ﬁﬁﬂgﬁﬁﬂthﬁ@ Pl hibohfthelst ToPpR8e b 3PEEhiy clniEe $rdd¥urized
fluid is first introduced in the purge buffer input. The row multiplexor then directs the
20 fluid to the lower most channel of the selected row. The column multiplexor releases the
vertical valves of the chamber, allowing the pressurized fluid to flow through the chamber

and purge its contents.

-[0235] This device adds a significant level of complexity to previous microfluidic
plumbing in that there are two successive levels of control -~ the column multiplexor

25  actuates valve control lines, which in turn actuate the valves themselves. The design and
mechanics of the microfluidic array are similar to random access memory (RAM). Each
set of multiplexors is analogous to a memory address register, mapping to a specific row

or column in the matrix.

{0236] Like dynamic RAM, the row and colummn multiplexors have unique functions.
30  The row multiplexor is used for fluid trafficking: it directs the fluid responsible for
purging individual compartments within a row and refreshes the central compartments

(memory elements) within a row, analogous to a RAM word line. The column
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selected row. 10 [0238] To denonstrate the functionality of the mcro
fluidic nmenory storage device, the central nenory storage chanbers of each
row were | oaded with dye (2.4 mM bronophenol blue in sodiumcitrate
buffer, pH 7.2) and proceeded to purge individual chanmbers with water to
spell out "CIT"' . Since the readout is optical, this menory device also
essent i al tyltiplvxot hga s adimdampnialy diffirerimapnab §PREe Lingthpresiond RUHGHR UL

denonstration 15 of.m crofi ui.di i ay. | ndividual chanb

sel ecti veY";}VGSLf%'Q%D&O't#@CSGB{e%{ﬂIC%E)ngjta%n{%@?éa%} ‘ﬁ@y gdvant age of tﬁeapl ﬂrf)i ﬁ[:;e
display is that once the picture js_set, the .device, consulmas v_ﬁrg i tltle
power . " 4.[0238 Wiy W&HWFPBWH}WT‘*W%’E"Q? thewasgsal prrtalaiil §aVE QB U ct ed
In Figur gﬁfe)%sé ggegggrgzgﬁ%o B8 e QhirERARPerIR RN AREH SRS Mebted R the

i ndi vidu e through horizontial novenent of" fluid through
co- pl @narfldwsaylet, i€ sctpasidtvwitnidvainesaidileeted speerdsiinta toeeantwl ldsicoie tanilgel .

However, technigues for fapricati | arge scale integrated mcr [.di c
st ruct ur d¥e§SHIIZREITHE e e erétﬁaﬁgg?r%‘ﬁg ng’fsﬁwl%“?%e‘gémg?%@%‘%‘P%{nh%gre not
limted tﬁw&%@ﬂfﬁ& LGBk 6, BRT thi prs@lre 88 Vi Ceurticd Q3ARINNTng wa RS iSrbleatedshow
sinmplified cross-sectional views illustrating the structure 25 and
oper at i ortoebetheapbdfiedrepiumes aldowial vidoder %i@fig’rfélfgfﬂi BepisFAEReR gdHn ghe
present ipvention, which allows for the vertical flow of fluid in one
directi or?eg:ﬁf M%s described in detail below, these one-way valves may in
turn be utilized to create an alternative enbodinent of a | ar e-.sc%_l!le

§ % the

i nt egPat d23flcr & Mamanwrae Beduectivariiy ot (e micsp iy dirghenentsiaree friiry
vertical 28, 8LhoASy Rk AR 8 daBhi 10 Rre Blaldafhlayber ahaun | n Fi gure

34A, one § y val've or ne rom upper elastoner “layer 3401
over | yi ngramegh@obbmstiosmtiuhayerte Béffie, pHat 2)i andtpuocredadiol fuege indidduad| ast omer

42 | 3404. Lo | ast ayer 3404, defi fir i i ng: 3406.
VI dd & clchambrsmith WyeF SR oot s SO ths TeBiias RRAEH-4Hk ERERsRYisoon
integral ,an e%g%i%ﬁ& %Ngnc%ﬁgbs Mrbidic &iE@i% Hioh QA OFiBEreSl oGS § 1R a Ak ifstralionf

m ddl e | ayer nmbrane portion 2a of mddle elastoner |ayer 3402
over 5 es of heicmilidie menafry fisphty. ndividpelnihambemoss selpetivebipis el Bupel oyt

menbrane porfti 34Q2 resting on seat .partion 3404a of. [Pl :
Tayer  sA6M ke sdratitnastl Batioha L e e Bt R AR
hori zont %hé{mggsf@? ittlrfdckhe location of first via opening 3406. [0242] As
shown in Figure 34B, fluid may freely flow through one-way valve 3400 in
4,  One Way Valve/Fluidic Display
[0239] The storage device depicted in Figure 29A comprises an array of chambers
20  whose contents are individually accessible through horizontal movement of fluid through
co-planar bus lines positioned on either side of a central flow channel. However,

techniques for fabricating large scale integrated microfluidic structures in accordance with

embodiments of the present invention are not limited to fabricating this particular device.

[0240] Figures 34A-C show simplified cross-sectional views illustrating the structure
25 and operation of an embodiment of a valve structure in accordance with the present
invention, which allows for the vertical flow of fluid in one direction only. As described
in detail below, these one-way valves may in turn be utilized to create an alternative
embodiment of a large-scale integrated microfluidic storage device utilizing movement of

fluid in the vertical, as well as horizontal directions.

30 [0241] As shown in Figure 34A, one way valve 3400 is formed from upper elastomer

layer 3401 overlying middle elastomer layer 3402 that in turn overlies lower elastomer
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the upward direction. Specifically, a pressurized fluid will nove through
first via opening 10 3406 and unseat flexible nenbrane portion 3402a,
deflecting it into the overlying second via opening 3408 and al | ow ng
pressurized fluid to enter second via opening 3408 and upper el astoner

| ayer 3401. [0243] By contrast, as shown in Figure 34C,  fl yi. not fl ow
t hr ough offEen _%&t‘\?‘ére &@@qr Yehet Holings rqﬁw?%g{epgﬁgﬁﬁe&%ﬂggﬁsfﬁmq
pressur| Zﬁgeﬁjm% ﬁﬁ?é%@ﬂb&qnm&nééomh%gm BRGNGVirAy SRENLOD, BAAS

wi || encouhter seatéd rane portion 3402a. Menbrane portion 3402a wl |
remai n setht edrroaniing alistemdnfdtechbsdiddiminyér B0eh Meémbrans pottien 3gPeselir e of

fluid in the underlvyi flrst via eni.ng 3406 exceeds t pressure in
Second SR RmbE e 148 on R Bioehe O 0By T SRR tOeb RS one- way
val ve 5shoyumok Bf it 8% pHRoC34® redbhd AbDEdat péidn BUDAA &f 180/ef Blasendl Byknct

el astonmer |ayers, this is not required. It may be possible to fabricate

this strutd0dr &pepplesiamer taxer 204 sedinet sacayd i, opepgi3AES bReEzorintby @it por ti on
and the t I r Mty ldzi I; | d. [0245] And while the specific
enbodi nenf?&gftﬁ%ﬁgﬁtg(gdmgé%/ﬁ\sla (a/gpérh@%hﬂf?ngoﬁ gures 34A-C all ow passage of

fluid in the upward direction, alternative egbodi nents may al) o . passage
of fluid [P?d3IheAdshmmimintigricetds, éhufbmay.freslycﬁlpvaﬂvavglb%wa&fla%\gﬁéﬂg lrEe

fabri cat qg? Wa{d%@cﬁbﬁgs %gﬁﬁf%%%%%@ﬁ e@hu{mg%svéﬂﬁ%owﬁ #8Bvia ﬁ%@gg ray

One-way val ves in accorda ments of the presént Inve

be utlDl i 2466 tand hakni Gatiblediepbmaye penion 8402 &idgileamn g3 bt wediymglsefarsld
cross-secti onal jews illustrating o enbodj ment qf .such.a pjxel

St ruct ur 12 e S Sud AURBIRE PRRged DuISER oSt Reond SHOORIH AN, | o1
fl ow cha@gg&- d208mboRYR%40m, | owernost el astoner |ayer 3504. Second flow
channel 3506, orthogonal to first flow 43 channel 3502, is formed in

and secolitile BRToULRYES R in fighEaadSibey Doy find Miougn PUORR et >
i nt er venizngo heheremnhay@diseddd4 Spadidins a ph&RdsledPned attéxﬁf)ti@é todhswd ay pi xel

3500 is summarized in Figures 35B-D. In Figure 35B, 5 colored fluid 3518
fromtfir ronghipcendirapeBmg3408 vl eretmtas geupd srenprasnirtion Atdagh fir st

one- way 1 nt i : W th
a col or eﬁﬁ%@g&‘?{}%ﬁ@g]ﬁ%ﬁnﬁ%% eﬁ%‘%&?@?ﬁ‘g%&ggg%dﬁ@??%% F%g}rll (séle e%?c ﬁ%el y
by appl ypregsuae bt gt in the underlying first via opening 3406 exceeds the pressure in second

via opening 3408.

[0244] While the specific embodiment of a one-way valve shown in Figures 34A-C is
20  fabricated utilizing three distinct elastomer layers, this is not required. It may be possible
to fabricate this structure from only two elastomer layers, forming the membrane portion

and the top layer utilizing a single mold.

[0245] And while the specific embodiment of a one-way valve shown in Figures 34A-C
allow passage of fluid in the upward direction, alternative embodiments may allow
25  passage of fluid in the downward direction only. Such a valve structure may be fabricated

by reversing the orientation of the one-way valves.

[0246] One-way valves in accordance with embodiments of the present invention mdy
be utilized to fabricate display devices. Figures 35A-D are simplified cross-sectional

views illustrating one embodiment of such a pixel structure.

30 [0247] Asshown in Figure 35A, pixel 3500 comprises first flow channel 3502 formed in

lowermost elastomer layer 3504. Second flow channel 3506, orthogonal to first flow
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pressure to first flow channel 3502 than is present in any of the second
fl ow channels. 10 Alternatively, this pixel charging may be perforned
selectively by also utilizing a nultiplexor in conmunication with the
second flow channels, to create the necessary pressure differenti al
between the first and only select second flow nnel s. [0250], | j gure
35C, t he deherldd0igifemicd 1@HP@%@OEW@Mf¢m?TSI?Y‘?rI3§\aE‘C EHFHW‘%@O‘QJ%?? @

mai ntai ni %%m?;lgf ond e %fénﬁgggtlgﬁggﬁgéﬁbé A GhRkd Y BaSRer 1a/Barshy

mai nt ai ni St “one- cl osed. [0251] As Shown in Figure
35D, the jgebenigfbawveel a3&0050ayhe3fitanged by | essening ‘the pressure in
second fl ow channel 3506 and flowing a colorless fluid through first flow

channel f bhetaiOR B WRYIAY JiMee 3 3RIQ supbaiied iBBikdies 36BODd LoRuvaySBal ve
3514, anﬁ%gﬁ]ti%telly secogc?y?l ow chanr?gl 3506. 20%0252} Figure 36_shows a

8| an \5ib e\émowredaﬂdics:m 18yfrate firg dlovodpnnsl 3|r$Q2é$1inéfﬁf1‘#‘F€é Lllahdf:rag/re@we rouehdigls
i in Fi 5A-D., Specifical.l v, ' il 0
Chrough. el VS ST RRbatG s tha dret 25900Hs o bt EherE ORI R Bblotab

mul ti pl expk. 3600. The pressure and flow of fluid frominlet 3551 through
paral | el dppernost flow channels 3506 in the parallel uppernost flow

channel i verned. ?ﬂﬂ [ I SO in2® hihey 3604. 5.
Lar ge sdﬁ%%mi@?%&’%“ﬁ%%@%ﬂ% or irﬂolrjc e?rﬁéhliégézcw?&vﬁg%?%% n%rl}orry array
St I uct ur erfsié 16 Wightyfl e sleaninbledh 0alihateis pegerisienny oéithe scopul flamichardelince over
existing mcrofluidic structures, it does not .all ogfor two,.di fferent

mat erl0al shifasnaiyebe paip aixsl Wﬁfﬁp%‘&)’d@&%' ioe é‘?}e?ﬂv obX #squighizipg & ar
chamber . J[15190: ftdfhAflekidnitNMISUSInd Adky BRAKLECA driu iareagaghi p

m crof abri ca arge scal e i ntegration technol ogy which is
anal ogougréseumnliffeeatialdfet?&h thofiphead only selBpestonddpvyhannelsecond devi ce
cont ai ni ng 2056 m croval ves was desi gned which is capable of performng

mor e conphes)f | 1 b ereBT, B ldre8 Sluid i@%ﬁ@?dﬁmm Fiest 304y sthansl 302 effiecal

m crograph of a mcrofluidic conmparator chip 3000. 5 The various inputs
have beemdio@ihéeg sdcohd Bowohetndl 3506 alakisher RIpssUES. theschyHBaERANRS LES QR
sub-%l enent s of flui.dic logic. Figure 30B shows a sinplified schematic

pl an Wi eWatvaly §#95%n of the chip of Figure 30A. [0255] Conparator chip

3000 is formed froma pair of parallel, serpentine flow channegls 3002 and
3004 havilPRPlil nl A% shayoomdiaws 3360 4he odaypdpix éﬁ@?%&eﬁ %&?g%dﬁfﬁ&?’élgsoozb

and the pressure in second flow channel 3506 and flowing a colorless fluid through first flow
channel 3502, first one-way valve 3510, chamber 3512, second one-way valve 3514, and

ultimately second flow channel 3506.

20 [0252] Figure 36 shows a plan view of a display device comprising an entire array of
pixels as described in Figures 35A-D. Specifically, flow of fluid from inlet 3550 through
parallel lowermost flow channels 3502 is governed by first multiplexor 3600. The
pressure and flow of fluid from inlet 3551 through parallel uppermost flow channels 3506

in the parallel uppermost flow channel is governed by second and third multiplexors 3602

25  and 3604.

5. Large Scale Integrated Comparator Structure

{0253] While the memory array structure previously described above represents an
important advance over existing microfluidic structures, it does not allow for two different
materials to be separately introduced and then mixed in a particular chamber. This

30  functionality, however, is provided in a second chip microfabricated with large scale
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10 3004b respectively, that are intersected at various points by branched
hori zontal rows of flow channels 3006. Portions of the horizontal flow
channel s | ocated between the serpentine flow channels define m xing

| ocati ons 3010. [0256] A first barrier control line 3012 overlying the
center of the connecting channels is actuable 5 create adjacent ghanbers,
and i s deatgraigpitechnelogl véveh Kanelogewrie ensray RE Q%C%{H?%fe@ﬁ% SreathsaiL & o

m x. A secon [ i | ; ' of
The ad) acenhansar efii 28y b fyalbet S RRES RREK DU EoR SREonle Pl ow
channel s.mofeQ2biplexnddienda3ple@oraf t he connecting horizontal flow channel
3006 is in fluid conmunication with pressure source 3016, and the ot her
end 3006 t he GRMIECLH ' LhaRoRhidRHngasatbicHip B0CD.
comuni c;[to?%ﬂ w&tgﬁ a sa%poﬁg %ﬂﬁtigéwﬁé%ﬁélﬁ 20 3018 t_hrpough mul ti pl exor
3020. 5[ 0ZHR] vaEoguinests3G: beshiondai with célpeed foed dyagda vpualize the kBasrelsaidr at i on

of one mxjn el e t .of..the.str.uctur f Fi - . shows
he m x1 HCaraHEr SR SPdb S ARG o T Rat TR Shfne it BB e
and wr ap-RQuRfbiRAThd &fip 60Ridued 30Ane unpressurized. Figure 30D shows
pressurization of the wap-around barrier control line 25 and barrier

m xer |i tivate i sol-at I : 110 i
nu) acent 1028 nEbbY e AR a0ttt BonP AP SP BBt DR NE dofy dlRinhae,
with a fi3nsk and eoprReiig @nds A0Eacmdd00dneeprenvelyyarfd awimgonits2002htandi al s

down the respective flow channels. Figure 30F shows pressurization of the
ver t 16al 30BHpEaepasiveL) abERARICESHER of valious eomtRy Bacidd o &anEl 1ok o

define t e AdlARED50683PREGS; of e bR T EiRmAE I5hesL deBEPBEL | Zal i on
of the mXing barrier control channel to deactivate the separation barrier
val ve, t kempehiynealidvovhangelishizfide hiirimgrocationpdhéht s present in the adjacent
chanbers to mx freely. [0260] Figure 30H shows the deactivation of barrier
the isol 7%2532 CO P&t Blarridr QSntr@lﬁH@'ﬂHZQVQﬂﬂﬁg At ein R o@fheld@ﬂnbc&ﬁﬂg&ihhﬁ_ﬂbw al ves,
fol l owed by application of pressure to the control |line and deactivation
of the mid ddtypibésciorcreate adjhesnt chanbwptsind étderctivahle to dlosethescenlpaisad the [ 02611
In t case of the deyice shown in Fi.gure - t I . ents
can bo Suparebrgr O LHER: S P o Bo T b4 Ry Ry oh O 6 BB

maki ng i bnpessichipct chpebberneisdiaé el fraashy fesi 6f tA6Gosuntaldiol thaamels.
reacti on chanbers and then recover a 10 particularly interesting reagent.

h i ' | i . . in
consi st 1 Fa apefiniond SE ol Bonk i ARALARY oRBkIIs kR, | o 1 el

communication with pressure source 3016, and the other end 3006b of the connecting

horizontal flow channel 3006 is in fluid communication with a sample collection output

20 3018 through multiplexor 3020.

[0258] Figures 30C-H show simplified enlarged plan views of operation of one mixing
element of the structure of Figures 30A-B. Figure 30C shows the mixing element prior to
loading, with the mixer barrier control line and wrap-around barrier control line
unpressurized. Figure 30D shows pressurization of the wrap-around barrier control line
25  and barrier mixer line to activate isolation valves and separation valve to define adjacent
chambers 3050 and 3052. Figure 30E shows loading of the chambers with a first
component and a second component by flowing these materials down the respective flow
channels. Figure 30F shows pressurization of the vertical compartmentalization control

line 3025 and the isolation to define the adjacent chambers.
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-750 pL of liquid after conpartnentalization and m xing. Liquid is |oaded
into these columms through two separate inputs under | ow external pressure
(-201-Pa), filling up the array in a serpentine fashion. Barrier valves on
the control layer function to isolate the 15 sanple fluids from each ot her

and from channel networks on the flow |ayer used to. recover the contents
of each ii0ap9f dbmurcHAblerws dupseseurieatinn ok SemuNEs BRieHToaiol Hagldht rol of a

TP XA AR B Ry R PlodR) ABind BROBrTh Dl pefigpne

are first r‘or to actuation wt pnéumati c
pressur e;intthe adjadat ssedraiormiatfiddhe ends of the channels is forced into the
bul k 20 porous silicone. This procedure elimnates gas transfer into the

flow I ayﬁrogﬁ@lfﬂg?’ Feg%}?gﬁmﬂheaea al b BSriQMBPROBkbAROREOL IR, bidigd

cont ai ne ayer. The el astoneric valves are anal ogous to
el ect 5oni dzastiidtiohe$ thessrlatiorgyaeeshiadloviedpydapdention of pesssut de the agnéipkline

trafficking. [02631 Tp_de strate the device plunbin th id i nput
l'i nes V\eraél%fqu“FtéV&t‘RP Pﬁtl?\%nagﬁ‘éxﬁ'yt&aﬁl%’ T’F%ﬁpg‘ill &l q?ﬂﬁggfﬁ rb&%ggs‘}eg(%cgl oadi ng,
conpartnmental i zati on, m xing and purging of the contents of a single

chanber W0R6iln En tholeserof thodwide shogurie SiBus 194sFolva ddireyioggsplscan be

m cr ograpns Sggﬂ?g&%f gﬁg{#né_la?ﬁg&% én%esele%ﬁvag?&gggreh%%ﬁk%osﬁbﬁ%’t@set of the

chanber s R4 eing | mage ast onerfc ‘m croval ves
enabl e eggehfoph difiRicRReayeianbe sulpRaidierabadgion chiabémdeperdantdver 80

conpartnental i zed, m xed pairw _se, and selectively purged wt he bl ue and
yel | 60 gurticulahsintersting s922ehe Tz*»;enwﬁ&mifaaﬁuw?@%ﬁi%%eweﬁ aﬁt‘%?g‘i“%}ilsdum ly

addr essed, adn )l Sovef Lol KHRE BF bY BnEABLE R RAUAHIE achQhalBbibchaRmEY ST S

usi ng only connections to the outsi WO iIl1lustrating the
i nt egr at ed/snailLeficatd dftee coinprnfkniatizationi and wiiking] G248] iTwedtdingethssal e

i nt ted m flujdi devi f Fi 30A of Fi .
i or of © ucahEmURRER i SR EaP I ERl e Rt Gt CAORRFE TS e
A 5 populati:on sab Bl SiHidh.| BarRRr¢8ded 6t BelchRrélay e Fundivd ta ifdlaterirgeni ¢

substrate system provides an anplified output signal in the formof a
f | uot &sceamppr dde fromArcte bihet amhfrem chenprdnatwerksen dgiftow laygesiedied to

provide a |ar out put signal .when.the .inp i : erence
i eshol dedrrtie SRHD g iamg ML eere bt e MRSt el e The

r ef er enceonhQr & aNBultiblcker AR1 diveral Sthet @Mtrol Ralkée m crof [ ui di c conparat or
structure illustrated 10 in Figure 30A, the non-fluorescent resorufin

et e PPy R R 1 BT8P Tt oo
pneumatic pressure; the compressed air at the ends of the channels is forced into the bulk
20  porous silicone. This procedure eliminates gas transfer into the flow layer upon valve
actuation, as well as evaporation of the liquid contained in the flow layer. The elastomeric
valves are analogous to electronic switches, serving as high impedance barriers for fluidic

trafficking.

[0263] To demonstrate the device plumbing, the fluid input lines were filled with two
25  dyes to illustrate the process of loading, compartmentalization, mixing and purging of the

contents of a single chamber within a column.

[0264] Figures 31A-D show a set of optical micrographs showing a portion of the

comparator in action, A subset of the chambers in a single column is being imaged.

Elastomeric microvalves enable each of the 256 chamber on the chip to be independently
30 compartmentalized, mixed pairwise, and selectively purged with the blue and yellow

solutions. Each of the 256 chambers on the chip can be individually addressed and its
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reconbi nant cytochrone c peroxi dase (CCP); the enzyne serves as a chem cal
anplifier in the circuit. [0266] Figure 32A shows a schematic di agram of
the mcrofluidic conparator |ogic 15 using and enzynme and fl uorogenic
substrate. Wen a input signal chanber contains cells expressing the

enzyme CCP, non-fluorescent Anplex Red is converteg to the fluorescent
product , lesrsskve Fontenthrecpeerehis fearomabeR usiigeoBy L P GPrascHeR] othsraitagde| ow,

L02671 ThEode8ili Sy HENRLEALE BlGelRaflSHihdhnaReRRngt € | nput channel s with

the centra m X1 ng e osed in each colum and conpartnentalized
exactly like th ocedure 20 i|llustrated for e bl angd. orange dyes.
The cel I [5FaK i opE liieriogh T Beismiraniv tietiet ot Tt T S5 el vl

distri bUtds@% 294 niiGoBufit] doMSRBAI BB Bhy th¥ Bkprkbstsh HBa pArHONSS&RYeMACT OSCOPY.

[0268] The barrier between the substrate and cell sub-conpartients is
opened f gropalatiewof baateriads laadedfidtowhesddyiner antdee tloorgiéifici sebsimatesystan

t ment taining th | |, mixture. 25 The barrier. is. th | osed t
Feduce. { REOTAEA PO A LS BrBins G narediorofn IRoPiact | on.
[ 0269] Afcbﬁfpa@t&ﬂﬁrcb@%désggﬁa@@@d fglﬁ,@i@ta lgfg@mugﬁfﬁﬁi%h@tm&h tht gpue Bighall s scanned

( Xex, =532nm  Xem =590 DS Okﬂhw a nodified DNA m',croar‘rai/ scanner_ ( Axon
| ndust r i e3ceednepeiranoptimysholfhelys: ot ap amprenyidics fheppe sl wlgiedsithyy cel | s

oo REET e dHBin SRR RRENITCE) B LA AT Ry Mtk B T

signad i fn Fhercedimpahé nemfisomkddnt rsofdinl derivagvaisnsplboRed Aln{f21Q4 tiéne
exanpl e of _a scanner for use in detecting signals frorp LSI mcrofluidic
st ruct ur &feienae 8ghdladhe mput sieppleoppisis of @ SHIRFEHPN 8A Ei cOlt SPTessHpi x 400013

scanner : %3%90 Bk t %éé%n ' hi Sablifigr ni a.
The @neﬁ@%&%&%@%ﬁ I na’#lﬁa}%égg’? ’ntg%le r eD%gvegr%lrsg;?hgﬁic\éiscgrﬁri\i ng. It
has two kmathercsc@B32/ 635n) that 5 are optinized for Cy3/ Cy5 fl uorescent

dyes respectively. The Genepix nornmally functions by scanning the bottom

surface @i268] SIFigae 32A! BidwWalsBndaYd Qi Rrh ARFIRImENAHRHRRRSn R dthi Rgic ON

3-calibrated sapphire mounts. There are, however, several constraints with
t hi slscansieg and pestymesmddiucregdngsaibstivie. Sfenmenpaisignabtianaiar gpafamsshllp

= erof Lui di j e )
bonded  BesEekE B CEP hah bl dep RS R R50pk M e AgreERt o™ ©
| aser fogldu@t aReruEAN Theheadistisded AT, @hobutputsiiatedneathdloer. f ace, it

[0267] The cells and substrate are loaded into separate input channels with the central
mixing barrier closed in each column and compartmentalized exactly like the procedure

20  illustrated for the blue a;nd orange dyes. The cell dilution (1:1000 of confluent culture)
creates a median disiribution of ~0.2 cells/compartment, verified by fluorescent

microscopy.

[0268] The barrier between the substrate and cell sub-compartments is opened for a few
minutes to allow substrate to diffuse into the compartments containing the cell mixture.
25  The barrier is then closed to reduce the reaction volume and improve the signal/noise for

the reaction.

[0269] After a one hour incubation at room temperature, the chip is scanned
(Aex,=532nm, Aem =590 DS 40) with a modified DNA microatray scanner (Axon
Industries GenePix 4000B). The presence of one or more CCP expressing cells in an

30  individual chamber produces a strong amplified output signal as Amplex Red is converted
to the fluorescent compound resorufin, while the signal in the compartments with no cells

remains low.
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can only penetrate the cover slip to a depth of 50um |eaving the channels
slightly out of focus. However, the resolution obtained is still
sufficient for fluorescence nmeasurenents wthin the channel. [02711 A
second option being explored is renoving the mcrofluidic chip of the 15
calibrated nounts and seating it in the back of the slide haolder, This
posi tion H246ks Qrieexamplarie ssewrer far ush i dasersingsigalsdgom LShimipioruidie

af orenent i oned software-contrplled focal.. pi i vant age of
hi s et nIEerLe Ehae RBeE g P Sons A RpucyPs M CLARIC A GhAGEVEE 200 2
beans, regyhlbBErddbyBRx@f hisfrirgiedts, InploMaiioy Coy dthiliborhizaihesSertehex 4H0B. Thi s

gradi ent can be conpensated for during analysis. Another sub- i mal
char act er et pgintllipdesignsd EanaDitxersyAhirescenigs; {idhas frr 1%§PTSK§?%!§/§$TBE3611M
stabild ze_the.m.cr L4l j 18418, L BY findtiodubi ng
i nes.® T CERRUAHTRL EV TSR R i RPed et 00, HPRRREAR cfnapy RSt

addi ti on ®f scaahigBtthd botidne siitieol akliée ahigl with€ydigHebedbDINA. pbes sitting

non-reflective, to prevent scattering of the |aser. beamns. {hal create
AL i o TR SRR HBO S R o LB Y, SOH8 2} Goo A B AT PSH ¢ he
har dvar e t’hﬁﬁ%ﬁdéf‘?{ feg%a%ﬁtiﬂ_@f AT Resh % c BhatdcR@nbh &Figh daneht midrgfluidA

SO

filled wt npl ex Re ution (neg. control, 100Min the back of the
slide hodavéres wsddinauNexpdrincenisare dbngedds 23 Sspamar Number tpeysraiips(IdBr ght ed

down and uor escenge . s, measur.ed cons i vely : i:£ h
varyi o o Gai gt R AT AR b R YT BR ot it Pe? 5000 (38Rt
bl eachi ngs@lonly SHetraetthy 88 depBliPto 4 Meptis obShunaticavimy theahendls dipttlyResof t s
indi cate that fluorescence nmeasurenents_are sonmewhat consistent in a range
of 15m f riomsogiowenerfihe tesohwignohtainedde aiill sulfpigni/for sigoregeerss nsagiFRcalsg
shows a s¢ nng@ﬁ%laﬂgélgscence i mge of the chip in conparator node. The

left hal fror" M 7s a dilute solution of CCP expressing E. coli in

sterile PBS (137 nM NaCl, 2,68 KC, 10..1 nM Na2HPO4, 1.76 KH2P04, pH
7.4) af t dP2Plxi A@ecqr@e&ﬁtioarbema%gmﬁﬂ ’éie’%ﬂpgﬁl?er%gﬁ lcc%‘t‘%oﬁwglrrber s

cont alsni NBlAAH Boifs her sERATRSH Shbatk bRHIsIAEbRIcR ONTs bBYHibh Rkesgence.

The conver eéL product (resorufin) is clearly visible as green signal.

Ri ght haldhipoflosmttaithe less, phcaigdl wibih theplosomfRsidnsdibstwaeeontTolledefoctly t hat

t he out put signal j.s function. of ctj vi .a.simlar experinment was
per f or me P HSitARE fh‘?e‘ﬁ?r‘%'@%tﬁ%%%tgmI%E?‘gls&%‘atéhglél& i's %lk%'!ﬁé(_soéf Iﬁ(gm 3 her ccp
or enhanged;g gﬁﬁe dsHOB &SEE PdsultiE 84 8k BrtiFefar MtensTthgramitiabioed tewhpyt Thisgnal
was only dependent on the nunber of CCP- 10 expreéessing cells in an
i ndi vi duaradi¢rgebebe compensated for during analysis. Another sub-opfimal characteristic of
20 the Genepix scanners is its lack of hardware to stabilize the microfluidic chips when they

are connected to several tubing lines. This effect can be successfully compensated for

through the addition of weight to the top of the chip. The weight should be non-reflective

to prevent scattering of the laser beams that may create artificial noise during the scanning

process.

25 [0272] The effect of the hardware focal setting was determined by placing the chip of
Fig. 30A filled with Amplex Red solution (neg. control, ~100pM in the back of the slide
holder with a No. 1 cover slip as a spacer. The chip was weighted down and fluorescence
was measured consecutively in the same spot with varying focal seftings. Readings were
taken twice to assess any effect bleaching or light activation of the substrate may have

30  had. Results indicate that fluorescence measurements are somewhat consistent in a range

of £15um from optimal focus and then decay rapidly.
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[02741 Figure 32C shows a ANTS conparator and the effect of heterogeneous
m xture of eGP expressing control cells and CCP expressing cells on

out put signal. The resorufin fluorescence neasurenent (Xex=532nm
Xeme590nm) was made in individual conparator chanbers containing E. coli
cells expressing either eG-P or CCP. There is a strong 15 increase in

si gnal on[6273hekig0OP32R shewsi agnoed fisorascengy wwasof the ethp i earhparatpf Bwdeon

the sign r.am eGEP, expressin ells. i 1S 1S.r t i

f1 uor esceﬁh%{e&ﬂ]ra@?;ﬂhﬂﬁ"? I8 ‘ﬂ%‘%gog'étr‘@ ?fe‘g‘f‘g%’\é%[eg%‘?éﬁs gﬁ&ﬁ%ﬂ%@%@g ?@n from
the nedi agnRIREC, [0 BIM ReETIOVEN Mk MR, ¢ MepnWEKERe0AGIO TR agbeditiys
sel ecting a single chanber, and then purging the contents of a chanber to

a col | ect ieastioguity dmitee Red.o Amiersitidiedie chambethaeutainingsinglp aplky LChARGsG |

enabl ing a..ch f . t0 |

cont arf na ftg%&qF@gZ%%‘pWﬁﬁﬁﬁ%t% }rlﬂrqehcggg?#ﬁcégggﬁ%gr e\t%rtélﬁngsl Cg%a?gzvﬁs%lreoc ess,
adilute @i’gys@ﬁg@@l.bmg}ﬁmﬁﬁf salhin:cmds (RBE)ysd| At fem IT)a‘d sabsteait.i Tewplié_,stfhiahlg
GFP was injected intgo the chip. After. . conpartnentalization raoxi mately
every 2ndhe RUPBES ZRa)At afynelon obGELacvity. AWHE FWeTmen,yas P@gﬂ}pﬂ%mﬁmg a

m crosc %ggtéggﬁﬁ%ﬁ%ﬁ&% of 3 UL P RESke W Tk ifh B PUNenh &R 3ebnGnR rEdckher  set,

singl e s were 1dentified th™a 20x objective and thelir respective

chanber s proeire(efiiPye@he pORITEd Thpuipuigmédas ehlysiemendent oh Hectuobdr o fi(ihe

out puts usi ng .pol yet her et her ket gne . (PEEK) tubing, which has |ow cell
adhesion %PEF%%‘B@F%@". mlaéldf“é’tvfég‘ﬁt‘g@fnbﬁ'ngl e GFP 30 expressing bacteria were
confirmed by the visualization of the collected |iquid sanples under a 40x
oi | i merf§28t | BigsradiGehavrse A TS cempantos ahdl thagilese ol heteroggneys ayts ons of

i ngl | wt h LUri aq- i b ith
ther ecoitolP 8t iiod Bomad! &5 alFELP Rk Bl ootk MRl el FHE BP0
of DNA caobgcaickesddsiehient (FeRkfAnal, @dm-so@tmplvasmale imindddlalicoinpadei ces,

it is possible that in future applications individual nolecules or
nol ecul archembers eprtaiping Epeoliedlls expgssie oither putBroe§Gh Thirs 528, [ 0278]

The gglr ng@g § 91f ﬁ’bnﬁg g%%nlﬁ @@-Pcexﬁgégﬁﬁé g%fgsr ag%?r{é%t -\A@t‘ﬁaﬂttle 'éﬁf:ct?mﬂ@' €,

t her ini e no 0or , ere ol uté voltage and current A
limtati cimal ibtvareGHar expreakagells. Clid eatisal akistiheclathpuiwresancessmifsqRIFR), Some

of these linmts result fromjntrinsjic properties of _the materials used for
the devi @@'@%%FW@WE@WS“%%&%@PV&WO& %rthq‘%‘ﬁi%?‘&%tﬁ%n t ol erances or
design limtations. The performance of integrated fluidic circuits suffers
from si m[024#5] iBgeerérydidmmis: chip can be accomplished by selecting a single chamber, and
then purging the contents of a chamber to a collection output. Each column in the chip has
20  aseparate output, enabling a chamber from each column to be colleoteci without cross-

contamination.

1

[0276] To illusirate the efficacy of the collection process, a dilute phosphate buffered
saline (PBS) solution of B. coli expressing GFP was injected into the chip. After
compartmentalization approximately every 2nd chamber contained a bacterium. Using an
25 inverted light microscope (Olympus IX50) equipped with a mercury famp and GFP filter
set, single GFP cells were identified with a 20x objective and their respective chambers

were purged.

[0277] The purged cells were collected from the outputs using polyetheretherketone
(PEEK) tubing, which has low cell adhesion properties. Isolations of single GI'P-

30  expressing bacteria were confirmed by the visualization of the collected liquid samples
under a 40x oil immersion lens using the fluorescence filter set and by observations of

single colony growth on Luria - Bertani broth (LB) plates inoculated with the recovered
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10 6. Fabrication Techniques [0279] The storage array and conparat or

m crofl uidic devices shown in Figures 29A and 30A respectively, were
fabricated with multilayer soft |ithography techniques using two distinct

| ayers. The "control" | ayer, which harbors all channels required to actuate
the valves, is situated on top of the "fl ow' whi ch contal ns the

net wor k obactérimriines Hbiapenshewnthadbingly, mﬁiCQ}dPﬁl‘é?l PNAgaddreedfenlies a control

JCE?].Q? ielonch%{Slfpgglﬁ%[lﬁ ee?z}sto%l;'e%{;y}%ic ABgic oo Et'1 oés%d@ tHHE ﬂﬁﬁgﬁgu phéalf‘l%ns

ANl s can he def cte c or

pneumat i ¢ jedigad hidlecub¥slor Madégirelstsas &y be sriebtéd o miaman]amaﬂ iatthis isshame
performed on the "flow' layer. [0280] Master nolds for the mcrofluidic

er f or [0280] M i
5740) on LV PLon oAUy B e P AL PR b ot R or T Bt 5396

dpi ) ty angpas @cﬂ@eyﬂdsmsihme arb ebsoihan veltsgeomdichaephignsaieyissthermrd dcalege

rounded at 120C for, 20 m nute o_.Crea a geonetr

cl osure. SYP&1t ﬂ‘ﬁfé‘pﬂtéﬁr@esé’ ’fﬂgﬁesf’% B8"H r%%grgtd{%(ﬂg 1?t618%1?\'€05e'ﬂ (1ayers
of two- papf, M%ﬂgﬂs §s!eh'{810t'ﬁ@ detReM, W@'Oﬂ&r@fé;ﬁﬁﬂdnfbﬂ@r faBstatfonaplctdnees or

phot or esi st no he bottom ['ayer of 25 the device, containing the "flow'

channel s, desmpnmatwat &le mztfmxmcqoﬁamgraxe@ﬂgﬂlgglr@nfﬁtsu tiosdtom gRRHa, 1

m nut e. The r sultlng silicone Iayer is 30mthick. The top layer of the

devi ce, cHHAHINY the "control " channels, is cast as a thick layer (-0.5
cm t hick) usi ng 5:1 part A:B Sylgard using a separate nold. The two | ayers
are initially cured _for 30 mnutes at 80C 30 [0282] Control channel

i nt erlfonnect  hdl es Bdelcaheh THIMAEE t hr ough the thick |ayer (rel eased from

the nol d) WZ?‘%}t e’Thg\'g't'ofr%[e abral S &@@ﬂ'x?ﬁato? Lﬁﬁ%@uuﬁé Q@vﬁéﬁmﬂow‘ﬂﬂn tdnon | ayer,

50 aligni he respective c annelf networks. Bondi ng between the assenbl ed
| ayers i Sandeﬁﬂ@orepﬂaacaheigf Wwdabmcmgedweh deliilepy sofirlithograplti terlorigesasitgD

mount od ofYoreI Basq TR6. camtrbiblav, e ABSn BT S8 R Rl
coversl i pg,agi ﬁsﬁﬁ’ﬁ@@gnmpt& tﬁe ﬂﬂcﬂ@'r iag@f BhidH @Rdnathe 5068k of phaaRE eiiged at
80C for 30 m nutes, | owed i ncubation at 80C overnight. [0283]

Si nu|15anecmmoaetﬂrmsivngs ofeated |whep¢ 2consrel @bmﬂeg@r@a@sww eraiwakl he s

acconpl i she fabr at ng ..cont r.ol channe keepi n
PRl omen wr RS dRS e RAREATHE 570 chAleld M HeccliOl b, P! ng
pneunat i Chy dpitﬁ%%%ﬁemﬁadohﬁctg&mlvf o1l BM’gl@il&ssfaggund fididmagibokdondh@ef | ow

channel s scales with th
performed on the “flow" layer,

[0280] Master molds for the microfluidic channels were made by spin-coating positive
20  photoresist (Shipley STR 5740) on silicon 9um high and patterning them with high
resolution (3386 dpi) transparency masks. The channels on the photoresist molds were

rounded at 120°C for 20 minutes to create a geometry that allows full valve closure.

[0281] The devices were fabricated by bonding together two layers of two-part cure
silicone (Dow Corning Sylgard 184) cast from the photoresist molds. The bottom layer of
25  the device, containing the "flow" channels, is spin-coated with 20:1 part A:B Sylgard at
2500 rpm for 1 minute, The resulting silicone layer is ~30m thick. The top layer of the
device, containing the "control" channels, is cast as a thick layer (~0.5 cm thick) using 5:1

part A:B Sylgard using a separate mold. The two layers are initially cured for 30 minutes
at 80°C.

30 [0282] Control channel interconnect holes are then punched through the thick layer

(released from the mold), after which it is sealed, channel side down, on the thin layer,
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10 of the control channel, making it sinple to actuate 100m x 100 m val ves
at relatively |ow pressures (-40kPa) wi thout closing off the 50m x 100 m
crossover regions, which have a higher actuation threshold. [0284]
Introduction of fluid into these devices is acconplished through steel pins
inserted into holes punched through the silicone. Unlike m cronmachi ned

devi ces naltgmimphe resBeddfve sherhehngteioris. Pauiding betweghthvasiegdedisyeisds,

silicone is sof.t, and f ' seal ! opS ,ri.eadi |y
accept i ngacﬁ?lggéﬂ"re d yé’iugégﬁlegde%%g%ér %%tdﬁgﬁ%%{%éﬁ@gléf?‘ﬂ%@u%r'lii{éeont rol |l ed
ext ernal galignohiitilajerdsviatd awcaclouddd Mid mdummed ¢ RCexdeanediv.dh 25 mmt ur n
al l ow conpl ex addressi ng of a | arge nunber of m crqval VﬁB §£,0285 idic

] E
Ci rcui t's THHPHeI 2 GAVEFIE PINKS GRYISlRsSPHe@liipath bl P e P 20
sol veqt s rbgfe Jhdgcglééd HU0AE forl d@éﬁ&r&ﬁes?fdlfbﬁ}ﬁa'lﬁf inﬁﬂaﬁ@ﬂﬁt 62 &%@%ﬁ@ct ed. This

i ssue”can ressed by the use of chem'cally resistant el astoners.
Surface effects _due to non- specific, adhesion of nmolecul es to.the channel
val |'s mayl 083 %Wf’ﬁ%ﬁo%fggfeﬁﬁ‘égo_ Mﬁgn@r}—cm&w% Pwﬁ%‘aﬁ‘?ﬁ%&u ons to the
PDMS sur fﬁ&&w&%@é@b P REEnE SHATCRA R b A VAryThE wdth WitleGehingUhd S 1S

anal ogous to age currents in 25 an electronic circuit, and is a
conpl ex plmaonenofihe Aowethrane faed (M0 oR vedmamhiumahishy The prewediir due to

di ffusion of snall nolecyles throu the e i This . is
ot an | ERamandis P! Hafieh e s SBsP Rl Rl kPR sy M AL MEER ' §
the eyanplrese cdnfrol hasn¥OmiskinBut sisplSRMR a0y B00aNd 1pe phovileecs relatuély enent
it may beconme limting. ] Cross-contamination is al so a, design issue

[0287] O
whose ef fles peeseEns béogf@)i it cloping it the 3088 YA 0Q HILGHOSSONPY Fogiar WRICh cui ¢ .
In the 2 %:é“?h@%?{&’@a%h‘ﬂlﬁmﬁ%@’ conpensati on scheme was introduced by
o) e

whi ch ea our colums 'has a separate output in order to prevent
Cross contamnation duri the recovery operation. fluydic,circuit

conpl exi 19281 iIﬁB'?’%‘éFé‘@@,O?glPW{]’inEf’r&G%"s G it %@Ompﬂﬁh@&r%hisf?eb?@ér to

obtai n hi f | s dofk t s : abdised Bhdd®miter i al
and fabr :l%g{t?cg%lt(?réglﬁggﬁ cgzggégg%)ﬁ%ﬁ ﬁggéﬂdo%zg’g}lﬁ% %&Eg{ﬁgﬁ%lg?i onlal Ipower of

t he nenobfhaddnaengawitharhighiVpsng's ndbduninseslitomems sefhendfirmstatighd s¢alt egr at e

and control ny, flui.dic el.ements. on a single chij For...exa e. 5 the

i 1 pl eXOHE SRJOR IS Freig Gete e st B5op fiys SRE A Rl BT 1y ar ge
nunber ofonipiEeREALSING ShGANbEnoTdWavRaF Stsflof B nvatipRRbRMAICchaA of
recovery of "individual sanples, an inportant requirenent for high

t hr oughptwn sieoweninplpxaaddressing of e fiarige hmader ofapisréedtdsons. It may al so be a
useful tool for chem cal applications involving
[0285] Fluidic circuits fabricated from PDMS will not be compatible with all organic

20  solvents - in particular, flow of a nonpolar solvent may be affected. This issue can be
addressed by the use of chemically resistant elastomers. Surface effects due to non-
specific adhesion of molecules to the channel walls may be minimized by either passive or

chemical modifications to the PDMS surface.

{0286] Cross contamination in microfluidic circuits is analogous to leakage currents in
25  an electronic circuit, and is a complex phenomenon. A certain amount of contamination
will oceur due to diffusion of small molecules through the elastomer itself. This effect is
not an impediment with the organic dyes and other small molecules used in the examples

in this work, but at some level and performance requirement it may become limiting.

[0287] Cross-contamination is also a design issue whose effects can be mitigated by the
30  design of any particular circuit. In the 256 well comparator chip, compensation scheme
was introduced by which each of the four columns has a separate oufput in order to

prevent cross contamination during the recovery operation. As fluidic circuit complexity
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conbi natori al synthesis, where the nunber of products al so grows
exponentially. 10 7. Segnentation Applications [0289] Another exanple of
conput ati onal power is the ability to segnent a conplex or heterogeneous
sanpl e i nt o nanageabl e subsanpl es, which can be anal yzed i ndependently as
shown in the conparator chip. For exanple, a |arge scale integrated

mi cr of | uiiditieasedpsimdler destgm miesive llsivolma in prder guetsaisdiglicparfarmBacedsPits 8 t o

isolate desjred c onent , of 15 het.erogene ] . a first step,
the heter H@’éﬁé)é’ﬁé)?gg:rﬁﬁ .Clﬂ%ﬁﬂq‘%e’%é aflgéa?é'ﬂ:g‘ﬁ%l\}\n%%ﬁ%ér%é%g&ﬁ ﬁgg%ér pentine flow
channels, with the heterogeneous m xture sufficiently diluted to, 6 ensure

t he presdf288]of Thocppetatitizm pover eidheBleaosyand GorBRATAioE AlipR & drsrver digm
conpart tal.i.zati.on val ve f ; , dx4h

verti camﬂ%%ﬁkg‘f {0 %131:;131?? %‘f?oggggrﬁaéggug@%%ﬁe&ﬂ@? 3%1@%&&35%& }e{d glg’gmsnt S
in thg senpapififlexddconpdferdhtionekpecifesdiréssingrafeg akpamhiinlpiegs owmbdr afhe
various segnments indicates the presence of .a%%esi red entit \é\at(ylg a
parti cul drdepsga@richambers. JBEPSHRIEIRIFEVESBRYGEPT M IZTNE LU BHY 01 | ect ed.
In the enhod i) bRed fof hich ShrbIPRIuk 8berdify AR Sthbhéiriiient one
How onatn ?égféﬁﬂ{‘ﬁ&ﬁa?g‘%?%é’?ﬁ‘gtfﬂ*e& b Tpg ni‘?’\gif?gerrpty or filled with
buf f er t applitaions.oltinexst ilsmbe ohisefhleodiefor chenisak dpplicativse mmvolving

csay! ng CMFBI bRt SO R PR LN P i SHREFR) os

accordance wth enbodi nents of the present invengi on can generally be
subdivided into two categories. A first category of heterogeneous m xtures
conpiPses parti €l esSegmentatioayuwdicatronsi sting of such particles includes but

is not limded L0 rokar } Fgggy | I j s, and
beads or [gﬁ?zr %8?@%?.%%@?[ ééét’f&o S%t?%niag es.“ggle[cagglg(g]tésee exgﬁg}ﬂ éc")k?&such a
m xture obtepdehbehsaanipds inkssayagtgblesubsanniies, agérenude analyread Bdeperidiantier i a,
each harboring a plasm d containing a specifi cwwfeq%e(gce |ﬂnc.ud| ng a
gene, a gt ifofle4OBPARIOTSAID JifE CSEHE %iﬁ%"e &GS HECFREP e assay
could s e'd%&ige :(Slg([ehnéspsﬁl?%gﬁ  FigufMAL A0 Be hﬂﬁzﬁﬁ%ligﬁﬁe B RSNt §1F

exanpl e by cteria harboring the gene encoding a particul ar
enzymg omheeragentoustthixturee$ub fisst siep, thhdetheegeneoistsamplascouldbe Apwad dowar

R R e T

ﬁ; br ?ggﬁgﬁ%{% Pfé fr8ddnde off H@nﬁ?@ﬁaﬁn B8RS EQPREna, ot BerhBivitieae coul d sel ect a
compartmentalization valves. The flow would then be halted, and the vertical
compartmentalization valves actuated to create isolated segments in the serpentine flow

20  channel. Where interrogation/inspection of the various segments indicates the presence of

a desired entity within a particular segment, that segment could be purged and the output
collected. In the embodiment just described, it is important to note that only one flow
channel is utilized, with the other remaining empty or filled with buffer to allow collection

of the desired entity absent cross-contamination.

25 [0290] Heterogeneous mixiures susceptible to assaying utilizing large scale integrated
microfluidic structures in accordance with embodiments of the present invention can
generally be subdivided into two categories. A first category of heterogeneous mixtures
comprises particles or molecules. A listing of such particles includes but is not limited to

prokaryotic cells, eukaryotic cells, phages/viruses, and beads or other non-biological

30  particles.
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10 that expresses a specific antibody. [0293] Still another exanple of a
particle mxture for assaying by LSI mcrofluidic structures in accordance
with the present invention conprises a heterogeneous m xture of phages

di spl ayi ng reconbi nant protein on their surface. The assay perforned on
such a mxture could select for the phage that displays the protein with

t he desi r{e2otjr aDhsexabiplp 0294 aveixtaneif hertictos dppiseaiong & phateriogeneons xt ure for
assaying by LSI mcrofluidic structures in.accordance. with t resent
Movent | ormiappf SRl retdBhu AR e oo DS U5RB06C DA RedBr L Th
si ngl e my}acuhe at%)éi?@, aSHEMeASo A RAL! 4CHhROIMQbQIdNce DERGLA. dhidssaypepti de,
or organic nolecule. The assay perfornmed on such a m xture could select the
bead t hatcoilksl setsat @d tha hastarheontiining the desirefl PR spabees: fergxampkdy 02951

enboa? nont@ GhE PRELEF wERRS b TCHUE L ERUE BESRIITRRM B et

assays on, hetRepgengus m xtures of nolecules. DNA lends itself to such an
approach, due to its inherent capability for anplification utilizing the

pol ymer a ai £3CL | : [ -r%qgl' ' stream
met hods irg%/ﬁie zgrbc%ﬁ?reeé{laﬁglé ﬁ%@%;ﬁ%ﬂﬁ’i@or%&\% tr L1 ﬁ%mﬂggw‘]

transcri ptrignfet fransioadanoa with3he presére irarepliof cedptisaspl lateogolceunine tufe0Z96]
One exanpl e of,su?h % m Xt ure fof | ecul es for assayi iﬁ a.creter eneous
m xture GRKAyRlicGellsy 1RF REHY RErIOER ot 3¢ (f‘orHP‘g‘?rﬁicﬂ esie[]e%g? N Oé‘?ae%éf? genes
or chenes,Rtxhil&es §pRiFENMRILAGY | owi ng anplification and in vitro
transcription/translation, the"assay could select for the tenpl ate whose

pr oduct ein), exhi biting desired.trait(s). : 7] . exanpl e of
il - RGBS E ST o e S e N S G b

accor dang@uithiel irt LORTIBEEWithithyY SiRbd:R hveaiiPH t&Rprices hdlcesroganreoumintusctafr e of
53 linear or circul ar tgrggl ates of sinply various sequences. The gﬁsay

coul d sephages tlisplaying reeempinatiedralsssen tepisuipesd Hreoasser PYICIOaRTE &5 t he

desired trait. ) .ol . f
assayi ngbg sy e f g DR S AR T b R B AR St
i nvention conprises ¢cDNA. An assay could be

5 perfo rrgg wWhi cg sgl ects the
cDNALZ | oH29¢ho St anpihey ¢xagnnioRig PEfickempixfurg f%cﬁﬁ%ﬁtﬂﬂ%{w Livygdptdide) has
t he desi i . YRRk dmlect Thxd MEBudeQr
assayi nggtﬁ{/hllg_r%él'a{nrﬁ[Qc g?@?ﬁgﬁg‘hf@ s%}?%eélf? ures Iﬁ\(%a{gg%%ggnce ré\néeinh the p‘r1 gsent
i nvent i obeadsngach sesed withxt single afoledaAypd hech assEaytioded protdh, ewcleidwesidRNA
tenpl at epéAin%E,e orporrge(ljnlig Eno(l%%. thep ars(s)zg,yepl)er} oz'ren)e(a Io%'stugh yrlneixmre could select the

bead that is coated with the molecule with the wanted trait.

20  [0295] Large scale integrated microfluidie structures in accordance with embodiments
of the present invention can also be utilized to perform assays on heterogenous mixtures of
molecules. DNA lends itself to such an approach, due to its inherent capability for
amplification utilizing the polymerase chain reaction (PCR) technique. Once amplified,
downstream methods may be applied to the DNA, such as in vitro transcription/translation

25  of the amplified template molecule.

{0296] One example of such a mixture of molecules for assaying is a heterogeneous
mixture of linear or circular templates containing either different genes or clones of the
same gene, Following amplification and in vitro transcription/translation, the assay could

select for the template whose product (protein} exhibiting desired trait(s).

30  [0297] Another example of a molecular mixture for assaying by LSI microfluidic

structures in accordance with the present invention comprises a heterogencous mixture of
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10 desired trait. [0300] Another exanple of a nolecular mxture for
assaying by LSI mcrofluidic structures in accordance with the present

i nvention conprises genom c DNA. The assay could select the genone or
chronosone that exhibits the desired trait, i.e. shows an anplicon of a
certain size and/or sequence. 15 [0301] Large scale inte rat&d qic&lofl uidic
st r uct ur e§ngan onelcGHedREe AR H SERPIY dierelt SIUGICY heEprSaL ATUIR SEEH PO coul d
al so be utjli : WhdesPXtUres conprising ot her
t han nucl ef@lgatgi(‘i’&%ge %?flgéﬁ%ﬁgax%w@cﬁgﬁ@m Xt Ures of proteins such as
enzynmes coul d be assayed, as. these | ecul. es uld vield Si: e

anpl i 11 callP88] ot fePe aBPs ol mglowab R tedct %%%8%85_2’5}%&6%‘?% S¥r'8ct for
the mol ecylgud i doBeradfsl &8 HAGHEKh! MverRRARIscS BONAL Sh bisay LOSAZ The
foll ow ng techni ques maybe enployed to detect the particle or nolecule

bei ng %epperédredd odtichusdlédty iheg DAVA Slonaindrost tplified dINA puABalipio@ctor dance
with an nbodi, me t he %)Sr eagrg} i nvention. Beads, Prokaryotic, and

t, qf
Eukar yot i #* tgqn{gepﬁgg,) theyd

UEE 84"y either |ight m croscopy or
fluorescence. Very small sanples such as 25 phages/vjruses, nqgn-anplified
DNA, pr ot B2A9] akdiopsperaeplemdy brleadarapiipe £Taeta50g %LgfmﬁPgE’é&hce

techni quegﬁ%l\@ésgﬁ\a{a%{:%rd hcge erﬁl?th%f e ﬁ%%#tf‘o%tcroﬂlﬂ?ﬁﬁb H{iﬁﬁ}e Si"flﬁm}i\ The

t echni que uorescence even 'singl e nol ecules to be

det ect ed. ;dD303]d feleutniemnROTA asspiyie wimgbpraduct (0N or prateind exhibitsiheci fi c
trait of an entity being separated utilizing an LSl mcrofluidic device in
accordancéesitpd Hathe present invention. 30 For exanple, various binding
assays may be utilized to detect all conbinations between DNA, proteins,
and pept i #860]( i Amother exanple pf otneileculdiitixpire fagiassaydigrb DAL migratleidi. 54

peptide etc.). Exanples of binding assays..include but . P m to
ELI SA, F@‘Rczuf%f& agbargangg ‘6@? Qﬁwgsef@%%]sﬁ"%’f’f“c?ﬁ%sei Snopiis WA3§%£ y be
utilized é&é@&?&@%h&é&%ﬂhﬁ% HRANGSH citRatxhiditg Be desis@mpiteise. ehiowsih changes
detect abl e by functional assays include but are not limted to, 1) 5

enzymat i camplrooowé coftaia stmsreofifarsequssent substrate to a fluorescent one, 2)
enzymati c turnover of a non-chronmagenic substrate to a chronageni c one, or

fromigne gabgr 1.ergeapdt Mabgrafet reidzofdit eirhatiure tenccgeatratiithgnsbodiments
chem | um scent signal, and 4) autoradi ography. [0302)][11 Honbgeneous
sol ut i onsofghe prgpend ireyestipe cawd alsorheyribized oah M AgEAYS O Bplgolar mixtures

comprising other than nucleic acids. For example, molecular mixtures of proteins such as
enzylﬁes could be assayed, as these molecules would yield a signal amplification due to

tunover of a substrate. The assay could select for the molecule with the desired activity

20 and/or specificity.

[0302] The following techniques may be employed to detect the particle or molecule
being separated out utilizing a LSI microfluidic structure in accordance with an
embodiment of the present invention. Beads, Prokaryotic, and Eukaryotic cells may be
detected by either light microscopy or fluorescence. Very small samples such as

25  phages/viruses, non—ampliﬁed DNA, protein, and peptides may be detectable utilizing
fluorescence techniques. Moreover, the use of micro-electro mechanical (MEMS)

techniques may enable the fluorescence of even single molecules to be detected.

[0303] A number of assays may be utilized to detect a specific trait of an entity being
separated utilizing an LSI microfluidic device in accordance with the present invention.
30  For example, various binding assays may be utilized to detect all combinations between

DNA, proteins, and peptides (i.e. protein-protein, DNA-protein, DNA-DNA, protein-
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10 anot her through diffusive mxing. A nunber of applications are
susceptible to these types of assays. One exanple of such an application
is screening cDNA |ibrary clones that have been separated for the presence
of a specific DNA sequence (i.e. gene) or function. Another exanple of
such an appljication is screening of chenical librarjes including but not
limted teephdpeicde Hxappdes didindingamnys inplude bpieare ppy lapited to ELIS@Q%&ET,
l'ibraries, ang. s8L1, illg nol ecul es such as salt solutions. The chemcal
libraries nmay be s Feehed for specific functions such as interference with

an enzymatic reaction, disrupting specifj.c binding, specific hinding,
ability t @3@&1; _aew%fumf?rfiwsaﬁs BRY P 8&@%@0%@#&? PhmpPE lipRgesdipfarest
sol uti onspyan@hkd dich €h i gy Boi@Stae YT RNA asbHA3 W &_ﬁraréﬁ&ggﬂﬁﬁ o0

applications call for s i vidi ng a”honbgeneous sanple into al 1 quot s,
t hat &an duigymaid (ureales epamnan-dlupresid silsttetsdnddhioreshentiona) 2)netziimdse  For
exanpl e, a Iarg%.scalﬁpinte Lat%P nigrofhgjdic deviceéguch as js shown in
Fi gure 30YEBIFPT PETHYIPTZEE!T SUOSHRELN 2 CHOSLER AP I OB APF £P 08 (Df  a
honmbgenousiotiex 3y kBz RN atXRBEHELodRratiiB R hemi e @Bkt faattaats. In a first
step, the honpgenous sanple could be flowed through  an el ongated fl ow
channel s.2utfigdipgiéphsioul d t hen be halted, and the vertical 25
conpartnental i zati on val ves actuated to create reaction chanber segnents

i sol at ed {0308 Hasbgaidaas solioiis of aadlaud ibytandes GhgnbCsthecnpe apaiastdnkf eri ng
fromeach other in identity or concentratiqn could be flowed through a

r espéft i VEOMELRIQUERHERSIVe MiKias 4fnumier ok gprlipplons aip quiceriEblaio digspiypes

deact uat i i i r Aal: i l1t.i.00
Change i 5 Fha’s: R PLEEMERE BB Db Rbith i foreahBE LR Rl ciBndsRBil bl 0
entity. 36eq @poiled for thehponogenebuspesdgridNAadejoemcaipé.igeas) @mfundifon. s possi bl e
to performa | *m screen, i.e.. screen one hopogene sol ution. agai nst 256
others | APRHET STRIE G St iR lieeionss Sefgpting Py SiemicHI R gtRiROROEE b
assayed n§t hAaceth pfdk 1iBRRie3 SRR MoldclRIHrA&, bRSoR& MirEried AR EmalNext ,
the chanbers are conpartnentalized using the sandwich barrier. [0308] Now
it i85 poswildsutesisucidesnshlicmotiitionad The didnfiesldibrarsesinuay omsdredned tfhrspebidivber s of

t he sub§t rﬂt e seépentti e USi ng t he nmul ttj pl exers.. I n .order.géo .a\F/Hoi d

pr obl ens WHCFAISCTUSE &5 ETAptench Wab o fRampiS IPiing: GNgrEps SRccinbiafingat i on,

t he sandyge@iﬁcuﬂﬂaihg,ramw t6 chése cHRENNRIRE Jf PAefnWPsrSAPRLRIElY Ives, one

val ve conpartnmentalizing only the substrate serpentine, and a second val ve
conpar t niHutignskiahyity hesaseps eswsitpient i ne. [ 0309] By cl osing both sandwi ch
barriers to conpartnentalize both the substrate and sanple serpentines, a
di f f er enf0386] utir sepyehiatibmbpsidugan daltfor eddhvidingtahenZfpinéSamplaidio

20  aliquots that can be analyzed separately with independent chemical methods. For
example, a large scale integrated microfluidic device such as is shown in Figure 30 could
be utilized to screen these individual entities of a homogenous mixture by exposure to
many different reactants. In a first step, the homogenous sample could be flowed through
an elongated flow channels. The flow would then be halted, and the vertical

25  compartmentalization valves actuated to create reaction chamber segments isolated from
each other. Next, a variety of chemical species differing from each other in identity or
concentration could be flowed through a respective flow channel to each of the segments,
and then mixed by deactuation of an intervening barrier valve. Observation of a resulting

change in the mixture could reveal information about the homogeneous entity.

30 [0307] Inahomogeneous segmentation application, it is possible to perform a 1*m

screen, 1.¢. screen one homogeneous solution against 256 others in the structure of Figure
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10 the nmultiplexer for fluidic routing. For this purpose, the sanple
collection ports may be advantageously used fluid introduction instead of
the purge input. [0310] Once each of the 256 rows contains a separate
honogenous solution, all the barrier valves and the m xing barrier nmay be

I d. This | oadi is foll d by, ' .ei ther th bst rat
ser pent | nE0Abr Fisinibieolséiop énbe peaaetin [eHE S fikied aerageip B &g S Soqple

Decoupl i nﬁllthS. I\tl'es}&ftﬂé c{%}\tﬂg Zgé&\flyﬁlﬁ]ﬁhﬁ,@nm{z@! %@Ng e shiBvisHBatlcat € serpentine

to remai n"¥conpart nen i e new fluid nmay be introduced into the

sanpl e serpentine, filling, th 56, adj, acent cha [.S. W

honogeneol#$08l uf@w 1By I?ﬁ?é‘gﬁerﬁj dt%ﬁée‘i‘ﬂ %a{%aﬁgfg«?rwtesp ?{RI Eégioetbggﬁqnﬁeg cs)ftr}'?%y be
per for medg v, gL E&Jﬁ%ﬁﬁ% USingl (19 mulli@dddes. A adradiareidtproblems Wit @bssui di ¢
device in accordahce with the present 20 .invention conprises gbe

mi cr ofd ui eintarfihaetiorcimsimegingendesk poraminaden, thy spndvdeybyier satt

mcrofluidic control channel for ' . ' Qict he first
Tayer . ¢ niepries s St ten s s EpaEaRte aughy BRLARERlnch e

m cr of | ui gigenfih@winghasssld Wlvecdnigasinentdizingahabireplheatpeaties. A second

m crofluidic control channel is adjacent to the first mcrofluidic control

channel aidoser &g‘ioﬁg}%ﬂ&ﬂ‘sé{%%g?ﬁe@tS cofhbuilbfraBnnbsainchasnet by a 25

second d rane. An enbodi ment of a nethod in accordance
with the @ngsessipdnbivedti diffefeor soldamtmay bé ingrofihead infe eachiof thefd5girgive using

truct ori ses, anpl yi t trol channel of a.first
R T S S R R T i S
Tenbr ane, , iBeddialy e Abld BrolRARAIMAIDMUR pagtathuitnt 0 the I ow channel .

Wil e 30 pressure s maintained in the first control channel network, a

pressure j pplied t C rol channel el

et vor k- saBufiat buct sisthaie Pt ol s ORI B RasRur® AR SRR AR
menbr ane, ,$860 a8 bnd 1R HREONBarABRERDE closedeTHie bdadihg intfolland isemirging56 t he
control channel of the first contraol channpel networ O\1/1\}“1i e mai nfai ni ng

pressur e dithet the sulsdnate ssrpatiag geFangile seraetBeHih @’ﬁﬁf’r‘%il ¢PARATIRYEEL wor K,

pressuyre jin t first ntrol . LSaik € ghathat the
e T
enbodi merjon@faritmefiativef ahlle aaathid may bt inteodunedinto titamamplaerpentine, fflisgent 5
i nvention coggri ses an array  of stor%ng?e | ocat ] ngs def i ned

t

pl ur al i t yhe?5padiataubrhambesn ERaifal LomBeREY oA §Y£P§B@§ﬁggm?’f}%lﬁﬁ)%ﬁ?“of

G orage 16atrSAEBE by A LR Rle. £ 07, (o1 At i ng- The stor age

![ ﬁfghigﬁns{bsﬁf ! Afltem%lcjnldltnil nlt% grmigrtorﬂlljltccficl:J (ricevici;esmca%gcfnidgrlféee\gitﬁ hARUELE tlow

20  invention comprises a microfluidic flow channel formed in a first layer, and a first

microfluidic control channel formed in a second layer adjacent to the first layer, the first
microfluidic control channel separated from the microfluidic flow channel by a first
deflectable membrane. A second microfluidic control channel is adjacent to the first
microfluidic control channel and separated from the first microfluidic control channel by a

25  second deflectable membrane.

[0312] Anembodiment of a method in accordance with the present invention for
controlling flow in a microfluidic structure, comprises, applying pressure {o a control
channel of a first control channel network separated from an adjacent flow channel by a
first membrane, such that the first membrane is deflected into the flow channel. While
30  pressure is maintained in the first conirol channel network, a pressure is applied to a
control channel of a second control channel network separated from the first flow channel

network by a second membrane, such that the second membrane is deflected into and seals
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the first plurality of parallel flow channels. A second nultipl exor
structure configured to 10 govern flow through the second plurality of
parall el flow channels. [0314] An enbodi nent of a mcrofabricated one-way
val ve in accordance with the present invention conprises a first el astoner
| ayer comprising a vertical via portion and a seat portion, and a second
el ast omertht ayeirolchamprel of ihg fastfcbetodhanne mbtvemk. Wikite hhiokdining prassurbrimfe has

an integral e an noni nt egral .end, the nqninteqral i n_cont W t h
15 the SeRnpbErGH Gt womd ik Shunsbrdeproereath i oS0t Paia RRk Y

via portiQig.did ftesked Buchl thrthatitsy &aha MBRinsAlefiaciad aitoild sl ehadael.ce in
accordance wth the present invention, conprises, an elongated first flow

channel , a control,. npel . owverl appi | £ .

channe! (837 A8 BT OFF (o BHRioRRR M by SpOREAE ) BRpriskY ) e
to dekl eGhvéntbof chipriedsamaatgd kiorsde [bEAiNne dafimel byt oficke plunalitl/iof phradield 20
second segnments of the first flow channel. A second flow channel is_in
fluid corfrmplemnplsnripeenal fea saopad pblé@lﬁﬁr@fpar&ﬁ o phangels chReRRRe! | n

fluid conmmuni i WM t SHTRM - i ; a
met hod i ¥ 03@%@?% g%gaedj Xv&*ﬂtot tﬁg S%?%ggg%a%ﬁ%v e ntcﬂiﬁcr)l % Qi? %f@&a}ﬁg g ?Ig?? gdé qgilﬁetggnt s of
het er ogenkesisraga lpationsc Qfirstmestip ek ovitngtac savpfiguredip gowirn dlow2@irough

het | enents d first elongated mcrofluidic flow channel. A

it valtbeiioyBkrgTRG: PHalT st SERBAGarutrep oM LRSI e D

def i ng fig;?gémeﬂ%ﬁﬁ&&%ﬁh@@&ﬁﬁﬂgﬁxrali@kﬂ%‘%&dﬂﬁiﬂé\b%hﬁﬁﬂ'eﬁ segnment contains a
e het erogen

first el nt of t ous Sanple and the second segnent contains

a second nt of .the heterogeneous s le. [0317] Al r hye
mbod medS - ahRPBPOTRPGPES BEUP e A cRE el s e R R e o

i nvent i Ry ITRTERRS cothpPiBbLLilsy BlaYvadd [Be6 alhRisis faeichibdabbaiondetlianed
wthin elastoner material. Afirst flow channel is in selective flyid

comuni catateariing And meccoBd cksiormey éasico eampuFing Alsutte mepdrans. The 8 now

channel is in _selecti.ve fl ui j cati i ; aLpon

t hr ough gleé%bég%egﬂ%;gwg{%gi%%ngafa\%Hgﬁﬁfgg}aa%gﬁ@ dg% hgb%@gﬁ%gﬂ‘lﬁ gggoé{é%?dance Wi th
t he psesentschiy@tibh @l Eaifigusel el defleyted 186 angeamddertmbviarpongoa material in
a mcrofluidic device, conprises, 5 providing a chanber defined within an

o2 o AR R Sk FEUREHIAAH ool keresbrlinel hayaroer
sel ect i vetogeitliovediofy amprives, aharapstdiisugiw shapechndd uabngol ¢channdecond f 1 ow
channel . ovc?rlangnV\gﬁglgle o_ngef;ttatli %(r:sttifg%/ (\:{'1aa|m\{§1 térd% 1;1:5, f{ 1t15L% rvgivc structure, the valve
structure configured to deflect into the elongated first flow channel to define first and
20  second segments of the first flow channel. A second flow channel is in fluid
communication with the first segment, and a third flow channel in fluid communication

with the second segment.

[0316] An embodiment of a method in accordance with the present invention for
isolating elements of heterogeneous sample, comprises, flowing a sample comprising

25  heterogeneous elements down a first elongated microfluidic flow channel. A first valve
overlying the first elongated flow channel is actuated to define first and second segments,
such that the first segment contains a first element of the heterogeneous sample and the

second segment contains a second element of the heterogeneous sample.

[0317] An alternative embodiment of a microfluidic device in accordance with the
30  present invention, comprises, a selectively-addressable storage location defined within

elastomer material. A first flow channel is in selective fluid communication with th;:
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[ 0319] As nentioned above in connection with Figures 23-25, enbodi nents of
10 mcrofluidic architectures in accordance with the present invention may
feature valves structures configured to deflect upward into an overlying
channel in response to an applied pressure. Such an upwardly deflecting

val ve may be of considerable valuye in creatjng ,lar cal e .integrated

m crof | ui W@%t@‘@&f’ﬁﬂé@‘?g}’[ D8I %r?@%‘?‘%jt%‘?’r’dicé‘@%tehlé Hb%?j%‘iﬁe@ fg’l“lls_ol id state
devi ces syt QR Rn ML A0 RIS frodsh ¥RSoR! Gl &l enabl i ng factor of
the integrated circuit revol ution. Sem conductor physics allowed the

design of transistor t i ghl ngi neeyr ed qr . properties,
includingﬁngggedylﬁﬂgﬁﬁ%ﬁ% ﬁﬁﬁ?%%%? %ngﬁnfﬁﬁﬁﬁhﬁ qggﬁ? VSQ%Hb current
and br eakgoup ¥R/ ki andYb&vefihy b Ghafferdte Vi & BSc@neidRON e, é&ﬂ]pfigesyse simlar
technol ogy and ideas to launch a simlar revolution in bjiology and the
life sci eprosilingochader fefend vithigen;alnstamertedierialc Aompigrial i seleelvalYs, the
fundanment gl _c 0 i val v J 1 fluidic
mani pul at ﬁ%‘ﬁ?&)%? E}%rr%glg\é%ll tklho%%gg nfﬁjgtc aﬁ%enﬁ%bn@?%\g% Cﬁ‘@%é&?@%ﬁ%{s&ﬁ%@&of t he
val ves angldcfiesly fRevdidtsmigechadbler Beowshikeesecsitiepalvaint hseconieflevahaemdl. of a
theory of "device physics"” for these new technol ogi es. Sone of the

anal ogous performance criteria in fluidic devices are size, dead vol une,

channel 25 di ”E@.SiOﬂfwaﬁ?}—ﬁ%ﬁ%@tih%’f/ﬁ%%&@hite%fh@e303' abi lity. [0322] The
i nportance of the performance criteri

_ ria depends on the application. For
el ect r oph@B 9] c Asepartiansdaboap ph coratectors with Féguaed 23-35,| carpditperty 06 f

[ i terl%t ur e. showi.n ow , el ectrokinetic fthui d A rlmli1 elﬂLiaﬁi oncf%atﬂreb@ahysed to
met er' Yand™h] lﬁglcgﬁ’g\lﬁe(’tgﬁdﬁ%‘:% angep yiifp the pres 1‘ée_para I R8T U S Powever ,
these netdedsral @nAghredenesMct Bpwatsiatd fiewedlBglthaitel iBRspanend enbpgifedt he
particul ar properties of the working fluid and are challenging to

i mpl ementprodsere. theh enapwarbygefsetips yabye eyt apficoasidereble valypdperpéingr al
fluid S%a%%@&ﬁ?hﬁ%rgﬁd?ﬁh%ﬁu@c 'dt?m];n?regse a nmechani cal valve, and there are
a

many exarnpl®eés o Cro ricated nmechani cal valves. See, e.g. Shoji,
"Fluids for sensor systens", Top. rr. Chem 194, 163 (1998), and Kovacs,
"M cr omadA?HYEd Eﬁflé%ta@éség éheswe?@éségqiw{ statgydeyisey sch ps 8@9@%&@3 %ﬁ%ﬁhﬁ“&ﬁ whi ch
are i;acorpQr jer-ej -al | SQerm; :

N ondT T € R g B R IR Sermep ARy s

L: It hogr apliytved ﬂt;Ja daIER &&&Fsiiﬁﬁs \@ﬁﬁ)ﬁfg)hly bnginﬂepﬂi;;aatr)wnblycermbgmﬁna endledivgn f or
all purposes, nger et al. have.shown how to fabricate integrat

rechan 6 PoaPORE SO THRGT: SHECEH MR oREA L o Eh IRt (i RALTT UOREE: Lar ge
Scal e | Nt\eRFFHIGR dovietd £8a8w4Mcd28Vsd&thilar technology and ideas to launch a

similar revolution in biology and the life sciences.

20 [0321] For these integrated microfluidic circuits, the fundamental components will be
valyes, pumps and other tools for fluidic manipulation. Working out the connection
between the basic physics of the valves and their performance will be a key step in the
development of a theory of "device physics” for these new technologies. Some of the
analogous performance criteria in fluidic devices are size, dead volume, chanunel

25  dimensions, actuation pressure, and scalability.

[0322] The importance of the performance criteria depends on the application. For

electrophoretic separation applications, there is a large body of literature showing how

electrokinetic fluid manipulation can be used to meter and inject small amounts of fluid

into separation columng. However, these methods are not general because they are highly
30  dependent on the particular properties of the working fluid and are challenging to

implement when there are complex plumbing requirements. A more general fluid
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(2002), also incorporated herein by reference for all purposes, Thorsen et
al. have shown 10 that these valves can be used to make highly integrated
chips that are roughly equivalent in their conplexity to electronic
integrated circuits fabricated with |arge scale integration. In "A Robust
and Scal able Mcrofluidic Metering Method that Allows Protein Crystal

G owt h bymimiipelation sslidaeisbb ifamsmectianidal ealve,Natl therdemdnaiBcexangdesi®@531- 6
(2002), incorporated by reference hereipn f.or..all .purposes, Hanhsen et al.
have_Shoviemab i eLEea ] o srod ol s AR Bt v it dPat i on
schenes that, ppLEr ANds T8 dEPERISR! "MicrohihiRiionahiduesrsFoukdeostor Ki ng
fluid. [0324] T‘%{ese éFGaﬂ ome)pi c val ves have proven to be valuable in

appl i cat iMnErim¥all (199§), bothcefsvligh arcahberpenateddu rgfarenselbictsdh &tk TPOEBDweVer
t he physical properties of the valves do not scale well, in the sense that

the agtughs®i] PrEIYEAEIS b fEated VavidedThanidy MAitdhye$eftons vary, and
achi eving practical actuation pressures requires |ow aspect ratio eonetry
(-' 1: 10) LifogeshytdciaranySppP (20040 oreoraprafagihyiefarence hggsin el RIERISERDl e t 0
have unity as t, rati . i : j1#E he

avai | bl CHRRERE! WHE i BAR T ARG AR PP e BT D e
desi gn ofeldatdgherttedtspst in¢Mipsiluilichnige ScalednepletioyiSciznce?d& 580-5825 snal |

ts of |iquid tant. [032 , i t f
AN B ST 6 W CAF DR RN o
scal g @ﬁdggl;?{?te't fres Y GREAES Bake ﬁ%hw‘ﬁtégﬁté&ékﬂﬁ@ﬁﬁt 2k rblghly ¥aghivaientns

measuring e actuation pressure and flow resistance over a wi de range
of desi gieiparmplesiey ®, eleatohisdntegraied ciyoudls fauicatedtwith lahgermrelesinteggativay fel

| t 30 .th d t d. finit |
St ot ar ORISR S SR D AR G R o R e A BaRte SVt ¢ ut ur e
m crof | Utﬂb@twﬁﬁ&% 6@ eDifARidO384dc. MaBL AR BENI L ab5Mab gmo&@,hemes i nvol ve

the use of a deflectable nenbrane that closes off a flujd channel or
chanber . icormraled by geflaronec herghe foe Al prypodesy Ransen ¢trali pvg sBowa phad thesg

et ul i onvgs et PR Ay st T RAE T TR 9, 0

prays an opvious r eln

as do thgler'@bgéﬁiagoﬁhemﬂaﬁQMQsﬁ_of t he nenbrane. Silicone el astoners such
as pol ydi met hyl si | oxane (PDVMS) have Young's noduli that are five orders of

magni t ud [ . i.al i i'ﬁ% ‘Eli St e Ranpi tri de,
thus. ol | Blacay 11aieet ORpRRHCIRLERAR RaRuiY BV a1Eblcif o Ao, pERIg
val ves. Tabtéde s end ddlution tdediendsibe Howese, the phfdcalpbdperiet efithalalsesch as
do not scale well, in the sense that the actuation pressures scale poorly as the channel
20 dimensions vary, and achieving practical actuation pressures requires low aspect ratio

geomeiry (~1:10).

{0325] For many applications of interest it would be desirable to have unity aspect ratio
channels and a greater dynamic range in the available dimensions. These criteria are
particularly important for the design of high density chips to manipulate eukaryotic cells in

25  small amounts of liquids or supernatant.

[0326] Here, we describe a new type of microfluidic valve with extremely low actuation
pressures and favorable scaling properties. We characterized the performance of the
valves by measuring both the actuation pressure and flow resistance over a wide range of
design parameters, including unity aspect ratio channels. We found close agreement

30  between the measured data and finite element simulations, thus validating the simulations

as a design tool for future microfluidic device design.
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PDVS as a gasket to ensure | eak-proof operation, just as nmacroscopic val ves
use rubber 10 washers as val ve seats. [0328] Figures 37A-B show sinplified
schemati c di agrans of tvvo val ve geonetries. Figure 37A shows a sinplified
schematic diagramof a "push-down" valve geonetry 3700 used in our
previous work. The val ve archltecture shown in Fi ure 37A s ca | 1e push-

down" becH32d] t Adoshanashanien! ol GeehenasdntEmie ise P JRilatad  HERR {85163%%{ of f
the | ower n%%d}?& AGla ch\aﬁgh& Br E@é;“&&#&% r fol 1ivE nthh deaa&l%v &éxwesThes aésaraﬂﬂeess

of therre rane vari e edge of the channel:to th e md
Speci fi catd lmmmmatbﬁisxmnbaf mnmb&ﬂa&abzfe widltd siplidanephgly kmasmzu@ tH@Nté@tO@d to

cl ose of f an und in |d|c c nneI 3704 res pplled to

t he over | ARG e ?f&t/ HWS Y8 65‘“%?"?“??%% qipsgg%i% hre)}’rl I&E%utl lize a

| ow g;% Bl ef&l@%&mmﬂu dilhéor@feﬁsﬁﬁﬁerkm aJs pb@ydﬁﬁetﬂynﬂoﬁammmms of
the flui Ranne 3704. 20 [0329] This "push- eorretr shown in Figure

37A has phayesfoungisfuddulithat aﬁmﬁb@orde@fofa@@m@é@ maiéer rven pad nzaﬁ@ﬂéﬂ&)l&htaage
that the |. ﬁ%vver fl uﬂﬁ?é’tm?ﬁﬂﬁh glg)"{'}fl% Oe“%redtu% Jé'rsegsurgsnt%aﬁ ggs ﬁ‘zﬁ% of

i nt erest as renova e pri

heads on s@Mg tﬁ:léb.&we@t eestheamdrd, iak degmbRas vean denaalsl nyategaioueidad r om a
substrate and cleaned for re-use. 25 [0330] Figure 37B shows the Eow

act uat i orPPMssas i gaskeidaerruye leRlsPTaRs operaEPnIBstAS MaSIRSAOPIG yalvep BesiybBeT he

msrrbr ne I s to seal off the upper fluid channel. In this
georret%ry,‘gﬁ%e% t(g]iﬁa}e{%\t@g%?e menbrane is featurel ess and exhibits a

subst ant i consta cknes i fical.l def | ect abl e, nenbr ane
of the en@%%f%/ mﬁ{%‘r%;}%@aﬁ\?@’wé%ﬁfﬁé&“ﬁ?@@% gé‘ﬁeé’a OIS ment s
of the pPrgs&R7ANRRSIaMn ﬁﬁédgcﬁeﬁ@ﬁ@a@gﬁ&&pa qﬁgm@wﬁwmv@g@@wrmvw does

not vary by nore than 25% and preferably which does not ;{ nmore than
5% 60 [088din ﬁlrg:mcie()@?\BO@Ih(T\k@ valvglam:p}uiepiue@sk@mnﬁigttreamgm& lesk “paysh-

"push-up", val, 50 in accordange. with odi e
present i99¥&h se-t 'R%rflgﬁnggﬁtg[r?ﬁ? eoha iisé’fusge[?gcgq“énnf Wﬁté%ér)l[s F;gﬂt

thi ckpesg; mr%leqi%hl@l%@&aﬁt@wma @fﬁit&%ﬁ T'he ehileegs Bfﬂhbdm&nbx@haﬂﬁtﬁis fRfB4 when
pressure is appl ied to the actuation channel 3756. This g%ometry 5 all ows

extra deéhfgﬁia‘el ohelanngl thdeaniidle: RpecHicellneysvedimenbrane rBPantvirgbifecoupl ed
from gf{nrr%n '(i)eﬁ%ct%é t(g &%SI m Hhﬁd&gﬁiqé%]ﬁbldli ﬁ.ﬁcl,l 35'@3%5'33%@839&%9

pr evi OUS ermns I’atl ons O rmres Ices, where a
featurel apﬁhdﬂiiltd%mr}am@adtmmmﬂmedo@ermwetoﬂge@mtry hregdytillramdow

aspect ratio (height:width) of less than 1:10 for the dimensions of the fluid channel 3704,

20 [0329] This "push-down" geometry shown in Figure 37A has proven useful in a number
of applications and has the advantage that the lower fluid channel can be sealed against
any substrate of interest, meaning that fluidic devices can be used as removable print
heads on solid substrates, and that devices can be easily removed from a substrate and

cleaned for re-use.

25  [0330] Figure 37B shows the low actuation pressure geometry that we refer to as "push-
up", because the membrane deflects upwards to seal off the upper fluid channel. In this
geometry, the deflectable membrane is featureless and exhibits a substantially constant
thickness. Spcéiﬁcaliy, the deflectable membrane of the embodiments of valve
architectures in accordance with embodiments of the present invention feature membranes

30  having a thickness which does not vary by more than 25%, and preferably which does not

vary by more than 5%.
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substrates. See, for exanple, Vieider et al., "A Pneumatically Actuated
M crovalve with a 10 Silicone Rubber Menbrane for Integration with Fluid
Handl i ng Systens”, Tech. Digest of the 8" Intl. Conf. on Solid St ate
Sensors and Actuators, Vol. 2, pp. 284-286 (1995); Yang et al., "A M:M

t her nopneunati c_me ne val ve Act uat o, 98
e LG AL P02 AN L 01 SO (1999)
practi calsqsgr @Ecc%ﬁﬁahee m%%areﬁiﬂoaﬁnérﬁfo@ t[ﬁ'p@%nmnﬁérﬁfdrﬂhﬂWﬁmﬂ%Mh@rﬁBiane Sensors

and Actuators B 15 89, 315-23 (2003), each of which is incorporated by
r ef er encS7520f aibistiptinihpsenstdn tatkmess Fidnleased unvwied o glove & saiad 8vdihded t o

hown howntne a0t BartoRruRe pappue G bR BhR Ahmela 3R i met? D ¢

PDVS ghi &ﬂo@@@xt@@&@sx{@ exibiliey bédaste 1B tiftlgieveofthanmraileniziatiecnupbdd rahve
per formance he push-up geonetry is advantageous because the uniformty
and 20 i feegerasans phiba fuidie chai@ehenbr ane t hi ckness' sinplifies the
dependence of the actuation pressure on the depth of the fluid channel.
[ 03341 | jo32glerTiede ﬁ@@rtie@ﬁtpﬁavliﬁughieasmmiombf ginfilan gebroetchaimigtbsid we

spi ncoat ed a thick ositi ve tore AZ 10 L

vaf er andepaes ShREsR feptussiess I Emem 8? Iﬂ R ﬁ%ﬁ?/t é‘l&‘éo H%\/%P%‘%Z‘ardct he
phot or esi t mﬁ;{ St My 2octh ABPRIialovaRe (i cal |y
at 14OC ?)‘%St%@c% ggfé‘eigﬁj ug VIEﬁge\nétﬁa? Alp%gl\%\nhgrllﬂl& 1}, t he photlor esi gt 1 in

or deid0t o Silbtoae Rubbamviembrametior hiagmmde@itkl‘" @%ngtﬂtﬂmstﬁfmi’:m&@%r t he

actuatio §U ﬁ@lz\%? lg%%lgd

negat ive

phot or esisf dﬁqqﬁm tHeﬁﬁb%’{éuﬁiatlb ﬂﬁarﬁlﬂmaﬂéﬂ S&zsbmm&tu&@rm e, totr i ng of
the el astonér, 30 and | ines keep their rect a?qgul ar Ccross sectl on. V.

St uder ef1998); and Gavenrdiebs MgnQiﬁhlctIWbtﬁ@ﬁ Evesangshgnieram PBRPRIRT of | ui di ¢

application d Ph LCS n( ed by
ref er encBraﬁﬁ?dé 1@@?8@ %We% Oﬁloléllgsélg‘% n%m%%}_@?égsev%% h%%sa%t%e %étq/%%%g; 0%0 rpm
for pne HDrBJtSEP.EO(QO@Bﬁea(ﬁi 4 wlgioh wathedrporhhe Hﬂef&fﬁﬁs&&bt)ﬁll pﬂll@oﬁls-l&rdlmyer Was
typically 50m &336 Bot h nol ds_were then exp oscgtoa\s 8

t i met hy Hemeseto ticafvieshare fanded o bg lqrgs (gaiingges dpiepsipapdn aIlt h P ¥ase.
Then the two conponent silicone elastonmer (GE RTV 5 615) was poured on the
fluidic pisaahel{earmlve hJVeahpWaélme;fmttrmatazhush vamdmwm@anndhaerammamtpon

channel nold, The fluidic annel has an excess in.curing agent (GE
RTV 6151118510%&%%@1&%?% }ftVFHF?dE F eflagsiye 3@,1 §&81é8t %H “the ot her

Conponenﬁelfo%ance. The push-up geometry is advantageous because the uniformity and

20  independent nature of the membrane thickness simplifies the dependence of the actuation

pressure on the depth of the fluid channel.
j

[0334] In order to fabricate high aspect ratio fluidic channels, we spincoated a thick

{

positive photoresist (AZ 100 XT PLP) on a 3" silicon wafer and patterned it by standard
photolithography. Once developed, the photoresist was heated above its glass transition
25  femperature (typically at 140°C for 5 minutes), thus allowing reflowing of the photoresist

in order to obtain channels with a rounded cross section.

[0335] Molds for the actuation channels were made out of MicroChem SU 8-50, an

epoxy based negative photoresist available from MicroChem Inc. of Newton, MA. This

photoresist does not reflow at the temperatures required for the curing of the élastomer,
30  and SU-8 lines keep their rectangular cross section. V. Studer et al., "Nanoembossing of

thermoplastic polymers for microfluidic applications", Applied Physics Letters 80:3614-

16 (2002), incorporated by reference herein for all purposes. The SU-8 was spincoated at
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RTV 615 A), as described previously by Unger et al., thus allow ng further
bondi ng between the two cured | ayers. The thickness of the actuation
channel layer is controlled 10 by the spin coating speed. This paraneter is
highly relevant since it also controls the thickness of the active

menbrane. The fluid channel |ayer.is a_few m..li tdi | | ow
reliable %Qﬂ?rfé@’tfl%f')ﬂ’é‘? FHiuie pae o§]&6’8’|"&Vagqleﬁlgﬁtﬁgc%n{%%gg@et%gﬁ%}gegnwégsyr.i nges.
[ 0337] Bo%ﬂiclagygoﬁmare cured in an oven for 45 mnutes at 80C. Then the
fluidic annel layer is peeled off fromthe nold. Access holes to the

fluid cha r unched 15 usin cl lone 110 ayer
s then « Hiaeatol BB tindipdng o € iRl T Hihe BRI AGARRE or [ YT
al i gned tg drh@ tagicitdbicanoldhaene! Thay @fe twBaedipogetisilivean cidlomdr(GEIRTers is
achi eved by baking at 80C for 3 hours. [033%%.The assenbled chip is peeled
from thhe é%ﬂmmwedwaﬁh@ﬂum ¢hanpgl naRld g8 p q“égetritcﬁal’ pad et R &'Sn channel s
are punched, .. ' VC e 1S T t I gkEassy

m cr oscop%cg%a]ul};ggh{‘)dﬁl%ﬁnr?gf ngﬁeb%'ltllﬁms%? ée?ﬁe fgﬁsa@sﬁgﬁ%q%\g/)ﬁﬂgmg%%@gt hanol ,

dryi ng wi ¢15 Bnwhéregethe andatiakétagnéldayed hiwoanr sxcass i80I3; othier porspawnt €k f aces,

pressures_up to 30 psi can. be a i to the,actuation.channel.s w thout
| eakage. If\rﬁﬁﬁ]s A)na%iﬁ‘é‘ﬂbffdoprﬁﬁ’ﬁgggéyt ef)%traflb%ﬁﬁgwg}g @ﬁ@eﬂ@%d%lgér of | ui dic
val ve dest;egﬂ?%l #k therart 4Ry ca (ARG O el ddilabidn cRMURYELR conmPliddsed 12

par al | el ic channel's”™ 25 wth width from50 to 600 m crossed by 12
act udili orbycthaspielcoatimg speede Thimmperanatertis highyarelovsntfnaeribgleo gentrdethe we

tudied t i i ft td . 1 th
Ut dic. CHEHHGE of e BEEye G dded By RREsUA§ds Banr ntlpafbro AR |
fluid charRelsambdotdetividkiih afactReomoplemehtslsiciess ub@3A0ld siigpese 38 shows

a phot ograph of the valve matrix chip. The valve matrix chip is 30 a 12x12

array O‘;TE[%#‘}Qﬁieﬁag?ﬂ%{]e%&}é%ﬂ-éﬁ!}n%%%& kst 48 lleels OF BheC TR & t)hquui(%'iﬁg val ves

whose Sl ons vary accor di #g o0 the dinensions o
channel s.chihe] agkertjcord othgamnehsnatd Addebelbled totthe fldjdecisohels brmpunéled 0341]

We al so nmade different devices with different spin coati eeds.of the
act udsi orksiigarmiean lugysiyd ?@P&rdgﬂ%]éY%rH_%ﬁ'&EﬁW ’ &ﬁ@lﬁe‘ﬁgﬁﬁéﬁ{&@ ‘i’:ﬁe he
actuat | Or{viﬂi ﬁi%r%g%fancp%htfcgﬁ gﬁ%ﬁ%’d"’lﬂ%é S EHBE S Bannb) 1yet. ABbAMTBE bbSvcRR fRabl e
to gas, 'sO at by applyi n% ressure on the actuation channel one can

creat e a tivbdayens isachietedby bilenget 808¢Ci fon3 bbamnel 5 into the surrounding
el astoner. Since this process can create air bubbles in the fluid

channel s, [ofsisg a?ﬁé'@s%%rﬁﬁ'le& RARNSHSeI8 Bofn the 86luidrclanael a6 Rdindakedss Bolesf
I N

orange G ei oni ze

to the actuation channels are punched. The final device is then sealed to a precleaned
20  glass microscope slide by rinsing both surfaces (glass and RTV) with ethanol, drying with
nitrogen and baking for 3 hours at 80°C. With clean surfaces, pressures up to 30 psi can

be applied to the actuation channels without leakage.

[0339] In order to measure the performance of the new microfluidic valve design,
different devices were constructed. One device comprised 12 parallel fluidic channels

25 with width from 50 to 600 pm, crossed by 12 actuation channels with the same width
range. Using these devices, we studied the variations of the actuation pressure (pressure at
which the fluidic channel is completely closed by the valve) with the width of the fluid

channels and the width of the control lines.

[0340] Figure 38 shows a photograph of the valve matrix chip. The valve matrix chip is
30  a12x12 array of fluidic and actuation channels which form a matrix of 144 valves whose
membrane dimensions vary according to the dimensions of the channels. The actuation

channels are filled with a dye solution.
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water to mnimze the volune of air that passes through the nenbrane. The
dye is pushed into the actuation channel, squeezing a snmall volune of air
out of the channel. [0342] Actuation pressures were neasured with the fluid
channel empty. The large 10 index change nmakes it straightforward to inmage

the closure of the valve whille the, nenbrane cones into contact with the
top of thE3diLi dVerlspAede difrasntdsyices Wéthldi‘tg“dfmﬁf SPH cqaHBE FPeRdg Ogﬂ’e?nnel, t he

act uati on, pr.ass Wy laﬁfgf il G8er1Y gﬁﬁ%et@ﬁg&h@rd%ﬁ%eﬁcf& til@%ﬁﬂuﬁﬂ&ﬂ esddpge the

actuation pressures were measured, chips were cut along the actUation
channel s, orathd mérhleranethivkans. tTheckastesass pereahieds grs do yat byi apglyamg opt i cal

m croscope with a 100 5 objective |ens 343]. In."Mcrofluidic Mepory
2nd Cont PSR o L <o tafh SarSEneges STabmmfion dt gcresby S S dipn<BrbiEncs
herei i f OfiytPdhk sPHEBRERSs1as5 RS BRcSlhitrocsle St biktcaNWuUbBIcsd8 heuiddesi gned
to measure the pressure drop induced by one valve as a function of the

pressur e channelhdhaeaemionshaeneinare|filled svifipe eolarsdisobition of orpessairedrionized t u

nmeasur enment,. This.device has._a .Y..shape i gi el i i S
connect ed" 8 8 I?’é%%lrz\%li%r vﬁlglinfaé’g afhithat Pa%%ﬁﬂ%%%’ t%’va egllr;ba}glg% Eké%ﬁe I?/é’ﬂ\glheednext
to the irnhetthe hftQatinhdiansdldeuesziednonal @dlinte 6 dieaarofohd canhtled with a
solution of 100 nm di aneter fluorescent beads (Duke Scientific Corp. R100)

0 Jei offpaes] BN HrORed\Perk Bhotarcl Wifikhe iy BRSLL Al ThBSakpt or face

bet ween t'he t'wo sol utions was pl agal nst t rence
hydr a8t atindexprhasgammekdset sweeghtfdreratdvo ibmgadhvesonfe ofitbefvhlviediiciecthannel . Then,

with no pressure difference bet n the. ranches, the posit.ion.of the
it or f 2 RGN EEURTYBE SR PRTRE AP T4 GENGTOTR. BPLSouPE 5 athdt
act uat i oR, CHEANBhnnYEhE ?&Ua&lﬁﬁgeésﬂ?e is @ﬁ&’béﬁ%sthé'ﬁzltdkkih‘@ésh%“oﬂstlh@‘iiq%ﬁ C%nce

interpol ate the value of the corresponding fesistance induced é t he
val ve. 30hq @3uBionipnessnmge eromgadured, abipg iteré entalargehe apuniioreohaaneidaam, we

have devel oped,a ful.l. three-dinensional,.finite-deformtion. of a
ool & s B e tegidsgoderd AR aer Do obingen gpEEA oo eors BBR [00er | cal

t est g5 whigsfecmppst rates the fidelity of the nodel as 63 regards sensitive
predi ctions of mcroval ve behavi or, such as the dependence of the

actuatio @S SUMRs: r lve.o.T iflat del
provi des T%ﬁgiv\eﬁgf g/{l&%gysh? ST E’ ﬁ}e{d r%fgp frgﬁgg‘%aéelss iSé:lncjplg Hﬁ(lﬁgdé%p(ggq t mance
m cr oval esrporated bdirefgregad Reredni fos hidbintpobas, Gravshanthsll dadvibaessthéeddvitees. 5

L) o dened 1o Sneature the prossues drap induced by one yalve 45 3 Function of the preseie
in the actuation channel, using a method of compensated in sitw measurement, This device
20  has a Y shaped fluidic channel. One side is connected to a reservoir filled with deionized
water and has a valve next to the inlet; the other side is connected to a reservoir filled with
a solution of 100 nm diameter fluorescent beads (Duke Scientific Corp. R100) in

deionized water and has no valve,

. {0344] The position of the interface between the two solutions was plotted against the
25  difference of hydrostatic pressure between the two branches of the fluidic channel. Then,
with no pressure difference between the two branches, the position of the interface was
measured for different values of the pressure on the actuation channel, We then used the
previous calibration plot to interpolate the value of the corresponding resistance induced

by the valve.

30 [0345] Inorder to gain insight into the expertmental data, we have developed a full
three-dimensional, finite-deformation model of a single microvalve. By way of validation,

we present a suite of numerical tests which demonstrates the fidelity of the model as
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constitutive nodel which describes the behavior of rubber-like materials
undergoi ng large deformations. See Ogden, "El astic Deformations of
Rubberli ke Solids", in Mechanics of Solids, pp. 499-537 (1982),

i ncorporated by reference herein for all purposes. The neo- Hookean nodel
has some basis in theory: it is obtained by a statistjcal-mechanical 10

t r eat mentregids svmsitiat pradictionnal wicrpyadet helagion: Wb ADFEAPRIPREPNE® From thi s
anal ysis ope,. obtains the i . T ;. ovil@unwah Rl e
shear nmfi‘ﬁ{]u@rg?n p‘FSS‘:urgﬁgg}feﬁegh@gk%grﬂgﬁar@% ?%%T@aﬁggﬁid%ﬁ? constant; and N
= nunmber 1@fis Ghahesatioan] db3igh of bighrperfdrABATY midrevatuse chidinmeriv Wrstabhdy, i s
characterized by two paraneters: the shear nodulus and Poisson's ratio v
of the uradpdreredvaesd fgliFetion. In calculations we use = 0.6 MPa and v =
0.45; both are well accepted in the literature. 20 [03481 W resort to the
finite el[esmt Tt Hedoinar ionuwieldmsrapreisamprasaibiaiNeeHogksianrEHab 2geonet ry

of the m croval ves d.t ol ve the uat i A I.ng. ' gt i on

and oI osupEttrs 18pereria: SRpH B PRAYRS aruiar S Srashd il e

quadr at i %ei‘o‘?ﬁ%ﬁ@ﬁsqr@e Nideh, TRMKtC BMFEEM AN bS Rubbeitiké Sollyly ms¥ar/anics ofppl i ed

over the surtace of the actuation channel. 25 [0349] Fricti on*ess cont act
r

i s enf or Sedidhepws@nsaT (1982} fnsoeroraipd By AefisEsnee REreEbir 2L PURASEor FRHIRO™ See

Kane et .. "Finite ele . i, S 3 echdapizput er

Vet hods H19oKGET TRHEES AT Beo ity i oDy Rl D" “and
Pandehf i 1Rhumddt of the UehBmatissy et frastyljonated atdlenddr chainsuFrom 8ris efalyhorhoot h
frictional contact”, International Journal for Nunerical Methods in

Engi neer iohtpinsgbe 89lati®@D1- 1829 (2002), 30 both of which are incorporated by
reference herein for all purposes. [0350] The resulting equilibrium

confi gurgj;j on of =tNiel, wizxoval ve is conputed by dynanmic rel axation. See
Underwood et al., "Dynam c {el ax%tgh}%n", in Conputational 64 Methods for
Tr ansi ent Dynarﬁfgﬁ\?l‘g}dg?tg,“@ém ko and Hughes, eds., pp. 245- 265,

El sevi er Sci enck=rbpelutiepgerafigt er dam (1983); and Oakl ey and Kni ght,
"Adapfive dyndniBdliemaraceeigl ¢ i thm for non-1inear hyperel astic
structures", CaNputwnbayief hloadss perpnipipluree Mechani cs and Engi neeri ng,

126:67-89 (1995), both of which are also
[0347] The material behavior then is characterized by two parameters: the shear

modulus p and Poisson's ratio v of the undeformed configuration. In calculations we use

= 0.6 MPa and v = 0.45; both are well accepted in the literature.

20  [0348] We resort to the finite element method in order to represent the three-
dimensional geometry of the microvalves and to solve the equations governing their
deformation and closure. The elements employed in the calculations are ten-node
quadratic tetrahedral with four Gauss points. A uniform pressure is applied over the

surface of the actuation channel.

25 [0349] Frictionless contact is enforced between all surfaces by a nonsmooth contact
algorithm. See Kane et al., “Finite element analysis of nonsmooth contact", Computer
Methods in Applied Mechanics and Engineering, 180(1-2):1-26 (1999); and Pandolfi et
al., "Time-discretized variational formulation of non-smooth frictional contact”,
International Journal for Numerical Methods in Engineering, 53(8):1801-1 829 (2002),

30  both of which are incorporated by reference herein for all purposes.

[0350] The resulting equilibrium configuration of the microvalve is computed by

dynamic relaxation. See Underwood et al., "Dynamic relaxation", in Computational
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5 incorporated by reference herein for all purposes. [0351] OnMng to the
two-fold symmetry of the problem the conputational nodel is restricted to
1/4 of the mcrovalve, with symmetry boundary conditions applied on all
symmetry planes. For each mcroval ve geonetry, the pressure is increased
monotonically at 1/10 increnents of the experinental actuati onEZDr essure,

and the |Heedt/glaesvipd hwemiodradzus.thehgseikorant Hughes ¢de. B 2%e20% croval ve
is recor ' ' . 0 [ a j:G. St udy
concer nsq?ﬁ%ﬁi% %%%&%%ﬁ%ﬁ%é;gﬁ%ﬁ?ﬁ%k 1385575), %Igcg%)ﬁ@e;} glré(t§ E:gt 5’n‘%éra gg%r e. The
act uat i onlychamnslaxagot algoriilen fecbangithahypeatlagicwtdtinel, GAfpmeahfitods hei ght

of 56 pm. and. t fluidic channel section is ded by a circular are 300
min_ widf et Sschinis fid BRreringe C2 e IHED _Oéﬁﬁgéféé@ 3rhakhe

exper ismenhalpsaRdy Bferdibe HhRiARE aliBuifbsedl © considered. A second
paranmetric study concerns the effect of channel w dth on actuation

ressure. t his .case he tuation nnel . section is rectangular, 100-
800 m 1 n 104 5H1 1 QRATEE The hUF 4R Y ERirtieE R ioul<BS Tht Atap T BRAELE L e
by a ci redttieed & ©/42:48hdMniidtovdlel, RvigNdnddetty boudiahoddnditbie applicdibdli ons are
carried out for four actuation channel w dths, 200, 300, 450 and 550 pm
in the expameiymianesy Fpyeachapicrqyabz|sepmehiapihe @reshaeatingeepehmeneissigpy of
t he push; g i h r r rs.that
char ot of DAY R EmShE WU SoBinBhl RERLRR Bhopul e fnd Be3ReBALRLETR L0 1

resullés asaltmypnmeullichsae o thamadroeivorfs redvedod giithe actdatidi pdstmmss, W th | arger
di nensi ons yielding snmaller pressures. Specifically, Figure 39 plots

actuatio SSAIK i . T hen
DA2PS MRS Afama(Al Ny LORTINRG BRLAoE nihRan RGBT

pressures are symretric with cha |
t han t hea@greigmupressure (lhe adudtonabinred ecclipnshredtvgtilay all ¢ eddthi afi300qompad abl e

di [ . [P354] As t . dt.h of t tuat i | b | 1
el ot ver TSR RN T et Betiiieebapt] Fretond beiaf PoR SHPUSCHRCONGT AL 1 o
scal e rowgtth ¥n@Sotme id RYEKLS S HPOWYREmBFanditiibRnesds ih e tberifieatil %Y%Q’Ag’ql@pw_s
that a subset of the data from Figure 39 shows the scaling of 30 actuation

pr eskur eand 1 e Atsrepnaiddicde Mssesprd parametrisestdncanicams dhescffict ohehanns!

di mensi o ver a.fluidic ghannel, that is r.oughl 28 min
W th: andrishShEGaith KRS Tl B ol 1hEa SRR bR e Buri Bt At B O

act uat i ofoCcindrinedidii «Hdlss fih@eipht, wal HenflpidRSEunLelisB&IRASs BsukticdBid cal ly. As
t he actuation channel becones w der than an opti mum val ue, the actuation
stays SHEHF ar¢ 22§ ymyipeviditormd Yoswiipheight Rhgerladtiinnsiasncastishael f6r cr ossi ng

fluidic ghanaehidWehannel widths, 200, 300, 450 and 550 pm, in the experimental range.

20 [0353] We mapped the actuation pressure of the push-up valve structure as a function of
the three parameters that characterize the membrane — width, length and thickness. As
expected, the results are symmetric ag a function of the width and thickness, with larger
dimensions yielding smaller pressures. Specifically, Figure 39 plots actuation pressures of
valves from the matrix chip. The actuation pressures are symmetric with channel widths

25  and significantly smaller than the pressures required to actuate "push-down" valves with

comparable dimensions.

{0354} As the width of the actuation channel becomes small relative to the fluidic
channel width, the actuation pressure begins to scale roughly as the inverse power of width
orlength. Figure 40A shows that a subset of the data from Figure 39 shows the scaling of
30  actuation pressure with membrane dimensions as actuation channels of various dimensions
close valves over a fluidic channel that is roughly 228 pm in width and 54 um in height.

The line has slope -1.
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reducing their wdth at the crossing points. As described by Thorsen et

al., this allows the 5 creation of conplex chip designs and nultiplexers in
order to control multiple valves with one actuation channel. [0356] The
actuation pressure also scales roughly linearly with the nenbrane

t hi ckness. Figure 40B plots actuation Bress re as a function, of @Eﬁbrane

t hi cknesg03%4] aFarainvdl agtuaion chape! gidihd aa‘%fPéiPncH{S%Héq IGHASSSHUPM P di ¢
channel . (O osed s r : MBS - sS

Fepr esentot Geu T B e b R S i
channel igga56 @iy dRedforeandsibliao tresscissionichaicls abesrg fleidimchaneel bX t hough

the results show that the actuatian pressur rs.to.inc Lpear |

W th { he TREETERE SR HEsTos P B FSrE GREaDy ket (Praf R e

functi On%lrea%%ﬁ%?ggrﬂgﬁxicﬁi&;@s%ns GRIMBhIEALEds inlRdb32éhirdnmbiph: wasesyith he
Wt he SiImul ations

agr eegent is excellent. Fig. 40B shows a conparison
of measursed aendtieaticmhelt ed actuation pressures. The predicted val ues
closely match the experinental data, which provides a first.validation of

the ”Dde!s[eséﬁ1 9- THOA (@R préiRafRsschiRe rqugatli icady arith fie asunwdnatigarson
pressures as a function of channel w dth. Agaijg, t[f]lgj}?%q%di ctions of,the
HEF HHP 2

model  ar digondDBidols agluatioropsenivats dncypE Al NFZ S 5 vk it
slightly der pr.edi ct ed ver, i ak i on channel
i dihs. " 88T SRR R HR A P DRl e R e Fow

M crqps. dQku@rilves;ipen sRhegeseativilaescalm@irgedby Shite clesicgtigmudatione

photoresi st features on the wafer create an.uneven surface.,Jh e
menbr ane Thifbtdie shannghisc 118 dep A eSS \ﬁégﬁe?% &3y t%gi%ﬂ%%lelst@g'of t he

| aver of gl ASLONET, 20K Ihebhirkaatepplerd DAnBReldnRRIs ifte@b u@sbrahegi ns to
A hd P gnd sha

vary wt attern density, size e. Mreover, these non flat
sur f aces thksest, ke nlondondgisbeindien tha el t getismat drepegdeniceds BOFY i cult to
achi eve because of residual air bubbles between the two |ayers. [0359] W
made a dicPE@EC¥ehpari son of the performance of push-up and push down 30
valves with identical dinensions. In both cases the actuation channel was
300 nhcr ¢03s7]wi lneotinbdsks thdhegre¢mendt véHaihasimyaionsoy e)ﬁﬁieilﬁ% &gy ‘H)i? g’r?d‘“%

m crons deep and the nenbran gl T F SRR cidigrsi nput
of the f |°Eliﬂaalaﬁlé‘rﬂfe§iw%‘§gb4’§§ Ce‘ﬁ\}{%ﬁ%é*]a%‘%&&’m(%h%% 1S“sﬁi @{egﬁéﬂl e the outylput
was at the:dH FRLRPATthSntRl B4 Wikeh Propldet adfrsttvatidativarofithe medek 63 stlnelso
(pressure drop induced by the valve/input pressure). of. the, valves 85,
compares the predicted and measured actuation pressures as a function of channel width.
Again, the predictions of the model are consistent with observation, with the actuation
20  pressure slightly underpredicted (overpredicted) for large (small) actuation channel

widths.

[0358] The thinnest membranes we were able to create were a few microns. For very
thin membranes, surface tension effects due to the photoresist features on the wafer create
an uneven surface. Thus, the membrane thickness, which is the difference between the
25  thickness of the layer of elastomer and the thickness of the photoresist features, begins to
vary with the pattern density, size and shape. Moreover, these non flat surfaces make the

bonding between the layers of the device difficult to achieve because of residual air

bubbles between the two layers.

[0359] We made a direct comparison of the performance of push-up and push down
30  valves with identical dimensions. In both cases the actuation channel was 300 microns
wide, while the fluid channel was 200 microns wide and 46 microns deep and the

membrane was 10 pm thick. The pressure on the input of the fluid channel was 490 mm
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a function of the actuation channel pressure is shown in Fig 41. [0360] By
maki ng a differential neasurenent of the extra resistance provided in a 5
channel by the valve, it is possible to map out the effective resistance of
the valves as a function of applied pressure. Thus it is clear that the

"push up" valve actuates at a pressure about an order of nagnitude | ower
t han t he offdgdh (Q6%was), wdiiledhe popat vaRehesinesplErigiressue. shole of Hit only t he

Puoh o BSOS T 19

t he opposing channe yster own valve is

vary smal 4 funklsi ef it bctubédinstiaaneigaessbe is sippriemdag 4by addi ng pressure to the
fluidic channel, with would al so correspondingly el evate the pressure

requir ed o346 e it PhifRred APfRhe I bR AR A ERL BUSRLA YD, val ves

have sim1ar ‘sh ves Tor 1ncreasing val ues pressure in the
act uatsi orchehai glthe Have vies posdilde caimap sutithe effbéiswetresidfandyofiths ivghvies acant
ve closes is nore than

anmount , d the pressure at ich th sh-dqwn .val,

20 poi | WHIHETHEPER SRR U Lt IS b U BREP VAR Sh Qe TIEeBH, 2. 4
psi . [ 0383l albr@etich SHBNEE 1 er @0 AE d8kshQowiBgaktude is due to the shape
difference of the active nenbrane. The push-down val ve has a convex shaped

menbr ane. i sSpthin in.the nter (10 m., but nuch thi.cker at the edges
(36 om  ARencREYsY o Rigige SN Eha’ oty Mooyt bp VHRB ST FooBlerist® ol ve,
there is baRa@pt dustbvahb@bahetsheking iR Ppbimeitessl. THe HReretiErdbaoioe | S
too thin, it deflects only in the center and the val ve never closes on the

edged®  of thaqushepppaabyeils viysmalh dkysiareticahyvier pat be suppressediby péHnpr essur e
; \ ettt ‘ . el = Rilosl
valve. ar cRpagd SR Ao Thih A BEuIE S CriaBhoriner) shithicihE pRIGRE TENTS ©

menbr ane réguingditd olose thetvalve, For the push up valve, there is only a
technical limtation 'to the nenbrane thickness, since a thinner nenbrane

al ways gi a uat.j I | ves are
Uit bl o (Y1 DS AR A bushi 8RR afce B Snlabanpla BuBs Y@ 50 Y
possi bl eittcressingsalush afitiel messiitchinabpadtatioatdhentivl g Hewey bia thel cwbves(ate pfetwi dt h)

and high as.1:1 with a essure | o .than 5 psi. 3 0365]. For
decr Bhsi hY Asmidatpi oy, pRLEE psSue )it A7 prl s Lok googtis e up
val ve exfanilii, afhileth&EBShE PRestNBIBF §8 pash-fih HIVE cTb3eSRUMEy 8.43)spt of the
normal i zed resi stance 67 (pressure drop induced by the valve/input

PSSt el R i ol HOFL BB B S SR PR i
active membrane. The push-down valve has a convex shaped membrane. It is thin in the
center (10 pmy), but much thicker at the edges (46 um) and therefore harder to bend. In

20  fact, for this type of valve, there is an optimuom valuye of the membrane thickness, If the
membrane is too thin, it deflects only in the center and the valve never closes on the edges.
If the membrane is too thick and very stiff, the actuation pressure becomes impractically

high and the device fails.

[0364] For embodiments of valve architectures in accordance with the present invention,
25  the membrane is uniformly thin. For the push up valve, there is only a technical limitation
to the membrane thickness, since a thinner membrar;e always gives a lower actuation
pressure. Therefore, push up valves are suitable for high aspect ratio (depth:width)
channels. It is typically possible to close channels with aspect ratio higher than 1:5

(depth:width) and as high as 1:1 with a pressure lower than 5 psi.

30 [0365] For decreasing values of the pressure, Figure 41 indicates that the push up valve

exhibits an interesting hysteresis. Figure 42 shows a plot of the normalized resistance

67



t he channel resistance increases snoothly as the actuation pressure is

i ncreased. However, as the pressure is decreased, the resistance remins
hi gh, then takes a discontinuous junp 5 downwards. [0366] W used an
optical mcroscope with a_ 2 ong working di stance objective to inmage the

val ve end on, and were le to capture the shape and posi.tion of the
menbr ane eFssuigicrerdRecd\ Ry e Y2 iye L Pﬁsé‘ggh?éﬁ? his Vﬁ%gsa% hﬁ’lﬁgf’%ﬁg@ﬁannel .
Fi gures 4&?&&1&*&9&&&&‘@%&&% Eﬁttﬁé)ﬁushr—ﬂc;f%?% ABRiTecfre GHBS FiFAGIHI0N WO thaR

push-up valve at poin s 1-6, respectively, in the p|.(_)t. 10 of Figure 42.
Speci f i cafhk pharfiehresistaddainstrases smovittdyas thepoiugtion prassurgiis Merpesqsky dSSHRWETI n

the control line. Figures b-d .show vi ews .at, poi |.t.Sq:2-4. . W

i ncr easi i BF BESHYRLS ‘%CEeﬁ%edé’lﬁ’gﬁF?%tﬁn?q rﬁ@am[s@é%ﬁ?neﬁﬂéiﬁersea (H%Ceongﬁgémlésr]%lg vi ew
at poisnt #ReRbarcki gure 42, with the pressure equivalent to the closing
pressure and the valve in the closed position. Figure 43f shows the view at

15 point f Ei -\ a cant 4 i .
s er ot 1036 8h ot pef pt Bputd LloRETRAY: & Du MprE R diftnce dMeciZOME ifhge
state of thhealpyshd uf, andlvwee alble potaituiébhe siaph ahdpositienbf tieenersbranaforg st uck
to the top of the fluidic channe| [0368] Figures,42 a f thus sh t hat
he. hyst hEsieal Vauti ol hq PisTEcdS? SHIBIon HEt o Aret ot the! (P QAo
fluidic qni%g%?é%hs\é@% sE—F«fctifo 56Ffa ﬁﬂskf— vARERY S #?,Lleti,tlfésﬁé%ﬁvel?,oinf%ﬁ@ﬁ@w e

di fference en the urdic channel and t'he actuation channel overcones
t he adhesifd@zot 42 hEpesfitallonBignos 43veshion acfiew kepdihif divdttchapressure iibeval ve

suddenly snaps..up ..and e.val ue.of the. pressure.drop i.nduced b he val ve
Goes. dowiOEBoLA EES Sed SBo Risv i @osB P PR PR R Sy B
Thi s hystg8hrgsi fneNas not observed for the conventional push-down valve
architecture, probably because the |larger restoring forces 25 were able to

over whel rfacg f : i cki | l:he L. : ~val ve
archi tec%‘%e]ﬁ (Sjég% e’l‘%&ﬁé‘% ﬁlaeﬁfl?‘gtaat {%&rﬂeﬁgS %‘f%%g[r% 42\/1’7@5%1?{3% egghgg sl'?%lﬁ ti ally
const ant ¢ fecissSpichate irsl tlevhRetiakleaclshed@bsitivnt Bigane o3 fhoyisnige vitvay

channel, this is not required by the present invention. Al fernpative
ool mempEtH6 oL FEBKRAF.AVIHh Brosaky i e SARTdmGrelices BIEGFIKTREBIVIPY O thhe

present | i i ks ff@%{ I i ially
const ant V?%?Ei%‘gg%ﬁ\%#)gﬁﬁga@ghég C}geggééiba{{?%éion 0 éln %Er‘lﬁg)rélaj;' ﬁglt?P’gsv&%E;aennel .

Fi gur e 4nepitowse @nminipg sticletb ibe ogsefthe fhugtiathannel of one 68 exanpl e of such
an alternative enbodi nent of a valve architecture in accordance with the

present g8t if9Pures 42 and 43f thus show that the hysteresis results from adhesion of the

membrane to the top of the fluidic channel. When the force on the membrane due fo the

20 pressure difference between the fluidic channel and the actuation channel overcomes the
~ adhesion of the membrane to the top of the ﬂuidic channel, the valve suddenly snaps up
and the value of the pressure drop induced by the valve goes down to a value close to the
one obtained for increasing pressures. This hysteresis was not observed for the
conventional push-down valve architecture, probably because the larger restoring forces

25  were able to overwhelm the surface forces of sticking.

[0369] While embodiments of valve architectures described so far feature a planar
membrane of substantially constant thickness that is deflectable upward into an overlying
flow channel, this is not required by the present invention. Alternative embodiments of
microfluidic valve architectures in accordance with the present invention could utilize

30  planar membranes having a substantially constant thickness which are deflectable into an

underlying flow channel. Figure 44 shows a simplified cross-sectional view of one
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[03701 Alternative valve structure 4400 shown in Figure 44 conprises a
concave fluidic channel 4402 defined in an underlying substrate 4404. A
first, thin |ayer 4406 of PDM5S 5 material is forned on top of substrate
4404. A second, thicker layer 4408 of PDV5 mat eri al overlies thin |ayer
4406, with recess 4408a in the bottom surface of er 4408 _contacting
thin | ayemenpbeoiwicdan ishenabrr Fapodimaninda v MeERTChiEps ‘ \élf‘f ingrepEdangh ™ 1tli“he

val ve of E&H{ﬁwg ls simlar to that previously described for the push-up
val ve of "Frgure Specifically, application of a positive pressure to

trol 4402 the t JEND t
i n POVEOP Jar AR v? HilG® SREFtEiadD Shavg i eioc ERAAGeS ha0s < BOLLS e

menbrane gagpid) %0%9@%& if aRhARAyi ﬁggibs%team@u b%t ﬁa@t it Yy anes aPPDMS
t hi ckness, 1t can readily conformto the concave shape of the _underlying

flui dsc ahatanalis farmetngoprafisbsirate Hd Odorseerdl, yhiekesirlaser 480%oLBPYES shown in

Figure 44 off th e, advant ush
loun val desssgrees buf e Al g At e bt PR 1 20BL
[0372] ThenwaliNetsh (446t @ ©fdefhgbsRrot 4hamebes fiabri cat ed by fl rst providing
a substrate haV| ng the concave flow recess. In one enbodinment, this

substrat ﬁec 8 E&% ‘?f? {)ﬂ h%%ﬁlv% % 48 Eshs%rml%% Jﬂaﬁ.‘gﬁéﬁﬁhﬁb dQ%Yl'b@@ fdMfe

concave ereln. t her e substrate my
conpri se pasmbwmfe of#i gre aVBhSpeciﬁcaﬂb@ agivetve of @ pestivefrefaurertdednyrol

b I till th npodi t, th bst 1 at
oot omadh ﬁa%xﬁ@éz( I Sy SRR v b N R T T
feature, j h&&% @foﬂ@mcsc%aﬁﬁé '4%‘@d%9&%9fr@ﬁib§énc 9§Jr§l4d@fi§ pRaki #f of

the val vé struct rgure 4 e continued by disposing over the
subst r at ef tlhebgpdraiady cehasmtdhneknmrrbcmad@ymfmﬁn tuths camtava ISh%pecﬂf ise ant

t hi ckness rane | r exhi bi t.i ng the hi c formty
coul d be”flg)‘?rf?@’ag Gylcgb?lﬁmnglog[%{ @mapﬁ??h] JOHTE yldgﬁle%'a‘tt)lteryg V\9§ ‘gﬁg{‘ructure
of Fi gur @idfe IBYPR GAMP) &1 1B shiic HimROTEHBverithecatRElioR pEiOA®RIN Vayer

bearing a control recess, into contact wth the planar el astoner nenbrane

| ayets Thehiteussfertiringe rogpernerbditierng tiggess.may be fornmed by nol di ng t he
30 | ayer over a raised feature such as photoresist present on a surface of

a workpi @u372] Gfhe RBDdtructure 6NBiguss ANmay®e bR atdByFishgbviding s sutgtraienpl e
physical arguments it is possible to design, fabricate and test monolithic
ni cr oval hagngiiherconagisy Bow accsenl lnmge epbeparantdlis sphaigde Py veRPHES 8128100 der

of magni 5&9@ oéh%méldalﬁgt%ﬁﬁf 19&%@ fig3h&ve tQREs deheed therein. In another
embodiment the substrate may comprise a polymer material having the concave recess
20  formed by embossing. In still another embodiment, the substrate may comprise an
elastomer having the concave recess formed by molding over a rounded raised feature,

which may comprise reflowed photoresist.

[0373] Fabrication of the valve structure of Figure 44 may be continued by disposing
over the substrate the planar elastomer membrane layer of substantially constant thickness.
25 A membrane layer exhibiting the desired thickness uniformity could be formed by spin

coating.

[0374] Fabrication of the valve structure of Figure 44 may be completed by disposing
the upper elastomer layer bearing a control recess, into contact with the planar elastomer
membrane layer. The recess in the upper elastomer layer may be formed by molding the

30  layer over araised feature such as photoresist present on a surface of a workpiece.
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best previous design with simlar dinmensions. They have excellent scaling
properties in 5 the sense that they can be used to nmake unity-aspect ratio
valves with a large dynamc range in dinensions. The fact that sinulations
agree so well with the valve performance neans that simulation can be used
as a tool ture val ve desi art.i cul maki n npl ex
geometri e@ﬁébe ﬁ%““tl%“%‘bﬂeghat"(?%&/%? ﬂ?ﬁg ngga‘ﬁ%ﬁm@%ﬁ%ﬂ ApguImets ?Sool to

el uci dat e SR iIbR&I c%mhya%h@ﬁe%d veat men@aktﬁfalrﬂﬁmvme[«, Q3hvIaBledeMiges
previ ousl descri be | ustrate that conplex fluidic circuits with_ nearly

arbitrar ypmgm@ﬂeexirhwwambéavfam orden efcmassitige v grtughien pressies e theapi d,
simple TabiLealal. e A 'eﬂagn flfﬂagthaee egm&mcamgg FiSp ikl 1rﬁ' exing

can be us ations, ran

thr OUQEf"puihe%grli@Qﬁutmﬂeﬁ@N Heaabd angakd mtmpdma@mvaﬂzemm lailarge dynhmipl ay
technol ogy. Scal ability of the process nakes it lﬁvrgbﬁl ble to de5|
robust m ©@pet indimessigayi Taalag hat dpaldtinngeere Hewell pytlthe walvg peyfe d val ve

el enents.  [O37 Kits haﬁoﬁb ngégs%a% altw%&fuaneb@ﬁe%ﬁgn%g@gyu@ﬂqrQﬁé@l n with

reference 1o ar e nments thereof, a lati nodi fication,
vari ous cﬂnahggsomptbx geubstridsygdebing t@p@ld totayadgmalier dithensi@nsegodsrigtool to

di scl osur(g nd it'wll be appreciated that in 20 sone instances sone
feat ur es QFCifdfE eRASHRINEICHO P‘ﬂ%c@ﬁlﬁgoyed wi thout a corresponding use of
ot her features wi thout departing fromthe scope of the invention as set
fort HO TR3T@Ef oﬁ”he dmn@s prodiohsly dejcohed Hayirge thnaé@enmé%a%laéio caropids witbul ar

situation or he teachin v tig@n t arting
fromthe I@&E‘Eﬁ ?ryscgggage f?’ac aé';;’ e&’cl}nca%% Uﬁin mg;le(isfghn lr(]’anSf/ien %b%l s1r9§1%

i ntended fabiadation @roddert dopibinat wiie tHel pivicet] valve hmlmﬁekmguh@be #&edaobodi ment
di scl osed as the best node contenpl at ed for. carrying out this invention,

but t hatdeﬁllﬁé chipy o Ry apnlicaiiprs, Mgl from MU RULSSEECBEG] avall%ﬁm%s

Fal 1m0, W dbe e SR0Pa Bl ich 15 164 by, P, IS LGRS

m croflu ce conp T SIh ayer ‘i nc Ing a |rst recessm
a finst sieedibleas stigxm1'(ﬂiuasm1wr&ﬂmdlc&1mmmiwﬂth)esen habendemities 0§ furstidiali n
contact with the first 4 surface to define a first mcrofluidic channel, a
menbr ane YBHEtSIGREHF t he second | ayer 5 adjacent to the first microfluidic
channel exhibiting a substantially constant thickness; and 6 a third |ayer
i n cont ad03W}t hWails elbopsait deveofion has tekn demmbed berssTwil réfayeace to

particular embodiments thereof, a latitude of modification, various changes and
substitutions are intended in the foregoing disclosure, and it will be appreciated that in

20  some instances some features of the invention will be employed without a corresponding
use of other features without departing from the scope of the invention as set forth.
Theref;)re, many modifications may be made to adapt a particular situation or material to
the teachings of the invention without departing from the essential scope and spirit of the
present invention. If is intended that the invention not be limited to the particular

25  embodiment disclosed as the best mode contemplated for carrying' out this invention, but
that the invention will include all embodiments and equivalents falling within the scope of

the claims.
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7 define a second mcrofluidic channel, the nmenbrane portion defl ectable
into one of the 8 first and second mcrofluidic channels in response to
pressure within the other of the first 9 and second m crofluidic channels.
1 2. The mcrofluidic device of claim1l wherein the second mcrofluidic 2
channel is defined between the third |layer and a second recess in a second
si de of tW&lAST secbtdMEY &y, such that the menmbrane portion is upwardly
deflectable into the first 4 mcrofluidic channel in response to pressure
applied to the second m gr.of | 14, el: idngd. The microfluidic device of
cl ai qu wherein theﬂseco%éﬁr#d(grugrwglgﬂ?%% Iéh%tg:)nel exhibits a rectangul ar
crossgsection. 1 4.afilelayecmohldingdi Grsthevessen offirglsaifacel wherein the second
mcrofluidic 2 channel is defined between the, second | ayer. d second
reces$ in the thi roaqed%?’?e%%ﬁ?ogg{aﬁf%@atvﬁég %F@ﬁéﬂ ﬁ?}F?‘%{élﬂthiat@eggs\knwar dly
def | eqt Al t oichile aSREAN AL Lhitlidl, 6 AOARARE podiohibruesRARERLyer pressur e
applied to the first mcro fm dic channel. 1 5. The mcrofluidic device of
cl ai m54 wddprceitrio threfisemamdflnidr dihudl didibitingarahsientiakniarstagt Gidpespeand
cross-section, 1 6. The mcrofluidic,.device g i ej Lrd

| ayer ® 2 conpri ses aatgfrﬁd?ﬁ” érhf)@??c fath alse?(?ndTﬂéegr#@re 0 ﬁéﬁoﬁgﬁﬁ% g3g?/rlidcllgyéc}{‘}bcI'ai m
6 wherei nictihe s sedRal Ak R RATP EhaRs], ti Bb@msRne bofioneletikableafilowindiof tievi ce of
claim7 wherein the second recess 2 conprises an etched reﬁess 7%_1 9.
The mBcr dirstuindisecandvmiseofbfidieichannels inuespenss tomEessHiervaitia g other fdfipfirdes a
pol yner.. 1.10. CEOf Lyl dig device of claim9 wherein the second | ayer
2 conpri 538% S%%E{Hﬁl}(ﬁ%‘ﬁ%lﬁl‘l@%r of luidic device of claim1l wherein the
mcrofluidic flow 2 channel exhibits a depth:w dth aspect ratio of between
about11:5 and 1:1. 21 12.ThEheiceofbriditldevide of deim d evitfreiolthé sacondunéereflnidithe
mcrofluidic flow_ 2 channel exhibits a width of 100 pmor, l.ess..1 13. The
T or of| LEHECkiVIeGaSbPGIORR A I ST A DA BEo R SeALit LR o
control  chanAghyeh Ssudh 83k Ble hbAbrafe Yot 19hphhRIPATRIbW Bicthblfew channel .

4  microfluidic channel in response to pressure applied to the second microfluidic channel.

3. The microfluidic device of ¢laim 2 wherein the second microffuidic

2 channel exhibits a rectangular cross-section.

4. The microfluidic device of claim 1 wherein the second microfluidic
channel is defined between the second layer and a second recess in the third layer, such

that the membrane portion is downwardly deflectable into the second microfluidic channel

B T R

in response to pressure applied to the first microfluidic channel.

5. The microfluidic device of claim 4 wherein the second microfluidic

oy

2 channel exhibits a curved cross-section.

1 6. The microfluidic device of claim 5 wherein the third layer

2 comprises arigid substrate,

7. The microfluidic device of claim 6 wherein the substrate comprises

2 glass.

1 8. The microfluidic device of claim 7 wherein the second recess

2 comprises an etched recess.
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1 14. The mcrofluidic device of claim1 further conprising an actuation 2

fluid within the mcrofluidic control channel. 1 15. A nethod of
controlling flowin a mcrofluidic structure, the nmethod 2 conprising:, 3
providing a mcrofluidic control channel separated from an adjacent 4

m crofluidic flow channel by an el astorer nenbrane having a substantially

constant 5 thickness; and 6 applying pressure to the control channel such
icraf|luidic flow

that the el astoner nmbr 1 hS: de ct j-nt he.

channelr. 1 16. The ret hod of" 1((?:rlog?lr%gcl%év\?ﬁ?ec}&%ldﬁ&pl(r)‘g}é‘%lﬁ}nenghf}§hl Pfed to the 2

m cr ofd ui eieprsenepolymtannel filled with water. 1 17. The nethod of claim

15 wherein application of the pressure deflects 2 the nenbrane upward into
The net hod of claim 15

t he overlying mcrofluidigc flow,channel. 3. 1
wher e;ﬁn appl i cat i on{é)'f ttge Bicedy @c&é’f"leé’%ﬁélmf Vhacinghesasand bowhwar d i nt o
t he underdoytipn@esPOMH.| ui dic flow channel.. 1 19. A nethod of fabricating a
mcrofluidic structure, the nmethod 2 conprising: 72 3 nolding a first
el astomer material over a first raised feature exhibiting a 4 rounded

cross+section to defl ne Bamipitudiesevicn ofickim dtwisirele tiof midveflfidicsllow
el ast gnery Lah I ast oper npterial over a second
9 Megéﬂ%ﬂsaéeﬁﬂ 'ngaﬂziaigbfs é}? Fa?f%lrhqgr%h%eref}fgg‘éte]cn?%%lﬁo define a control

rai sed feature 6 exhibiti ang
recess in a first side of the second 7 elastoner material; 8 1 placing the

firstlside of the décondlelmistafimidic Heties bbdlaingdivietein i ARASuiSicTRSt r at e;
i agal nst a

and 10 placin 1e. first side of the first elastomer materi al
secon sf;%'ém(??exthihtlﬁst%g“#%e}éﬂ@ BN dester material such that the flow recess
is separated fromthe control 12 channel by an el astoner nenbrane having

b iall b Gk i : f. clai 9 f h
substantially consyant mﬂb%&%ﬁﬁxdwld&gc%érmaﬁﬁef Q,gﬁgreﬁ{%g?%h% urther

conprising formng the first raised eature by p ot or esi st
over ‘a fiigeilyidiaqongebchannglls githter themtrodiddf otihainte@ufdic BHETHeRsaT | Si Ng
heating the first 2 workpiece to reflow the photoresist to formthe

rounded cross-sectipnal wprofile.... . _
q 12N TRE Ridrofluidic device of claim 1 further comprising an actuation

2 fluid within the microfluidic control channel.

15. A method of controlling flow in a microfluidic structure, the method
comprising:,

providing a microfluidic control channel separated from an adjacent

thickness; and

1

2

3

4 microfluidic flow chamnel by an elastomer metbrane having a substantially constant

5

6 applying pressure to the control channel such that the elastomer membrane
7

is deflected into the microfluidic flow channel.

p—

16.  The method of claim 15 wherein pressure is applied to the

2 microfluidic contro! channel filled with water.

1 17. The method of claim 15 wherein application of the pressure deflects

2 the membrane upward into the overlying microfluidic flow channel.

1 18. The method of claim 15 wherein application of the pressure deflects

2 the membrane downward into the underlying microfluidic flow channel..

19. A method of fabricating a microfluidic structure, the method

2 comprising:
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1 22. A nmethod of fabricating a mcrofluidic structure, the nethod 2
conprising: 3 providing a substrate having a concave recess in an upper
surface; 4 placing a first side of a first elastoner |ayer having
substantially constant 5 thickness into contact with the upper surface Ito
defing a mcrofluidjg.fl INg. & east materia
over g first rai segﬁ(ﬁg;ﬂ %\r,%g{]%&aoerp?rﬁgatgg AI%’Vgo"ﬁ Itsgféﬁggld f&%%‘r('f IW &t side
of the semmded edoastanipn tordéfind edlowasw@dsSinpl et dide bhibe fFir§iHlastdible Bdtetifle
second el ast oner cgrl al against a second side 9 of the first el ast oner

layer>to define a MYTTBERGPAN hstmemara oupr susardidediedina he 10
mcrofl Ubﬂh&nﬁﬁ'&tré&!mg‘ihzﬁ’rb?@sﬁsgél'thertﬁgli ﬁﬁé@g@t{trc{f‘f E?f;ted V\ﬁxfst SUD3F alktseald | n

constant 11 thickness od of erern provi
subst? at elagommer ingtssial;2 provi ding a gI ass substrate having the concave

recess etched there f.claim?2 erejn ow di ng the
subst%?at e conpri sel? fac ]fgé?%gfsﬁf’lﬂ@ g%ﬁ relaém‘tlf’éft‘tﬁnm@ PRB2 or m t he
concave BeRas; anll 25. The net hod of claim 22 wherein provi d| ng the

substrate conprises: 73 2 nolding a third elastoner material over a raised

f eati® e exhi bi t i ngplacing thefinstiside e @Qflf@é‘é@tstmﬁr naaterid ageimetd magonchslde hf'r 25
aim

el asltlonet['le g&t()ﬁal StO}J 43? %attgl'? Sgéhfst?l?,t 416 ¢ :V{/Srgc S8 29 ﬁegg&ai}fﬁﬁ%gQ%fg?CfﬂgﬁD | ng

further
photlar esuhanne:b‘bgranabldstdrﬁér m\&:mklﬁh@ﬁt@wm§51%3tanf[ﬂ® o@ishadiadkekai m 26 further
conprising heating the first 2 workpi ece to reflow the photoresist to form

-secti naI r
the rlounded Cross-3 he meﬁt 80f claim 19 further comprising forming the first raised

2 feature by patterning photoresist over a first workpiece.

1 21, The method of claim 20 farther comprising heating the first

2 workpiece to reflow the photoresist to form the rounded cross-sectional profile.

22. A method of fabricating a microﬂﬁidic structure, the method

1
2 comprising:
3 providing a substrate having a concave recess in an upper surface;
4 placing a first side of a first elastomer layer having substantially constant
5 thickness into contact with the upper surface to define a microfluidic flow channel;
6 molding a second clastomer material over a first raised feature to define a
7 control recess in a first side of the second elastomer material; and
8 placing the first side of the second elastomer material against a second side
9 ofthe first elastomer layer to define a microfluidic control channel separated from the
10 microfluidic control channel by an elastomer membrane of substantially constant
11 thickness.
1 23.  The method of claim 22 wherein providing the substrate comprises

2 providing a glass substrate having the concave recess etched therein.

24. The method of claim 22 wherein providing the substrate comprises

2 providing a polymer substrate embossed to form the concave recess.

1 25.  The method of claim 22 wherein providing the substrate comprises:
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molding a third elastomer material over a raised feature exhibiting a

rounded cross-section; and
removing the third elastomer material from the raised feature.

26. The method of claim 25 further comprising forming the first raised

feature by patterning photoresist over a first workpiece.

27.  The method of claim 26 further comprising heating the first

workpiece to reflow the photoresist to form the rounded cross-sectional profile.
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