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BACKGROUND OF THE INVENTION

15 [0003] Inthe 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, conplex circuits
quickly becarne 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 kilowaits of power. The transistor was invented af 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  tobe hand-soldered: an expensive, labor-intensive process. Adding more components {o

the circiit 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



el ectronics by inventing the integrated circuit. By fabricating all of the
conmponents out of a single sem conductor - initially germanium then
silicon - Kilby and Noyce created circuits consisting of transistors,
capacitors, resistors and their corresponding interconnects in situ,
elimnating the need for manual assenbly. By the md- 1970s, inproved
technology led to the devel opnent of |arge scale integration (LSI): conplex
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{0009} Accordingly, theré is a need in the art for high density, large scale integrated

microfluidic devices, and methods for fabricating same

SUMMARY OF THE INVENTION

[0010] Using basic physical arguments, a design and method for the fabrication of

25  microfluidic valves using multilayer soft lithography is presented. Bmbodiments 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



t he actuation pressure and flow resistance over a wi de range of design
paraneters, and conparing themto both finite elenent sinulations and
alternative val ve geonetries. [0011] An enbodi nent of a mcrofluidic device
in accordance with the present invention, conprises, a first |ayer
including a first recess in a first surface. An elastonmeric 5second | ayer
has a first side in contact with the first surface to define a first
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second layer adjacent to the second recess and deflectable into the microfluidic flow

channel in response to pressure within the control channel.

[0013] An embodiment of a method in accordance with the present invention of

20  controlling flow in a microfluidic structure, 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

clastomer 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 sids 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.



of the first elastoner naterial. A second elastoner material is nolded over
a second raised feature exhibiting a rectangular cross-section to define a
control recess in a first side of the second el astoner material. The first
side of the second el astoner material is placed 30 against a planar
substrate. The first side of the first elastonmer material is placed agai nst
a second side of the second el astoner nmaterial, such that the fl ow recess
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Fig. 2is & a°secon stoneric med on top of a
-m cromachi pggteqrol d. [0019] Fig. 3 is an illustration of the elastoneric

‘| ayer of Fig. 2 renoved fromthe m cromachi ned nold and positioned over the
'top of the elastormeric layer of Fig. 1 20[0020] Fig. 4 is an illustration
.corresponding to Fig. 3, BMFBESMION@E@H&MM@%NBH c layer

_fp05|t|oned on to theflr C er 5is an

‘il lustrati B @OI’E@SLET‘?&FH@S“? rﬁte {?fmélﬁg‘éﬁeﬂg)r%ﬁ(goq %olpstfgand second

‘el ast operi gidr@¥ahs:c-hended toget her [0022] Fig. 6 is an illustration
rcorresponding to Fig. 5, but showing the first 25m cronmachi ned nold renoved

‘and a pl angfp §u b?itg.r A CmRASHLEANGS debbnlileRsBhREE 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 fOOZO} 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. 5 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, bul showing the first

25  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. 74, showing an open

flow channel.



. [0023] Fig. 7Ais an illustration corresponding to Fig. 6, but show ng the
“elastoneric structure sealed onto the planar substrate. [0024] Figs. 7B is
a front sectional view corresponding to Fig. 7A, showi ng an open flow
channel . 100251 Figs. 7C-70 are illustrations show ng steps of a mnethod
for formng an el astoneric structure having a nmenbrane fornmed froma
separate el astoneric layer. [0026] Fig. 7His a front sectional view
showi ng t He02A5AI VéeseTCHiCpre iBskrgtioanshectingitens of papedhodfppysmPeEly. 8A and 8B

“illustrate - b ng.: j r AfateVeddstRMsicfidy@w channel s.
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sectional guteew of an alternative enbodi nent of a valve having a flow
channel with a curved upper surface. [00311 Fig. 12A is a top schematic

VI ew OF, a']G@'?LOfFﬁ 82l MR -8 H 0032 s Fhife ofaddi} ¢sSapplise pickainalor ehrtuatiioon vi ew

along line 23B-2 i.n Fig. 12A [0033] Fig. 13A is a top schematic view of a

_ peri stal tichangelspi ng system 15[0034] Fig. 13B is a sectional elevation view

along line 24B-2413 in Fig. 13A [0035] Fig. 14 is a graph show ng

experi mentf@i2By &hDeélnethates tipie nespoimt e ai90hxéeRiemelpuioR T Y misiobdde.nent  of
the peristaltic punping systemof Fig. 13. [0036] Fig. 15Ais a top

~ schemati c (o260 fg. 208 LML iohiIREvast HatilngoNEik! TR vipavidatine of the

" simul taneously. 20 100371 Fig. 15B is a sectional elevation view along |ine

26B- 26B i MeFbgEne15A
10 [0030] Fig. 11 is a front sectional view of an alternative embodiment of a valve having a

flow channel with a curved upper surface.
[0031] Fig. 12A is a top schematic view of an orv/off valve,
[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 clevation 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 peristaitic pumping system 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 20B-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.



[0038] Fig. 16 is a schematic illustration of a nultiplexed system adapted

to permt flow through various channels. [0039] Figs. 17A-D show pl an vi ews
of one enbodi nent of a switchable flow array. [0040] Figs. 18A-D show pl an

views of one enbodi nent of a cell pen array structure. 25[0041] Figure 19A

-Shows a sinplified plan viewillustrating a binary tree mcrofluidic

mul tipl exor operational diagram [0042] Figure 19B shows a sinplified plan

view illus %@zi ngig%ré gj% %)h%gv)g o5l 8l BT A SuSrai b ki) ake ofesatitienal

di agram [ Igure shows 'a sinplified cross-sectional view of the
general m ondfgiedodpeeralfahi disgtrare of the devices of Figures 19A-13. 5
[0044] Figure 21 shows a sinplified plan view of an enbodi nent of a
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channel s. [0045] Figure 21A shows iyrplified cross-sectional view of the
structure %?Cgif?%w8%&?%&&“’&@2%&%%’%&&% ne 21A-21A [0046] Figure 21B
shows a sinplified cross-sectjonal ,view of the str.uctur f K e 21 10
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Ccross- sect LORAlre Wiehh OforBEcARNE Blcomidl betel bérlioCcanedis.t ect ure of the device
of Figures 21-21B. [0048] Figure 23 shows a sinplified plan view of an

alternati Vﬁnoggﬁ?g%%@%%]ﬁg;rho@s Wsﬁﬁéfl?ﬂcﬁlgﬁ bR & settibnbe sk fdld duhugiuRCo [IRRIrE 91

channel s t contr annels. 15[ 0049] Figure 23A shows a
si npl i fi edizkewslonshetlinodbd-24irbw of the structure of Figure 23 taken al ong
the line 23A-23A'. [0050] Figure 23B shows a sinplified cross-sectional
view of t heotgb) uBtgure2 10f shbivg dsyliBicd alvenseationd viche Hiengug8B-of 3igure 21

[ 0051] Figure 24 sho i.np)ified cross-sectional view of the general
rni croftfui Eﬁkﬁnéen%ﬁhéﬁ:?‘Fg&é'&Eg'of the device of Figures 23-23B. [0052]

‘Figure 25 shows a sinplified cross-sectional view.f the general ..
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‘control over; £aRks B b bBgS figkhen et rol |ines.

[0048] Figure 23 shows a simplified plan view of an alternative embodiment ofa

microfluidic structure utilizing control channels to confrol other control channels.

15 {00491 Figure 23A shows a simplified cross-sectional view of the structure of Figure 23

taken along the line 23A-23A.

10050] 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 microfluidic

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

[0052] Figure 25 shows a simplified cross-sectional view of the goneral microfhuidic

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

control 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.



[ 0053] Figure 26 shows a sinplified plan view of one enbodi nent of an
inverse 25 nul tiplexor structure in accordance with the present invention.
[ 0054] Figure 27 shows a sinplified plan view of one enbodi nent of a
cascaded mul ti pl exor structure in accordance with the present invention.

[ 00551 Figure 28 shows a sinplified plan view of an enbodi nent of a

nodi fied nultiplexor in accordance with the present invention. [00561

Fi gure 29AoaipvWidie DR kicads 4ol ka@bnadh & dmirafiidic diemongesimmaye st or age
device. 100571 Figure 2913 is a sinplified and enl arged plan view show ng
pur gi ng né€H&hi cs for a single chanber within a selected row of the chip
shown in Figure 29A. 5100581 Figures 29C-F are sinplified enl arged views of
the array [MB57Fi Figuee 20nisstrivplifipdland anlprgedplan BEFGDAY IS UEHDE Wﬁ&@?’(ﬁ?ﬁual

storage | geat . oL ORSO AU, 298 NS IR, BERPIS Wikl sy of m crof uidic

menory di splay. I gure A shows an optical mcrograph of a

m cr of Lui dj onpar at hip, .. 06611. Fi L. i i fied
schendi o W8 SRR AR PsRinpificd chaed fisra P B i oLPr bR PR 00621
Fi gures 3Madhganepemimrdged isiivipkdl foagde ploaiorvi ews showi ng | oadi ng of the
chanmber of the mcrofluidic structure of Figure 30A, [0063] Figures 31A-D

are a set gsﬁw ptt?ilg%@é 290 HRGRLARRSNSHAYE BmArERidit eRnefy diggagonparator in
action. [ 00641 Fi gure 32A shows a schematic diagram of the mcrofluidic

compar at OfogeBP! igdnd th s SHENAE: Ao LEMPSIOARRIAIRHOB Rk Ror D651 Fi gure

3213 sho uor escehce | mge o chip in conparator node.

[ 00661 Fi gure 32C s . a pHIS conpar t f £ {8k neous
ixture oftVBB-prEYET DI RgPRRF SreRent ouRd te P BE kel A8 PP O B
- signalg Figure 30A. ’

[0062] Figures 30C-H are enlarged simplified plan views showing loading of the

chamber of the microfluidic structure of Figure 30A.

[0063] Figures 31 A-Drare a set of optical micrographs showing a portion of the
comparator in action.

15  [0064] PFigure 32A shows a schematic diagram of the microfiuidic 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 mixiure

of eGEP expressing conirol cells and CCP expressing cells on output 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,

[0068) 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.



20 100671 Figure 33 plots the nunber of control |ines versus the nunber of
flow lines being controlled, for various base n nultiplexer structures.

[ 00681 Figures 34A-C show sinplified cross-sectional views illustrating
structure and operation of an enbodi nent of a vertical one-way valve in
accordance with an enbodi nent of the present invention, 25100691 Fi gures
35A-D show sinplified cross-sectional views illustrating structure and

operation o e pi xe f a mcrafluidic displa evi Ge i.n cordance with
t he present {Opﬂﬂenﬁglﬁﬁgfs 8["6@7”‘0)1&“:‘1"8?5 Ptmf?@n% ﬁ% %engo%l &éllsrP(i%}i Sé\R‘P@% one

enbodi ment @fickadiisn Byststinphixdchedanir@sstisect dnemide! vi edisplay davéderiat i ng
structure and gperation of one pixel of a display device in accordance with
the presentPHGEIE FEh the presepghverfiori gure 37A shows a sinplified
cross-sectional view of a downwardly actuated 5m crof] uidic_val ve

structure. [POUT2)Figurgdti siprs astioniicd csgsprptctipnad giegrfeglogspperdragtuaftew of an

enmbodi nent _of A t uated val ve structure i.n accordance with the
t . N
presen{r%i n\}{e?lr?fo?lgin. i%é’%?o Iezli%g. 38 shows a phot ograph of an enbodi nent of a

‘m crof | ui di vigce | cordance. wi.th the.pré t 0N, 0074]
R L R T e O R T D
control | i ngwaidd &rtuatddGQES kirkdtgu iieactOlapleotith the picseat inventpmessur e ver sus

actuation channel width for enbodi nents of an upwardl y-defl ecting val ve

structure ipyasCigdanerwy 4 ghotdpeaph o sehbddiuaniol 9micrd Hli0R eelickigur e 40B
'pl ots actuation pressure versus nenbrane thickness for enbodi nents of an

upwar dl y- défgedauehyith ewecsertigcttiee i n accordance with the present
‘invention. [0077] Figure 41 plots nornmalized resistance versus actuation
.channellOpr d&®ui e Figyre hvlets @btpaticarmessramoisanigrofisfdiednan! avidifilapd sorieNi ng t he
same di rren%ﬁ(g%dt ., [0078] Figure 42 plots normalized resistance versus
actuation C anne?‘ pressure for an 20upwardl y-defl ectable valve. [0079]

TR T e T A S

embodiments of an upwardly-deflecting valve structure in accordance with the present

invention.

15 [0076] Figure 40B plots actuation pressure versus membrane thickness for embodiments

of an upwardly-deflecting valve structure in accordance with the present invention.

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

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

[0078] Figure 42 plots normatized 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

| 8 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, 09/997,2035 filed November 28, 2001,



[ 0080] Figure 44 shows a sinplified cross-sectional view of an alternative
enbodi nent of a valve architecture in accordance with the present

i nvention. 25DETAI LED DESCRI PTI ON OF THE PRESENT | NVENTI ON

| .Mcrofabrication Overview [0081] The follow ng discussion relates to
formation of mcrofabricated fluidic devices utilizing elastoner material s,
as described generally in U S. nonprovisional patent application nos.

10/ 118, 466pdhadeesdsApsd Apd 6, 2@11209/@@4 mmm&mmmzwe@md 09805,2001,,

09/ 826,585 _filed April 2001, 4,784 fi Nov 0,,, and

09/ 605, S2G11*4 find SHG: 3he 96l PrACCEN AL BRE BT PEArT Srrahist iy

i ncor por at,gehAys. ref erence for all purposes. |.Mthods of Fabricati ng

5[ 00821 Exenpl ary nethods of fabricating the present invention are provided
herein. It is to be understood that the present invention is not limted to
- fabrication by jone Metﬁd‘dgoﬂpﬂ)@ﬂbatﬁfg t hese nmet hods. Rat her, other suitable

nmet hods of fabricating the present m crostructures, incl udé?ng nodi f.gi ng the
present mdPWEds, Bxemplay isthedridabsicatiagithe prraes mvepii arq pogideg ey dti5 51 o

sequenti aly, §E 6P Q&od@hé’c'tﬁéﬁreﬁﬁﬁh@éﬂti‘%ﬁ 1Rk Negke@fo ffaﬁtlilfah&@by Bie dGhbengr esent
m crostructure, fv\,h may be used as a{gurrp or valve). Figs. 8 to 18

illustrat @fﬂmmmnthp@ﬂ M@&@t@ﬂ suitablerelliods b TN iCEMERs PRSSFOSE fabri cating t he
t o BB | 0084
heowi T paedi %%%5&?%‘(‘@} ‘Pe’q’kgs‘? B e 8 o BB Va5 Lising
, ) ¢ d
Bl ternat ?38&%@? o | i Bl s RS R S B R ot e o

~ the fabl owhdgcdasaidpdststur ephﬂﬁﬂﬁrh bemuss # purp oem@as) Fips. ﬁheléhlhstraimari c
" structure which canc ntain a oW O E%J%g as
sequential steps o a second pre erre metho a ncatmg e present microstructure,

(which also may be used as a pump or valve).

{0084] As will be explained, the preferred method of Figs. 1 to 7B involves using pre-
cured elastomer layers which are assembled and bonded, In an alternative method, each
15 layer of clastomer may be cured “in place”. In the following description “channel” refers

to a recess in the elastomeric structure which can contain & 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.

[008G] 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 botfom 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 elastormeric



[ 00851 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 nethods, including but not limted to photolithography,
ion-mlling, and el ectron beam 20l ithography. [0086] As can be seen,

m cro-machi ned nold 10 has a raised line or protrusion 11 extending
therealong. A first elastonmc layer 20 is cast on top of nold 10 such that

a first recess. 21 will be fornmed.in the hottom surfac f el oneric |ayer
or (1 eceadens 2 hopt EuthniarharR A neher s Aot i S by SeBRL OTRr 0 1Y

25[ 00871 Ascif@mdde I82LI w1 fohd 2 f8w cBag@LINd m cro- machi ned mol d 12 having a
rai sed protrusion 13 extending therealong is also provided. A second

el ast omer i C[ﬂ?f@]'er}{e%&ihgtocﬁg.ti, 0 st @ firshlddcdodd cRStofREWLyeSEChnd hat a
recess 23 w be forned ih its bottom surface corresponding to. the

di mensi ons (Biz. frase thes benred Hgethopgdampen iskgaralid ke RPN INALIRSEREt i al st eps
iIIustrgt e%u{l&u{éi s. 3 and 4, second 30 elastoneric layer 22 is then
renoved “from no 12 and placed on top of first elastoneric |layer 20. As

can be see cess 23 extendin I : t f ic SEER

el ast oneri goq@;eﬁﬁnﬁﬁrﬁ SeTi R aeﬁ‘l’%\?@é#ﬁ%ﬁ@%'3@&%5%%5%%%5%%{8?r| nggt o Fig.
5, the sepama thef iansivedfrdmsasidhelael msitioneldncop afeplsn@@uissirdic?. AscaiFi g. 4)
are then bognded .t get her forman integrate i e, al. i.t hj

el aSt omer i eﬁ%@ﬁﬁ%&&éaﬁﬁ%gfﬁ%@ﬁ% egﬁﬁgbcg%ﬁgéé%snbef’fﬁs{%ée& astket%qgéétﬁr?al step
of Figs. 6 sashe (fplaRiragh@aRtdCresdss DLl RriR4 flos dhbesvl 6@noved from nol d 10
and positioned on top of a planar substrate 14. As can be seen in Fig. 7A

and 7134 Whg1e! ARt BRBEH: C1astbibGt HA8NA4 fas, ReEBILRERLAE Beall With RAEOM
surface to planar substrate 14, recess 21 will forma flow channel 30.

110[ 0091] Thay greati nlanas sykstwive Aincadseriapstio famimd sitldhis &G isbBl B her neti ¢ seal
‘W th near| ‘ %“E?e' FsBed, A BANAN AR thiPed QpsBid) gladaS €al
this way i éia@tﬁﬁ%m?%ﬁ%g@% rrerple?:ll&s?tﬁ ‘uct uer_ es nmay %pe pg’el_ ed(3 up? vvaghedl, and
Te-used. | mulpireedd ieglass pelttber apiaautege oSuding glaps es thaf glass g tsangpargty ur t her
.advant age of, using.glass is.that ' L, L0 gpt i cal
i nterrogat Tag%mgg Oﬂ?%i?%ﬁréj rgaté%gﬁﬁg?égggﬁﬁgaﬁ%%%@@(%?Sr%égﬂ \ é@lﬁﬂﬁ%ﬁ%l y, the
: 15  elastomeric structure may be bonded onto & flat elastomer layer by the same method as

described above, forming 2 permanen{ and high-strength bond. This may prove

advantageous 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.

[0093] Inpreferred 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, InFig. 7D,

10



15el astoneric structure nmay be bonded onto a flat elastoner |ayer by the
sane nethod as descri bed above, form ng a permanent and hi gh-strength bond.
This may prove advant ageous when hi gher back pressures are used. [ 0092]
As can be seen in Fig. 7A and 7B, flow channels 30 and 32 are preferably

di sposed at an angle to one another with a small nmenbrane 25 of substrate
24 separating 20 the top of flow channel 30 fromthe bottom of flow channel
32. [0093] fitsnclpstehaid legeraspeebisyn tph airiiast 1si¢bsm|aeitieed1r4401idswguds@at thmtoadvant age

of using gl at th Lomer - . struct ur el ed up,
washed and"f:It g@%da ’f‘ﬁ‘i“iﬁ%‘g gd’i/@lrf évd o {T‘ésolfﬁalsedlhélggrp%afjg%% gﬂﬁgm

SFnS![ ng nﬁmtaibeelz ];eaminpyaad bﬁh&x@ﬁ;ﬂﬁbam&ﬂimgttm m‘lame ﬁﬁsﬁmﬁém zﬁdtemi;spzlug an

el astomer itse ma vant agepus r pressures
are used. PEOIH} d]ﬁf@ W?l’?o%/ g‘f “3}5’}8%&3{]&&6%‘?}){5%{1 dgg‘?ﬂl?t%gg ﬂ}g@ie% varied to
forma strygehssidsyiondedoyBEBiaNgoergposed of an el astoneric materi al
different than that formng the walls of the channels of the device. This

val iant f a@bb@at In! %tnﬁt E'f%?;l xl"}(.'is Hidrd- hﬁ@ﬂtﬁé’ﬁ[rﬁ@d'lﬂ h'a:dqﬂga rdiSed fbird00B95]

Referring m cr o- machi ned IS provided. Mcro-
machi ned n@di@dm thasalengrialsedrovided Sroopd @‘ﬂ&rt@mﬁmlamr 23 @fﬁﬂ‘PfhE?PtOﬁer eal ong.

In Fig. 7D I i rst

m cr o- nac hsleﬁoeéf 1£c§1%ié§ g Q;ﬂﬁ@* ﬁalila?%/eﬁESS%g i ﬁPﬁ&Eﬁl iﬁl% rorg'? IFI)leslgfaﬁé{‘eomer| c layer 20

~is flush WOt:}as;iohémgmqotmfdmmsmasjoﬁpwﬁelsmn IBrotrusion 11. This nay be
acconplished by carefully controlling the volunme of elastoneric materi al

- spun ofit 0 W9y JJQFE@'?@I$e\é6nd&as‘tdi@uléwzilﬁlr@hbvﬁfﬁ“dr@hﬁﬁdlﬂ aridep[dekd on

~Alternatively, the desired 5 sha Ligtbe fi)rmeq%\l;)é ejef\ctlon nmol di ng.

- [0096] In P @fth?éelaéfé@@ﬁﬁliaﬁﬂ?r% Of5TIE ay9r H‘Q‘PQ ? fided protrusion

- 13 ext endlémtmc@@e«?@@td I%nﬁluﬁég“rﬂre%\ﬂoﬂﬁﬁc bﬁ@EQMuﬁhgﬂ‘@El@H@fe‘s ﬁeﬂcﬁ!ﬂ!@fmzz i's
cast on top of second nol 12 as shown, such that recess 23 formed in

- its bott orficiifbclve fé‘dh’@é’@ﬁ’éﬁtﬁhﬁgroﬁ%ﬁs:tfﬁ“eesﬁ?mlﬁéﬁQC%‘PIGBlbéitf%lﬁ@lllﬁ’ﬁ 133. 10
[00971 In EhGor ﬁew§ pohel astonmeric layer 22 is renmoved fromnold 12 and
pl aced on top o h| r astoneric |ayer 222. Second el astoneric |ayer 22

224" usng DS OB FARa s bl B Ple- BT O

process, réaessirs?3laftomners layadc Bksechdoiy bicak ae@l fiksit akastazﬁiem labreﬁzmram fheow
channel 5100981 In Fi l.ast oner.j,c.bl ock 224 ed on top of
first m CE’SH‘%FQJWWH 0nf?l1 a%@ltgg{@]teﬁl]csgnogpgglgcgﬁlg]siiﬂglepgf}tgqc%gg 23%?‘&%%%nerl c
bl ock andnidxﬁiﬁ&ne%a@bwar&ma@eﬂaeat@aa&@n@rcﬂaydﬂ@azbonded together to forman
integrated (i.e.: nonolithic) elastoneric structure 24 having a nenbrane

conposed @dgod S%@ﬁé@é&&h&%&ﬁ&%u@ nhOYERh s€A<t at its bBQ&%%]lrf%@%a Blapst oneric

structure 24 Las been sealed at its bottomsurface to a planar 20 substrate
i n t hé0manvistraidés heinraderdssudeil aAbaysineuDESIPOWiIhFIR] A, tharecesrdforraabis s

formerly 38&1&5&'{1%?7 rggedrl?ﬂesﬁ%lllilfﬂﬁli]h}w\éflelnhelfﬁlr. m 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. Morceover, 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 potentiaily 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.

i1



[0100] The variant fabrication nethod illustrated above in conjunction with
Figs. 7C-7G offers the advantage of permtting the nenbrane portion to be
conposed of a separate nmaterial than the elastoneric material of the

remai nder of the structure. This is inmportant 25 because the thickness and
el astic properties of the nmenbrane play a key role in operation of the
device. Mreover, this nethod allows the separate el astomer |ayer to
readily be su cted to conditionin riqQr to incorporation i.nto

G ast oner - sDHdbe W B1e hewiive crstisent DG ¢ Br i~ By b ee 0P St  al 1y
desirabl e condinicieMybRGbratte thheplicRidnatighj @ﬂ 1 o MBEHORInI chikd RbRCHRI cal |y
conducting species to pernmt actuation.of the nembrane, qp/or

30
i nt roduct | oMeSSHt IpSBHET 1SiPAL EMiesko MepisPh@e; O dRshnigyes oy eiafr?kﬁeééou city.

[0101] Wi lg,the nﬁi?«ﬂmi @Bﬁ%@sﬁ ed é;&éﬁ&ﬁér@tr@gedant@@ﬂ@%bé Béhdvl tdgether i ng
vari ous shaped elastoneric |layers forned gitlcatlon nol di n? on top of a

m cr omachi resd exaoipds, atswe@lm@ﬁelﬁsw@ﬁﬁ iT’éW“F‘]sCOH be formeddy lesst RS flechni que.
Q her t echruug& 11909:?“1? 0P8y GIERIAY & 1zr1r% %&flﬁbf&ﬁuh%ﬂicﬁ’dr%@lﬁc a@}iﬁfe%aﬁfas shaped
el astoneric erl al That"are to onded pg 5 For exanple, a
shaped Iayehso@efsecblbea@vtfurmdnmnmre*mﬁathe@mn@e?@él ay methody | aser cutting or
‘injection nolding, or by nmethods utilizing chem cal etching and/or
-sacrificialjoraay erﬁineeli&-nasvdihstﬁu@%dodﬁ@laqmtémedcﬂmsjtme}tdtmctm wifizinge second
.exenpl ary net hod 0102] An alter ativ. t hod fabri S a patterned

el ast oner é’PYCﬂIWL %gﬁ L’i““zgi‘sﬁ&“céﬁ qu‘wgmnel QOIBWJP?}F% i SPYENEapEul at ed

W thin 1@l ashmiE ilREQEARE withanepetent fnbentidh Bi&tnhﬁHﬁxltb@ttﬁﬂﬂ@h@@hﬁiﬁxeﬂst h the
‘present invention are not limted to utilizin lc%Eotore CIhe materi al s

‘such as netQihe mafEal syphsys naerly sould alsgeeryeras §p ff@fq”é %fﬂ&&wfﬂ noved

selective Lg.4ReSHe 5&%@1& geﬁ%@&%@zﬂ@t@m%n@rth@ﬂneth@@dxohfd&exﬁi&hhﬂdmme| d
remain within the scope of F%resent i nvention. For exanple, gold netal

‘may be et clieabe sBihe Ty invsniony By skaids eeiferetalimay b sighed FcYpiGpr i at e
chemi cal m]ﬁ?t da gm@g nenensiaRs, [0103] Mcrofabricated
refers to the 651?526(13&]5o?r1 ?g%ﬁi?gg@ og} el st omeric structure fabricated in
raccordance with an enbodi nent of the present invention. In general,
variatiy gn in at,least, 0 d@l{gﬁﬁ'e?'[ﬂrﬂ lg{ongn crofabricated structures is
‘controlTed to t%e mc o eve th at | east one di mension bei ng

.m croscopi 0108} e Mitrefabricat DG erd u@)thesz@dﬂf@nmesacﬂmn@@(stomnpym@abl y invol ves
“sem conduct.Qr. b hni o} graphy and
. Spi ncoat i nza%Pﬁag?d ‘&F&“’a@ éﬁ’g afl%%b 1% Iﬂ HL ‘?Sggtpﬁ‘?%u Q rée%lﬁg on the

.M croscopi gatistiveln at Mattonatdiheasih of ﬂﬂﬁio@iﬁndabﬂ seterers isorontbilddte the micron

-m crofabricated structure requiring a mcroscope to sopabl y

‘resol ve/i rr%ﬂ@l WH%”SIFQSE%W‘%’”?@&WA% rPWmﬁ?oé’F‘éé RTINS ﬁé@f‘ém “f ow channel s 30,

32, 602@ndI\/ﬁgroﬂBﬁéa%Bﬁ‘%Ycah?&iﬁmWe%éﬂn&dﬁdu&@r SARENS AbriRSoRfecRbQul sddd: 1. A
-non-exclusive list of "other ranges of wdth-to-depth ratios in accordance

with enbod mﬁmaélﬂwgraph}émﬁ winereting e ate dspisnagt for o produse fepirg dinggsigns
preferabl yi&th%: nh&o‘s:tg i 16@%1:11[1&%3?5 61% ¥%f e dir {1&131%9 o%the"iﬂigrdmﬁfcaiﬁﬁ ef erably

:3:1to n an e enpl ary aspect | ow c anne 0, 32, 60 and 62 have
Wi dt hs of atbmwremqmang@@ﬁcm@p@tweasmab@nﬁmvﬂsmgefﬂlqSémctﬁfe ot her ranges of
‘widths of flow channels in accordance with enbodi nents 30 of the present
invention [oe4. Ok m&e&&ﬁﬁpa&g flonschaimelse 0p3 B K6 pah by pRi@sbly bavk0@athafocr ons

| feraply 0. 500 f er abl
oSt PP ol R eSO I PERB B R < FRATRA i B RSP RCEO8 0. 1 um

1 (tin, 2 pbrd®nce 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 1000 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 microns, 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 pum, 1 pm, 2 pm, 5

12



gm 10 gm 20 gm 30 gm 40 gm 50 gm 60 gm 70 gm 80 gm 90 gm 100 gm
110 gm 120 gm 130 gm 140 gm 150 gm 160 gm 170 gm 180 gm 190 gm 200
gm 210 gm 220 gm 230 gm 240 gm and 250 gm [0105] Fl ow channels 30,
32, 60, and 62 have depths of about Ito 100 m crons. A non- 5exclusive |ist
of other ranges of depths of flow channels in accordance wi th enbodi nents
of the present invention is 0.01 to 1000 mcrons, nore preferably 0.05 to

500 m cr ongn, 109MmE 2046, 60 Ak, MOQHQSOQmZEOpm 20 pns R0 amd Strpme 190 pietdbly 1to

100 mcrons, nore preferably 2 to m c nos pref%rablé to 10

m crons. Brerph &my 1 3haRnk0 ?tl@plt5ﬂ§tm»ﬁép%’e 791%’%2%%‘“ V208 rn, 0.05

gm 0.1 g Ogm3gm4g|n 5gm 7.5 gm 10
E}ﬁ 9%@ g&”ﬁ%&fi@ #{&’2%1%58 L

gm i(z)'oS > e 5 gm 25 gm 3? gm 40 gm 50 gm 75
gm g m re not
limted tgbjt%g @9 @@?’F‘?ig% 3213(%03 ‘2@*& Vﬁg[ggéso aé%gﬁ{e@wéllq I\Q/%ﬁga"tki%\?% and
may vaky ieRclwicd lhst bf'otﬁdixd@rﬁgeﬁ ef ahpliealt ﬂbh&hﬁﬂﬁi@mm acterdiicd Wrthembm}mlemted to

- deflect the nenbrane as djscussed at |ength ?{OWE @,)otnj Qctlron with Fig.
©27. 15 FoPf brarprE mertieeidtd) B APP ORISR AAHEF_ YA 85% TWdih on the
order of Q,0d,QM-Y0b% MsEhbodsNarRhdr6 plef@itdy 0t @00 Mppbisc Abicons,  as

.~ discussed in det ai |~ below, Elastoneric strugéures ch i nclude portions

havi ng charefepdygfto é@wr@qweartcbmowmfﬁa% Ko A3 BEFPIE EXEBIALY A 5o

. contenpl at @B Rk, 34, NS Of
Coutiliozi ngdgﬁh%{wﬁlg%rn@@?ﬁ% Q{M ,?:?]lc(f g%gm ?S:ﬁ%{ ?Zzs%?vm r@L an%gmm Xi ng
channeb s )Gt eiqum, Mxﬁ,l’ﬂ?hnﬂ'h@u&i agﬁaméﬁlpm,lla)ﬁem ey Fd. st 2% hi ck for
mechani cal stability. Ln an_exenpl ar%”gbbodl el 236omar| c layer 22 of
CFig. 1 isH89 ﬂﬂé‘ré?ls‘mbéoég\r@?& %Qﬂ:t |L8 g hBte preferably

- approximately 4 mmthick. A non-exclusive |ist of ranges of thickness of

" the el ast §86] | The flowsharsebracammd dinvilet fio betrepedio SMMmBARR E216fS e present

invention js 0 e or B 10

m crons tfﬁjﬁwinpq((;S gg%%gpmg%c% %névgpgqqglmtﬁ%%g?fg ff%é?é%?%é&ly? menbr ane 25 of
Fig. 7B sepairat ionigflédt tw mdiralmaﬂaé&d3@:uasndla@zngthbelawtlypbléjlalllcﬂohl‘-‘éﬂbrfé%s?r of

bet ween about 0.01 and 1000 m ron r ef er.ahl rons,
mor o BT of Bpebeol: SCeBag LTS PP Es LBy GE § PRR Bt o007 ok Ak

pref er abl y gsch légﬁnmaps{n@merammmis ArdEdcassal inyddail o1k, Hisstoolsc As such,
the thickness of elastoneric 30 |ayer 22_is about 100@1éh qﬁﬁflt he, t hi ckness

of el ast opteychues whieh inplyde pRidigps %"Wﬁﬁ?ﬁﬁw VT BRHESY ?Fﬁ@b%i 01 gm

0. 0259 m 9%0%3 agarglsooc&%n%mte@oﬂfhg H}esgtt %wgﬂﬁong arjl Qﬁlnpgeos%{ S th%-{)l'@@f 2 ggl 3
pm pm -2 pm pm pm
30 pm 40utplmmmcb midey Slomham@@ lpﬁvdq@@dwmomod PURNE BB HTUSEESpm 400
pm 500 pm 750 pm and 1000 pm

20  {0167] The Blastomeric layers may be cast thick for mechanical stability. Tn 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 ¢m,

25 100 microns {o 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 clastomeric
30  layer 22 is about 100 times the thickness of elastomeric layer 20. Exemplary membrane

thicknesses inciude 0.01 pm, 0.02 pm, 0.03 pm, 0.05 pm, 0.1 pm, 0.2 pm, 0.3 pm, 0.5
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3. Soft Lithographic Bonding 5[0109] Preferably, elastoneric |ayers are
bonded together chemcally, using chem stry that is intrinsic to the

pol yners conprising the patterned el astonmer |ayers. Mst preferably, the
bondi ng conpri ses two conmponent "addition cure" bonding. [0110] In a
preferred aspect, the various |layers of clastomer are bound together in a
het er ogenous bonding in which the |layers have a different chem stry.

Alternatively, a 10 ho enous ndi may. be used i ich. all ers

wout A be. of Fib R rate ATty 7T Hry resre Lot |5 s 28 et Sy or s
may optionapd ymbey ghuer,hogsihers by, @0 .@dhes e 2003 hessd uhB0d fmoubh
aspect, the elastoneric |ayers nay be therinoset el astoners bonded toget her
by heat i ng. Hfa03001m, 750 prre and p¥tinef honogeneous bondi ng, the el astoneric

| ayers are conposed of 15 the sanme el astomer material, with the sane

chem cal entity in one |ayer reacting with the sane chemcal entity in the
other layer to Bond tShé& Lithygeshi¢ Bgatiler. |1 n one enbodi ment, bondi ng bet ween

pol yrmer chai of ,li ke el r. layer esul.t, from activation of a
Provart i 0 prektE SARDAIRY ol Y B bo MR A bl PSRN, 2 ot
chem cal spagiiemhtridQ]{t0 ol dretongtrisinglihe pancach ehaongengoudaspect , t he

el astoneric | s, are conposed of different elastongric,.materials, wth a
First. cheniBEFIaBR, [MByoRsiTe HET Ry o QRPN WL £ SeEBNiPEhem cal entity
i n anot her Iaﬁr. In one exenpl ary heterogenous aspect, the bondi ng process
used to bi d8L1H%sJBéwmrsfered aeech M TaEiohakpsss ot G Arkppnd S1gsieisi® dondi ng

together tvwRidA%EHS vBEAIRT M Bdioh &b ldyeRNBve FIRhPiRididtO N drSatRely - PAr t
‘addi tion-cure silicone rubber. Part A contains vinyl" groups and catal yst;

part B l€onthamesgenoup bensiinshpedt bedised I wingh g atigrs worlddecd Hesamie shemistat i o f or

‘RTV 615 is 1B, ' : ' ; i.e.
excess vi iy o (BERRRBaey A6, by BhdTRlly B oMBER ML by R BpR S5
.Each | ayer iisteadubredfmspasmtiothy clavlenric hyetswoyltayerwosat elapoagbondadt o

cont act an(;iO @g@%ﬁ h%tcin | evat ed tenperature, they bond irreversibly formng
‘a nonol it hi stoneric substrate. [0113] In an exenplary aspect of the

‘present in jon, elastonpric structures gre fornmed utilizing Sylgard 182,
N84 or 1861000 ot BRAPE B rRReRReclls bt e iosRarig ypis e BRI o t 0)
Ebecr yl{527thettamb blasidhr fnb@MIUCEL EReMNE Shomibd tadly id BndBPereedIARE FRAtLD N
;accordance with the present 1nvention, two-|ayer 5 elastoneric structures

were fabri EERETTHGHPHEY & he PiRprewd i pendibnleyep iogsthor. I opaPRbYBMERM | ayer
was spin cogldth Biw&RQR RN AL okFiks 8LABRS: B erlé-_%{a resgﬁ%-oh%u_ammbﬁfat om

‘layers were initially cured under ultraviole ight for 10 m nutes under

‘ni trogen ugtiopilinking agérvBueto lishChenorgbanical reshion aetharseprryy cliniedlr ol i t e
_corporatiog,.Lhe assenbled |ayers were then cured for an additional 30
‘m nutes. Reaction was catalyzed by a 0.5%vol/vol 10 m xture of lrgacure

500 magyiT agd 52 AR SRR 53! ieor AR I0uE Bliet, R R1asBRMdib 1) 8es 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 corprise 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:IB. 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  clastomeric substrate.
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“ nmonolithic

el astoneric material exhibited noderate elasticity and adhesion to gl ass.
[0115] In another enbodi nent in accordance with the present invention,
two-| ayer elastomeric structures were fabricated froma conbi nati on of 25%
Ebe 270 / 509%11.245 / 25% i sopropyl alcohol for a thin bottomlayer, and
pure acrylated Urethane Ebe 270 as a 15top layer. The thin bottom | ayer was
initially cured for 5 nm and the top layer initially cured for 10 m nutes,
under ul t {OMi3d] de ah pxgmtpiasdepectmiftirayessniUn Y IutipRrRlpsE B SIFUERES 960 devi ce
manuf act ur.ed |1{:&~C raki O I hen
cured 1 or oo R 1B e Bt s

vol / vol milixtited @o)dbetnyb 2 unrdir200 fvarfu€Béiharedl. by Ci ba- Gei gy Chenical s. The
resulting elastonmeric material exhibited 20noderate el asticity and adhered
to gl ass, [§Q%L6]n Hhd @nbihMeiyaccoidbese Vithtte pgsane iivesisonyeyo-bgerused,

including activating the el astoner surface, .fo I pl,asnma exposure,
so thaf tKBsSEMEEe W”YF%‘Q‘@F% é’ﬁi‘f@é frgpei§ afclryzf)%é}hﬁ%}ﬁg% E%F?%%‘dA ieﬁr%]mcont act .
For exanphgyorR PRSI & afRRE 9ALNpHGoPD WLl bOYRFOe The tpsind bsttorh ay er s
conposed of the 'same material is set forth by Da

. ffy et al, "Rapi.d 25
~ Prot ot ypi Fyeoivaw witbly s cndgy ddisyiolstdigpidey ! Hﬁl&%@{%@?@}?ﬁrg@?gﬁgﬁé@ga
Anal yti cals{emi 850y déd IR dnutbire S/ Brodiit cdp&afid0 MBHeaes AR 1HycRY

~reference. This paper discusses that exposing polydinethyl siol oxane ( PDVB)
| ayers t owesethencysehifoman eddises! Huiniutasoreastion Wes etnlyzgd By afi Yhvolfodver si bl e

bondi 1, OEHLL! MR 560 AR 0¥ B EREL SAYPEReH A PIACRGiAY O cont act.

30[ 01 er approac i ng together successive |ayers of

el ast oner elasomerietniateriziecxhivécduhégnie elaptiaiyent adlesioh toalges ed el ast oner .
Specifically, a thin layer of uncured el astonmer such as RTV 615 is applied
~on top of (a1f) r i aotiice dmbbdinkae aéoordanyewith Mextesadt inwadomdwelryed

- elastoneric |layer is placed_on top.of the uncure t LLG, | . The
Thi o aapes R sippelierre ponrael B PEOTREN Sk s 2P bl

. monol i t hi 508l RBEPEAIEShoS FrUGhiH bEttorAldyer, Bad he kirylawdanegdneliBstoraar can be
~applied to the ' bottomof a first cured el astomer |ayer jth the first

" curedl®l awpdarsr Thsidin botiaadayes ivas Spidl careddeohmin grd feden SXFdREiallY ayer .

~ CQuring t h&]réq B4 6 rdiftieBs, Ghas LRl ﬁéﬂruna&afin@ogeﬁwh&iﬁghm&grmisg@ of a
: el astoneric structure. [0118] Were encapsul ation of sacrificial
- layers i sdevmglinegpactised bipElectsalise eanporatians Thaesscrnbled éavaisavere b pigd BY
successi vg, g ' y : lishe ' cyLed
el ast omr&o%ég?§og&p$%%§lgteg'l gg%&lggﬁlagﬁgé%ge@iacéfﬁ;’/ggy(gﬁgglhé;&s%ri ficial
mat eri al 500 manufactured by Ciba-Geigy Chemicals. The resulting elastomeric material exhibited

20  moderate elasticity and adhered to glass.

[0116] Altematively, other bonding methods may be used, including activating the
elastomer surface, for example by plasma exposure, so that the elastomer layers/substrate
will bond when placed in contact. For example, one possible approach to bonding
together elastomer layers composed of the same matsrial 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
surface, with irreversible bonding occurring when the two oxidized layers are placed into

contact.

30 {0117] Yet another approach to bonding together successive layers of elastormner 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 elasiomeric layer. Next, a
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10 patterned thereupon. Bondi ng between el astoner |ayers occurs due to

i nterpenetration and reaction of the polyner chains of an uncured el astoner
| ayer with the polymer chains of a cured el astonmer |ayer. Subsequent curing
of the elastoneric layer will create a bond between the el astoneric |ayers
and create a nonolithic elastoneric structure. [0119] Referring to the
first method of Figs. 1 to 7B, first elastoneric |ayer 20 may be 15 created
by spin-coating an, RTV mi xt.ure,on 2 ms for
30 secondss§fP ArFbelesi el REs i p&?"% f F?Pa F&g%gg %%grgélgcn@ersgggﬂf

el astoneri ﬁuchﬁé’ﬁ?er%@uimyedt&as‘ﬁdn%ﬁﬁdexbgur@iab Iprccdtuaft a mgnelithiREMstinRtitir e on

m crofabricated nold 11. Both |ayers 20 and I aked or
cured at apBishrgolligpivelys ipgrRdLlastpsr %fﬂé‘c&*?ap d@%@ﬁg@% a%e§ %Ifana be

bonded ont Qlaétbxﬁéﬂzay%lraa%mem&omaa/er@staaaagyeapmmdc&aﬁpbm scﬂbmmul@fﬂl 5 hour s.
[0120] M cromach hi ned nol ds 10 and 12 may be patterne c?tla on

si | i cons watlestemen tpyeanCeastesnipe &F‘}‘ﬂ%@ﬁb@fl‘smi’a@‘ Pt €5 E‘S“i St Or'esi st was

spun at 20%8115{ g&ﬁ%ﬁ@%@u&@ a high resol ution transparency filmas a
mask and t eve oped y|e dlng an inverse channel of approximtely 10

m orons | kNl hen, Baked, . APRLOK)BRL ALY IBAAG hikicdS (RlRlorR0

‘m nut es, oOWs an I nverse channel s becone rounded.
I n preferr adicasgeohdng dhuacomsidsel ampymdre lweesan@cbwcpmplﬁﬁhﬂ%bnmwsor osi | ane

TMCS) vapor for . about a mnute before ; t
Sdhes) on- GFHioLERE pBaere o van kS arast Bl PR e AR )

Al l cockp et palerneCak@Bper Boyddy bdibnfelaBiobler ayerg ncculinduede mrpmg atgueistloner s

in 309enera| ol yner |st| at a, t.enpe [ Ss
transiti on@@%ﬂﬁ@g "3% fr‘lvﬁ?féﬁéeeﬁf%%ei%%r%b ﬁ%ﬁr&%& érl;g'%ugs %ﬂaa?erl al's
-exhi bit el agtd QadddARaL el e&&@@@ﬂt&ﬁnh@&f th@ellasmmem:laamnalimeeamd!;ondnder go
‘torsional notion to permt uncoi]i n OH balckbone chagns in response to
‘a force, mbftﬂ’ic‘%ﬂﬁee%[a%%ﬁ?}ﬁelaﬁ%aﬁqﬁis“? *b‘i’“f’fl ghif 68 0MFHS ST RE Sr i or shape in
.the absence of the force. In general, elastoners deformwhen force is

appl i ed, -b[19iheReferingtothedistiestodsf Figsnhio Bhaips cliRemeinBYHAOBA &  empved.

The el asticlty, %{l{f}upc&%ﬂ%%{ RTY GhASL & &?&?ﬁbﬁ%&%ﬁh 32 BRI00DGpEH A0t er i zed

.by a Young orgat oneric materia having a Young's nodul us of
‘bet ween abgubnds yRéding 4 thii@agssrd lam)rpx@fa@}ya‘%ﬂ wickmsynSeqend Blastemene BYT 22100 GPa,

.nmore preferab en.about f I gen about
50 Pa - 10mﬁkbgg°r8ﬁ8‘y\ﬁ%?pén"ﬁ? g‘fné ‘é‘g“ \ngﬁmé 3&1&%& 1&61&121)’]39@1{11 are usef ul

i n accor dagigmawist c?Xﬂbe;f;isurete}grn;tamcr‘r)ire,mtraﬂ@mboaatt E0iGughl. élham‘s o'll‘htem@:ﬂdmt erials
-having a Young's 10 nodul us outside of these ran es %5§8 bebutl i zed
‘dependi ng elptemarivdayrs @ sagedondedopditstelasiopienc e% 6‘{“ &8st ens
of the%(gresglr% 1anventl on may be fabricated froma w de vari ety of

‘el asto n-an exenpl ary aspect the el astoneric |layers nmay preferably

be fabricajedytr ;@% R0 Sl errap“f* 1P a BhOFOALAR Bh SIELARLRART S Yy

‘al so be us present 1nvention, the
present sygim@RRedplery aspect, a Shipley STR 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 cach use in order to prevent adhesion of silicone rubber.

4. Suitable Elastomeric Materials
10121] Allcock et al, Contemporary Polymer Chemisiry, 27 Bd. describes elastomers in
3¢  general as polymers existing at a temperature between their glass transition temperature

and liquefaction temperature. Blastomeric materials exhibit elastic properties because the
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- wvul ca '

fabricated froman el astonmeric polynmer such as GE RTV 615 (formul ation), a
vinyl -sil ane crosslinked (type) silicone elastoner (famly). However, the
present systens are not limted to this one fornulation, type or even this
famly of polymer; rather, nearly any el astoneric polyner is suitable. An
i mportant requirenent for the preferred nethod of 20fabrication of the
present mcrovalves is the ability to bond multiple |ayers of elastoners

t oget her . PHYPRLIERS Eagdy #‘ﬂﬂefﬂoltasﬁ@ﬂalsrﬁ?tfonlt? PHBY UYL PB%P%C@PH%I ast oner

are cured c36R3% Akfdne t%rbdfoﬁdae@ltlb%@%Q{b%ﬁ@@aﬂ%ﬁecoﬂi‘ig&o aeleuend Sikisipe that
cured | ayers possess sufficient reactivity to bond together. Either the

| ayers mayinsee grcachef Baderce.yhsesenanki clastameis datsia vhen Buselisngpliss. brdmsel ves,
or they may,heiOhei nggd,l ﬂﬂeﬁﬂfca?ﬁé@%ﬁe iAo ¥ L ﬁ@?&@ ity finile Bf]' ng to each

other. Other possibilities’i use an adhesive "between 1ayers and
the usé ofelasmrerssratertiiantvieraracjedit@ly G vang ¢ hedulyse MBrtousicdinatenads t y of

pol ynmer c ] Sty ) ! QN cond tions,
and pot enD ?‘g}nﬁfdmﬁgﬁs&%z)?é%%y% ﬁ ggngﬁ{tbﬁg’r 98{1"0 B r(g%%l{)ig 1%V ETAS Bhter
systens t hféltPaCﬂl.ﬂOOGlbae ms@ptefembﬁmk@w&@u’ﬁbbuttﬁ@ma -l @B4, omre pmfemmiyevtalemes and

30 punps V the material s, used w |l bed Lven by the
" need for pa§ l}p ldn@%: I T B’ﬁgerl%%@%wﬁnegbogtgl}@? #(
stiffness acg:&&armemalhh ﬂrlasie;lt 1110éntrbe,rmtewgumaet<ﬁﬁeaibinhdtérms ha&ﬁé&&]’ouﬁ@w e are
many, ny types of el astoneric pal rs...A brief description of the nost
conmo ggl Fadulis gpisgdeplt ﬁ%ﬁaggqsscog @gggﬁﬁé‘ﬂh%ﬁfépm\%ﬂgﬁlpﬁgﬁf%??@ﬁ fagf showi ng
t hat even pakichiaf gipatinegl y "standard” pol yners, many possibilities for
bondi ng eX|st Common elastonerlc pol ymers incl ude pol yi soprene,

- pol ybut adg E)ur‘l‘?ilc)é et (ﬁﬁﬁéﬁ%}'@ en?ﬁﬁ!ﬂ%loﬁqyiﬂ(t%l ated from w1 e variet of

~ poly(styr t adi ene- st e pol yuret hanes, i con
Pol yi sopr @hieton?ﬁw Vi e @mﬂmy amb&ﬂhleéﬂswpmnéﬂyel[smme@@bw Mpbrmed

pol ybut adi @oagrmwgmyg BRLERE s Al cRAIIR HESK (£RT O She Tonomers,

and there ave one feri zed. This

j doubl vvs the rrers be canverted to el astoners by
{1]‘?1&3 %@@a’w P;‘?Ct o RO FTSTGH SFBES ke bet ween

- the doubl &bﬁeﬂé@frbﬁﬁ aheaatsnoﬁehc pdihier WoHla6 GEASTV %1 S{bAWINYIDIeNRALS ane
“multilayer s I|tho r.aphy %g) [ ncorrpl ete vul cani zation of the layers to

~ be bondedOFHBKH ¢ %%ﬂleweéﬁé st (T3l QI 4Yer, PRsdu pasiesyBigmg axsinef | ar
- mechani SMimited 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 fo themselves, or they may be of two different types, and are capable
25  ofbonding to each other. Other possibilities include the use an adhesive between layers

and the use of thermoset elastomers.

[6124]  Given the tremendous diversity of polymer chemistries, precursors, synthetic
methods, reaction conditions, and potential additives, there are a huge number of possible
elastomer 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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Pol yi sobutyl ene: 15[ 0127] Pure Pol yi sobutyl ene has no doubl e bonds, but is
crosslinked to use as an elastoner by including a small amount (-'19% of

i soprene in the polynerization. The isoprene nononers give pendant doubl e
bonds on the Pol yi sobutyl ene backbone, which may then be vul cani zed as
above. Pol y(styrene-butadi ene-styrene): 20[0128]

Pol y(styrene-butadi ene-styrene) is produced by |iving anionic

pol yneri zat [(ﬁ@S] (that aﬂe%mansfnﬁérﬁ Jh?es 30 RALHEA po@ﬁﬁér@ A%ﬁ@f&%&ﬁﬁﬂm%tf% in the
reactlon) so "live" I 'yner S can exist I'n cured po hi s

makes it a mastwpallmoeaa;ﬁﬁdm af dafioners harpeasehwe, p’ﬁﬁttbﬁ aeng pl @ﬁm@ﬂfﬂfﬁr@n
system (whe qui d | ayer
poured on t%ﬁh E%T& V%Ig c&#deaggl yﬁ I%g/ n?afnggg& Eeéggour ;E:BE&H&D}&FQ dachlﬁg{)/{/{ 25
hom)geneouselmﬂd)mmcaw@m@“@mtﬂum pdisagw;a@hypc(lﬁbut@he&ehmmhh@pmﬂﬁhe chenistry

oent an (KD STAR e AL en St b e BAAHENE, ndieBE, 27 Cencus

mul tilayer soft i thography) SBS is a "thernoset elastoner”, meaning that
above a certalnlkﬁ beconmes pl astic (as opposed to

el astic); redu0|ngﬁg gmfém Pﬁ?ﬁ? po@@ﬂgnppﬁg el astorner again. Thus, 30
| ayers can [pe2djorkiedsdroaef Wbuﬁyhehaahd polychibfiobieus a’ehﬁlpetymcnﬁa&!l&&ﬁ

‘Pol yur et hanes are produc d|-|s A al cohal s or

- 2 nes. (B oheRiate S Erelot v on SR B Behisobgf Pigbby et ang

glh aIAcohoI éﬂﬂmm'ﬁaboﬁlb%lmwmeﬁolﬁhe@lté iﬁe%c@ﬂértdd)(@Eﬁst@xfﬂeﬂ@%/y/ufoﬁﬁlﬂﬂf&sfiis Puge
‘The A vs nature 0 nmer s wever em useful for
het er og@ne e Y %HLFV@F stite qlﬁﬂtOﬁ%@Mﬁ%Wee% he u@?@ﬂ%@hf@a Ir@ & ng
excess A- Avlrdill&éh@ﬂ* AYEF h@ﬂ&k@ﬁé&%@ﬁﬁltﬁaﬁr kd¥t ftRSz Sy th@Y@ilete PhlchGOMBE:
01301 Silicone po yners@Proba y have the greatest structural variety, and
al nost  cer A9 lgyarplp beppredegy Rhotasesist Wat@ﬂwmr@ﬁﬁwyyamm bl e

formul ati oRseen g, Vi Nyl -to- 10 (Si-H) crosslinking of RTV 615 (which allows
‘bot h het erogeneous mnultilayer soft |ithography and photoresi st

‘encapsul ation) has already been discussed, but this is only one of several

crosslinking rregjgg,ggbﬁ@gge:i n silicone polyner chemstry.

15 [0127] Pure Polyisobutylene has no double bonds, but is crosslinked to use as an
elastomer by including a small amount (~1%) of isoprene in the polymerization. The
isoprene monomeis give pendant double bonds on the Polyisobutylene backbone, which

may then be vuleanized 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 muliilayer soft lithography). SBSisa
“thermoset elastomer”, meaning that above a certain temperature it melts and becomes
plastic (as opposed fo elastic); reducing the temperature yields the elastomer again. Thus,

30 layers can be bonded together by heating.
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5. Operation of Device [01311 Figs. 78 and 714 together show the cl osing of
a first flow channel by pressurizing 15 a second flow channel, wth Fig. 78
(a front sectional view cutting through flow channel 32 in correspondi ng
Fig. 7A), show ng an open first flow channel 30; with Fig. 7H showi ng first
fl ow channel 30 cl osed by pressurization of the second flow channel 32.
[0132] Referring to Fig. 7B, first flow channel 30 and second fl ow channel
32 are shown. Nenfarahac25 separates the flow channels, formng the top of

L L

pressuri zaghiass @ BT, ke ghanae la? aBlbfyRE - i@ycygﬁaemndldnqmﬁb}s/mhmeﬂ deed
therein) causes pepbrane 25 to f

|l ect. d b ff fl
F passi ng tusttstghiif| F@Wt&?@ﬁﬁéﬁy@ﬁmaﬁ%&ﬂ“ﬁﬁ%ﬂﬁ?%‘ﬁyg ’r%\?‘%/‘?éh‘??l y‘ﬁ gsure :)\r/]v

channels 32%qufvéd, %@Iﬁ'd&l@%éﬂ@@eﬁu y&ln%te&%eﬁfm BLHISyPEViitlegasiiGhsitahat f 1 ow
channel” 30 can be opened 25 or closed by noving_nmenbrane 25 as desired.

(For illuskFaclon: puripesegesH-P, in eha ke anémfﬁs Rilyin thepther layfswn in a
"mostly closed” position, rather than a "fully closed" position). [01341
- Since such valves are actuated by noving the roof of the channels
t hemsel ves (i . &ilicoppyi ng menbrane 25) val ves and punps produced by this

techni que {bg%z aSl%%%h}é %ﬁjﬁ%ﬁ%@?ﬁﬁbg%%t gf%t &Wcﬁﬁﬁ'v&%t%‘%ﬁ%ﬁn&@de by this

t echni que 'h ppr oxi y equal he active vol une of
t he val ve ceftmnlydnanibe grapoutunitooo keohGfersiallpavapable fagopLionsdis WWedt-vol umes

and ar, orders of
magnlt @%? IGSS%PELYI% Eﬁgw gg‘g Eﬁgﬁ $ ona Otﬁlh%?%gg{eves gﬁiﬁ’}é} Sté)\rfpand | ar ger
val ves andxtlmmdpﬁhuiagpluﬁdwast eﬂdﬁ@sﬂmﬁm@i’rﬁﬁ a:teedy be@nﬁheuqsccbbetrlhlsumméymmmn and
a non-excl S|ve Tg r&%gé ii HCl udes 1 aL to 1 ulL, 100 aL
to 100 nL? %"fefal_cft%s Mg e “?GFI 1 gl C‘iﬂerﬂ? 3“%‘?%& 985t o 100 pL. [0135] The
extrenely smal | vol unes capable of being delivered by punps and valves in
accordance with the_present vention represent a substantial advantage.

" Specifically, the sHarPE¥tof \’ﬁr‘? vol unes of fluid capable of being manually

met ered i $om1PUMehsO78 aidl7H h%eﬁﬁﬁéﬂo@ﬁthe Kigswg oﬁ@htsfrﬁgw@mm Yﬁjiﬁf:ssﬁﬁiiﬁl@
netered by autonmated systens is about ten- 10 tines larg

Utili2?ng2searopd awashela}e%f&fh e o/ @riEpah sestiounal Hwﬁwttmgéé@ﬁsh ﬂﬁwﬁ%qnain
vol umes of, ﬂéﬂﬂegpd?lthn%q?@ 1 A9 shaWRel BlopE@ sk ﬁwcﬁﬁm e wigteg egr and

di spensed. The accura fret éring of extremely small volumes of fluid

enabl ed byhavtieg frseSevichinmebit dlened by pragsusigation ofdhesoponddflaraphaanel$2a | ar ge
nunber of biol ogical applications, including diagnostic tests and assays.
15[ 01361 E4G&2} i Befetrimgepies &Rt ﬁrsaﬂhwghmmeks??mqﬁdlsbmcmd fiont dvenvet B2 ate nodel  of

i cknoss ) NeabtEad oh EUEUPBICY o P ER g CeEn sy e gnigel o

def | egd i omdothe pbi#dig bf 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 (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  orclosed by moving membrane 25 as desired. (For illustration purposes only, channel 30

in Fig. 7G is shown in 2 “mostly closed” position, rather than a “fully closed” position).

[0134] Since such valves are actuated by moving the roof of the channels theniselves
(i.e.: moving membrane 25) valves and pumps produced by this {echnique 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
20edges of plate); P = applied pressure; b = plate wdth E = Young's

nodul us; and h= plate thickness. 25[01371 Thus even in this extrenely
simplified expression, deflection of an elastoneric nenbrane in response to
a pressure wll be a function of: the length, width, and thickness of the
menbrane, the flexibility of the nenbrane (Young's nodulus), and the

appl i ed actuati fo use each o ry widely
dependi ng b ‘D el ar PG R e RS R R

particul ar @bm&tr@maymo dﬁws@émagmﬂﬂeaﬁd@r than &eowi cinvelienpgmeiserTElvERvent i on,

a wde ran rane thic es a ns, and
St uati on Pordls TR e pn A BT gy He £ Bkhfbhde Bnt BRAMEIIHERN,

shoul d be Lﬁﬂd%rn%h@ﬁ&ludixlfbalﬁst bheniebmiéaa vjollhﬁte iprtedsentigdo il s.LoMOelen 100 nL,

approxi mati on, since ene al the rrelﬁ‘g gne does not have unifoim

t hi ckness, &ﬂéorjf@%r%ﬂ‘i’eﬂ't n&¢s! PL @ 18P necessari | y snal | corrpared to the

| engt h and wi dth, and the deflectlon i s _not necessarily srral rrgared to
| engt h, wi dBF35] orThelskiesredlessalbrolames srarly arhenadeliusrehy s B KAVE Tat i on

serves as g Us&ll }/vgcg Iy eprgs%ﬁt iHSh | keggasé(ﬁra @Rt B PaHMIRLR Sfé@ﬁ@ﬁ?ltﬁé’ e a

desired response o I*ect1on versus applied force. | 139] Fi 8A and 8B
i |l ust rat e suallose kogvenyaigmessaf faphdapede p]?@gm@uﬁkéy mgtened0s gatRd Qe Lk Tt 1 ow

channel an 50 tt w de cond. f n of this
devi ce was Wﬂf‘i W‘é" V‘B‘fﬁe%ap%ﬁ ?frebr‘?g’fga{ﬁ Wﬁ%@{r’lﬁ% %g? f%%’%‘ég? %;@%?5 havi ng a
t hi cknegs Qfméb@ax%&m axi Watieiny pdMps hid ands & a‘é@@rﬁ@wﬁ withdhd preseaf In&qm@mom mat el y
750 kPa. Fi 21b show t he exten EE&BHP of th Ive to be

I

subst ant i amoymeis ﬁéhqlm%véw PSS Frgiier CHprop lslfﬁné% s. [0140)

AT pressury di‘@cén@wﬁ F@ﬁeﬁz&u@ﬁ}%ﬁﬁom%s %ﬂ@iﬁ%ﬂﬁalé&bﬁtﬁepﬁm g&etivnough a 10
cm | ong pi ece of plas tubi ng having an outer dianmeter of 0.025"
connect ed twould exfrasnely valuable in a large nuniber of biological applications, including

diagnostic tests and assays.

15 [0136] Equation 1 represents a highly simplified mathematical model of deflection of a

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

(1 w = (BPb*)/(BL?), 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, defiection 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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15pi ece of stainless steel hypoderm c tubing with an outer dianeter of
0. 025" and an inner dianeter of 0.013". This tubing was placed into contact
with the control channel by insertion into the elastoneric block in a
direction normal to the control channel. Air pressure was applied to the
hypodenni c tubing froman external LIRA m niature solenoid val ve
manuf actured by Lee Co. 20 [0141] Wile control of the flow of nmateri al
t hr ough t hB138vi ¥ ehqyidbesendeggiooy dleah thgdearianiatt PRSP ISl aipIpP e igaisn,
pressure, 5&&% ﬁé&w% H O DG 8 Gavd ibeh 1hOEnceX Ah&nbiBhd thicBness
conpressi bl'e, and thus experiences sone finite delay between the tine of
appl i cat i o nof nepesszry Fmalhpompracdeipties inrgth awl wrdi. and tioWellentigniswtt i me t hat
this press i i - I ed The af;l odi nent
of the prolebrb Oy SHBERLAREEE b BT 0GB B B R B
source % o the npnionpresss bluesHil midt fouainstisg waiable poranieyas fudchievor fsjred

=1 NSt ant aneo ransfer of applied pressure to the

resul ting rl [ oqsenoﬁ%teﬂ ctipp Vergus gs %roe

menbr ane. ver, PR e ailsarﬂp %de(? Vol unme of the valve is large or the
control chanpel is nan- higher viscosity of a control fluid nmay

contri but e{_%%%??deﬁl%av IR imd S illiatiste velie 5o ?\%aFPHJﬂ_‘E‘QI PEFﬁ?%Forta_riﬁﬁgfneW? ng
pressure Wikd fidnEHa8AR 130 20€RSOHUIPRD sdcbfd 88w BRhbICIZ aMheaRRhirsRldrals and

devi ce configuration, and bot%&({?aseous and liquid nedia are contenpl ated by

Ll iquid : .
t he i nventdesise was rmsd by faver ehGaenbblesnp Sileanss ey ¢l 2 hadngrdiknyeat above
has begn [ \ /.1 e I r and
ot er e B I e B T e are
al so cont énpkiatvetheientenha gpeesg nf the maenioi tesnbstantikldlingr gas niankShe
conpr essor.s e%ifstq.reldls)ysterrs, and colums of liquid. Al so 5contenplated is
t V' o

t he use ofral% url SCEUTT i ng pressure sources such as may be found i nside

living or i snms,, such as bl ogd pressure, stric, pressure, the pressure
present i AUAIL i BB PP R AShite dEse rmee%féﬁff dfeertiveuei 1Bl ar
space, anforshfedd o pRIEUBNE hh @ BY o FMSEd@stcr G DioNg” BmRBEd fd £26uh8. O her
met hods of  regul ati ng external pressure are al so contenplated, such as

mi ni atlar e Pieas vesainigasiire] hynedpisnie bibivg vlyansaukr diangining 8,023 setinioveal ves, and
ot her typ%&xﬁeé%ké!bfb’f AbinB S PUERIRRLoRUEN BBt SofR MarkiBL e art.

[0144] As can be seen, the reSponse of valves in accordance w th

enmbodi mentnsedpn ithe theredastomteric lashtn vdirdsvengyevhtodhpeeritrab phaahtly Adhown to be
al nost pe . [ear . - rd i ' , With
N G R G O S i LV
m cr of | ui dilee metdriturgd bpdeé Cai d control. The linearity of the 15val ve
response denonstrates that the individual valves are well nodel ed as

Eoollzeiz@ LEpa4spor ngl SSOﬁwltoMferm{j“eoﬂmtigm Eﬁ@ﬁg&uhe@ev&d@ Hahﬁo fa-ewenchannel (i.e.:
ack pressure) can be countered sinply by increasing the actuation
pressure. 3@% "W@ﬁ‘f‘%lal’ii’}}edtﬂﬁ%?i‘fﬁ%'é“eﬁihe‘iﬂl‘é@%@%‘}‘%bw achi eved val ve cl osure
at back pressures of 70 kPa, but higher pressures are al so contenpl ated.
The fol | oliify i Borexpoplexal issowgrdsiible, af! prespaicacesangedinidnddapbsises 20 by

e B eoch LR BTt iy Wil g i B bl VP L P
pressure is experienced by the membrane. In an alternative embodiment of the present
25  invention, pressure could be applied from an extemﬁi source fo a noncompressibie fluid
such as water or hydraulic oils, resulfing in a near-instantaneous transfer of applied
pressure to the membrane. However, if the displaced volume of the valve is large or the
control channel is narrow, higher viscosity of a control fluid may contribute fo 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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[0145] Wil e val ves and punps do not require linear actuation to open and
cl ose, linear response does allow valves to nore easily be used as netering
devices. In one enbodi nent of the invention, the opening of the valve is
used to control flow rate by being 25partially actuated to a known degree
of closure. Linear valve actuation nmakes it easier to determ ne the anount
of actuation force required to close the valve to a desired degree of

cl osure. %ﬁ &témzﬁ aF‘%}legz’%SS m&%ﬁ%ts#rﬁ:@d bovehal bdeR@phidias of equired for

val ve act ua e easi er romthe pressure in the flow
channel . | fpwxqﬂbam sy@iraml tthhgfn@aﬂeSSUrm@gtéasle@dGﬂ@%hméui“ﬁl@t‘/ﬁlé’equb% channel may

be count ered?q?%dﬁ g?pg?ﬁ V&g?;%irﬁ??sgﬁgé%%{% oaeh Fafé@ nP&fe pklé%bﬁt, n%ﬁ@an to the

act uat ed por?‘1 I'nearl a val ve depends on the
structure, indogiospisitarks, camgraserd otbtafsyseny and @ﬂutaﬂs eiHisuigal Adeo st ruct ur e.

Fur e 107 ¢ et b NSATA L bR, o 08P EARLE. cofhar aBh e bat Lorhi 2 val ve

depends on ORER inearly and non- feuiSar |
act uabl e vahyﬁllﬁﬁ@@g)ﬂéﬁmc&mwiobmpteb@repgmar;iressmmeﬁhbpmasuranm@hm pr essure

ranges over_which a valve is |linearl ct uabl h th ecific
rbadt mant by GAsFPRAGING e preapi s BF b Srelpbimase (R Rt BRaRBEC Al Ve
as a functiymektiel igindrbal TRERONSEhck MicthodNanglitingapriiabprepessaaled of a

100pnmx100pnmx | Opm RTV microval ve with 10-cm | ong.air. t b| ng conn cted from

the chip t colepREinaticl 2VAINAVESES BRTRe B2 H3 PR ic RS ASF 5F&fods of
di gi taljgconfifl a4 gie! type%%waild r@%ﬂatﬂ%@éﬁ%&t@ﬁcﬂé@@s mﬂmh thehet. t ubi ng and

val ve opening are shown in e pressure applied on the control |ine

is 100 10 &B)fli\;%vwﬂlshgn be Vﬁ%HtfﬁfE fegﬁsdn% J)fyvaﬁ’eg codBARe Wi endRaltRawd red to

cl ose the €n c e va ve I's pushed closed with a
pressure 6GrésBat 1Wma¢1ﬁtavb heam evcgqunem@dﬂy sventodiserhery perfoilisViapar oveie val ve s
driven back to | 03| ion thPa)
‘Thus, -ccl (¥8°P¥ 1%&%f§1ﬁstlae[ rgvel v%r}} Li\lninl?rx%l h%?ter%gyg A glgotﬁxg Ere ?510 a | ag
bet ween t hgaBeirt tlealty guitad fca mdcmﬁmmircohet@ngmdu ﬂeldrcespoiln Sibe liderzity of thie

dimtations of the 15m ni atur 0 contr, he, pr Callln
such | dds tValR&SPAEe %IEOIF @3&1@? ﬁﬁt‘@a{jﬁ Yal£ W%ngféeéed Efﬁ O(éjir%g’—i 63 ns,
‘zopen = 1. 8Briips, FhehedB6rerhigh pfossibas i e Ao&v chakheb(. enhaold;fres’ﬂmeﬁ}@zaﬂ”bcare aI | oned
for opening and closing, the va#lve runs conf or%blé at i}ﬁ{ when filled
Wi th aqueoGSUEHFLSTBE, bY[’B%ﬁ@inglt HiRRUOR RSO LHHEF R ER RS "H&Phod whi ch
-di d not  suffRhfd M0 MARRLOGIANCoRLe Abas fesshRBof 10k, Malh@erprabsties ure at
-375 Hz. Note also that the spring constant can_be adjusted by chﬁ%{lgl ng the

“menbr ane t Bisekprigsplatef EhfaﬂOiI@mgém noferpsilist BF PrEjsHIcaPRaca RCOMBBERT ng or
fast chgsi ‘B?% Eh&e&tﬂﬁ&e(ﬁ} gtﬁﬁaarﬁs wek 1802k S0 Readipist efiday1 gbangiong t he

gelast|C|ty he menbrane, as is possible by introducing
‘dopant int &Pa,fﬁelﬁaﬁ%ﬁrkameméﬁ kY2 utGakP2i ng a different el astoneric materi al
‘{to serve as the nenbrane

‘f {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 i
embodiment of the invention, the opening of the valve is used to control flow rate by being

25  partially actuated to a known degree of closure. Linear valve actuation makes if 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 force required for valve actuation
may be easily determined from the pressure in the flow cinannel. 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] ILinearity 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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25 (described above in conjunction with Figs. 7C7H.) [0150] Wen
experinental ly neasuring the valve properties as illustrated in Fig. 9 the
val ve opening was neasured by fluorescence. In these experinents, 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 nonitored on 30 an epi-fluorescence m croscope

wi t h a phottardtetistd iincarvatwtdepmiisdsnae 3fplicatidn. tﬁ!ainnbfﬂr@l,tﬁmih [irverlp pedsiur e vvas

nmonitored with a atstone-brid r.essure en e

pressuri z Hlegqfﬁﬁ‘?t%gg’ﬁee 5P Wi GOPlﬁmg%é dBHEFST |Hr?‘1‘ZE91 It gugﬁé%ag%l nt| cal
pneunat i ¢ &RNABRHIaGAKe iDlifehidnacGidingl] varossh GeapectitsenptdBbignt. The 1 ow
channel s of the present invention nay optionally be designed with

5di ff er ent(og4-9S Spig &L fiORALs t&lezx@e?poﬁwh shapase oofderds agudiibh ef #mt imdvant ages,
dependi ng upon their desired application. For exanple, the cross sectional
shape df tmmhmﬁem chhugg e hpphindPrepraye) ey E0Gume 00 B RIYumfcE8Vee| t her

along its \% L(f Ealy xq}gélptugfn o DdefiE Ecr%glltﬁcgo}g#) ?{?&%ﬁﬁﬂ EdivAll dRRRg Cr 0SS

channel ). er sur ace taci es val ve sealing, as
foll ows. 1BpG152] Referrlng to Fig. 10, a cross sectional view (simlar to
that of Fig. 7B) through flow channels 30 and 32 is shown. As can be seen,

f1 ow channei4830 Two p&RidaBodikidd chiitrct kighdl, faat mﬁpﬁbsusd‘napiﬁa endrof dre tabiter nat e
~prefetred aspect of .the inventipn shown in r section
of a flow®PAAANEPPIES H& PRt 'L gn%E%B@FSUEWBGA ‘gh’rhfﬁé’gmq?@ %%]%ﬁRef erring
first {0 fipg. wHiQh :svmgaarftﬂa %Mgﬂﬁnmd thS240 BPaReQERM N £106k the havereTisane 15
portion 25 of elastonefic 24 separating fl ow channels 30 and 32 w ||

rriove dowheactisipgt Ge vhge poshed sioped 1@5@ P PresTIEe ShERmerByen tha WBYEEd | nes
25A, 25B, v%ﬁéi, R, BRSO e véﬁemvgﬁbmam k&@%ﬁioﬁ%ﬁly&%ﬂlé%

possi bly resu at ‘the edges of flow channel 30 ‘adjacent” pl anar subst rate
14. [ 0154 Forca (£ Hekad)t é“hmtc@oqwemecte@tod:maﬂn@h@n Biperi gherd Is,alf0 048 channel

: 302 has a b%tuu;e\én ﬂw contro} signal and control pressure response, due to the limitations of the

15  miniature valve used to control the pressure. Calling such lags t and the 1/e time constants
1, the values are: topen = 3.63 ms, topen = 1.88 ms, tclose = 2.15 ms, tclose = 0.51 ms. If
3t each are allowed for opening and ¢losing, the valve runs comfortably at 75 Hz when

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
clasticity (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 experimenfs, the flow channel was

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

fluorescence of a squere area ocoupying the center ~1/3rd of the channel is monitored on
30  an epi-fluorescence microscope with a photomuliiplier tube with a 10 JHz bandwidth.

The pressure was monitored with a Wheatstone-bridge pressure sensor (SenSym
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20 upper wall 25A. Wen flow channel 32 is pressurized, nenbrane portion 25
w Il nmove downwardly to the successive positions shown by dotted |ines
25A2, 25A3, 25A4 and 25A5, with edge portions of the nenbrane noving fast
into the flow channel, foll owed by top nmenbrane portions. An advantage of
havi ng such a curved upper surface at nmenbrane 25A is that a nore conplete
seal will be provided when flow channel 32 is 25 pressurized. Specifically,

the upper “@bbrﬁni)rﬁes%u&z@dgﬂaﬁn&%ouﬁgr 'aeo%&érr 198 oG ANy aAG&ENt act i ng

edge agai nst pl anar "substrate 14 eby avoiding the "island" of contact
seen bet weepnaiglafic gBnggigng.he bottom of flow channel 30 in Fig. 10. [0155]
Anot her advantage of having a curved upper flow channel surface at nenbrane
25A is that the nenbrane can nore readily conformto the shape and vol une
of the flow 30channelli¢w Chempbiwes festiast uat i on. Specifically, where a

rect angul ar w | , 1L llow channel
hei ght, pl ug}fl% ﬁ tP:ow C aaﬁ%eel h‘g%{ﬁ?gﬁ‘lh%lg%t‘%ﬁtéﬁaryg’ B@xédll?% %gés’?é@éf“{ ow channel .
However Whedifemnt @osshedichiicnes :kmirshajes iosffedsgdi,ffeaansmda.flahteg%p@pﬁmbngupqu

mat eri al (o t he,se cirgul ar ortion S e [ g€ nt o the
channel . E‘F%d%s“ﬁ% (T atiqn, Orr?é‘?‘r%?ﬁ ge ey ?*é"é”? n@ %fﬁgenlé}g%f ﬁ\o‘ggﬁrminrrrlg][ er for
actuati on aﬂndyhﬁfehh&zfveﬂﬂppbr BfRe ra&ﬁ@@nmg\iteehﬁreaemgﬂnmméﬁregmruéﬂspcmadforce to
bl ock the fl aw channel 5] 566§él an alternate asF (f{l f |Ilustrat ed),
Phe_ bot t om YR FHRPEHERRER: O B R R P e P st b hoe i es

w th the cupueds.upper wall 25A as seen in Fig. 20 described above. [0157]
In summary, the actual confornmational change experienced by the nenbrane

upon acfgiat jp@spyl liéfeigﬁgmg UR0R crloBEecGRIb] Gk ?stn'nﬁﬁk 8l Bem@arﬁ)l tﬁﬂéh@ﬁ
el astonmeric structure. OSpeC| ically, the conformational change W |

depend uporflavhehanegigithandiiZde showands e isienes Soprdpinebd G redageniraess, its
attachment &g Fxﬁ'l%hérg%g‘ﬂcn oo QI'%ezﬁPJte #@ﬁm@{l 55‘;58& e ifMibNGs F&?dvﬂﬂh Fighfldle and

shape of the T ontro annel s an e materia proper ies of the.
el ast omer LoswsecﬁheOﬁmﬂﬁwmhaumwﬂahstcﬂddngenumy:rakrs@ﬁmheﬁaemd upon the nethod
of actuation, as actuation of the nenbrane in response to an applied

pressure W[DiSWarRef&ﬁﬁg)ﬁﬁm&tig fiopwhadlosathaonel B2 wrleessozﬁ&a dhen&mm;gnetr c or

electrostatic, far 158 over desi onf onal change in
Che et aMEH RIS P EORRy AT TGN S5 PR LBE cat i on-f o
the el ast o@ivh&agly tdehdbuecsdife HdRBioS Wh@%&rtﬁd@ﬂﬁdlﬁﬁéﬁﬁﬁd%yzﬂ@%@bove t he
-val ve may either be open or closed, with nmetering to control the degree of

closure of 2phESK afyean beder inspmplsissarlmgmiay noatikly ersultiaf thegdesp ef fl

channel 30 adjacent planar substrate 14,

[0154] In the alternate preferred embodiment of Fig. 11, flow channel 30a has a curved
20 upperwall 25A. When fiow channel 32 is pressurized, membrane porrion 25 will move
downwardly to the successive positions shown 53/ 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 previded 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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- 20 desirable to alter the shape of the menbrane and/or the flow channel in
order to achieve nore conplex flow regulation. For instance, the flow

. channel could be provided with raised protrusions beneath the nenbrane
portion, such that upon actuation the nenbrane shuts off only a percentage
of the flow through the flow channel, with the percentage of flow bl ocked
insensitive to the applied actuation force. 25 [0159] Many nenbrane

t hi ckness pg Btdel égo dredlom dwnethaHpetve mbss-2santhed Aswahancbistiesi h aneibrby t he
present | nﬁ\fé?"ﬂlriété%%gn1a[é?i|af“’@hfg%«{)§ﬁﬁ%ﬂgﬂgr el AREE PR AR (GLLEMARe

el l'i psoi dal, parabolic, hyperbolic, and polygonal, as welT as sections of
t he above dhapdsih iMsmenpeniieeentrasseqics leenedlanghapesmeru th aagatidnend

enbodi nent, W t rotrusions discussed immedi.ate abayve.or an _enbodi nent
avi g cone At BERhs ERaRR e dl FEHER AL EBE O S SRS Bl sApE by 1 e
present_invention. 0160] In addjtion, ile the invention is described
primarily @ﬁﬁ){he I?‘r?“é‘hﬂ?ﬁfﬁéiﬂ% ?W tzhs%edé'\rﬂfgﬁg?tm?f RREcEMe Heiswanded and

cei ling ofsubhgaf #ONreRaRARe R RRTRE cdi8MipRl A8l 9FRLs s@RGn Figead | oor of the
channel is fornmed from an underlying substrate, the present invention is
not |imitelseaded AP eparticular orientation. Walls and floors of channels

- could also be formed in the underlying substrate, with only the ceiling of
the fl ow dAHWhelln gonsirwtheaduilconfoshasmehbenzexpsriaicabbptiemenibomechannel

~ceiling I . Ln he. channel .in r onse to an applied
* actuation 8?%@?8{0§§%%%§?\‘P%0$F Fér’\rgigttu haew? Pg%e‘%?ﬁ Ir?‘g]tmé?el?‘%?m%or%rﬁﬁ Yhe flow
channdld, iSpegBedivathe comiotdtibhil chalgastibderens ipucthulegihasidbsndittiddesd sewher e

" in the instant lication are.preferred for, mgcrofluidic l.i cations.
 However, iptr&ﬂgf’fﬁﬁgnﬁg’%fﬁf’ ’fsoaﬁ%ﬁ%‘i‘eé’gt/%ctﬁ%’r?ﬁéaf%de’f tﬁr@ﬁrqcﬁur?’ﬁé‘g@g?ﬂ?fﬁ%t e where
| _suclh g_n aﬁﬁi&iﬁgﬁﬂlﬁﬁﬁpepﬂ’md ﬂiﬁ@a}iﬂbbéﬂﬁ?igﬂgﬁwls%ﬂﬂ tlilmataxga@mp%ﬁﬁaglasﬁ%at e |

i ncluding pptica ui des cou e constructed so that the optica
 wavegui de§Pa§3011’8{:¥86§%ﬁ300§%%3¥1?f8§’?8§1g? By ﬁgo grRFad gporibRiRa A Ai di ¢ channel .
- 7. Net wor kegtusiitnt & tmatiOlode Hcﬁérané?rﬁ'eé’gibqsé]{%%n%?ﬂ%d%ré@s@é@vi@fva@ single -

on/off valve, identical to the systens set forth above, (for exanple in

Fig. FA). semepehat figm agiigtiansig remenss 1o pueneliogr ejegtr ifpge-15syst em conpri sed

of a plurality of the single addressable on/off valves as seen in Fig. 12,
[0158] Moreover, the desired conformational change in the membrane will also vary

depending upon the particular application for the elastomeric structure. In the simplest
embodiments described above, the valve may cither be open or closed, with metering to
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 to achieve
more complex flow regulation. For instance, the flow channel could be provided with
ratsed protrusions beneath the membrane portion, such that upon actuation the membrane
shuts off only a percentage of the flow through the flow chaunel, 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
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but networked together. Fig, 14 is a graph show ng experinmentally achieved
punpi ng 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 line. This systemis also
conprised of a plurality of the single addressable on/off valves of 20Fig.
12, multiplexed together, but in a different arrangenent than that of Fig.

12. Fit gf | 16cé}hs$0rﬁer5£n|a%@ﬁé&of{hls'éﬁér&l@h's @imed frammal dni@lend mmsatatuemragaapt ed to
perm ui

fl ow through sel ected channel s, oHp %(fd of Cg Eral ty of
the single BrFSPR st fegedio s gartigplar grsPIRER-o t k @‘g“(e &) 01621
Referring flLsge fBHnéﬁ'ﬂ?he u%aﬁ'l ubdBite, FiGNS WS batiod offth@ﬂb\ﬁbﬁﬁiﬂ@ﬂ s 30 and

32 is 25 shown. Flow channel 30 preferably has a fluid (or gas) flow F
passi ng thMIHﬂ@tﬁﬁfﬁonFﬁéW)féﬁaffﬁ@Idﬂ@@mC{ ﬂrﬁW@ha‘@F]o‘?SI% PROJSUHUARRFHEl 30,
as was : [ o8 OnSUENcd:atinaRadN Anes 25
separ atl ng ]t%%ythgé&%ég% e%éﬁr?;}g} 38%&3%%@3@5‘% into %(é pat lﬁl%?f fl ow channel
30, shutti ngataﬂisﬂ t}nrh@hga@ﬁa‘geh@meﬁ o gerral egretiioegtiomesitesrepaen expl ai ned.
As such, ow..chann | s ne

whi oh Soact S EE R e B bSO R B ol SREERAE AR SE MRS e
plurality oflowael 1taﬁk}rt&s,saﬂulte ewgplogyeshaarcts fponmisd tersubstaiporkedsucbgat her in

vari ous arran EIen

T o e L S e e R

'system foor geerd tetoahdtiuCted bibitte b@;ldﬁr oMtegdaides dscf M:ghlt s;wmﬁcélljf foche mﬂ!amfr&el 30

has aplurallty of generally parallel flow channels (i.e.: control I|ines)
32A, 323 ardicsWrphs ’iaﬁ’@ﬂt hereover, By pressurizing control line 32A, flow F
t hrough fl ow channel 30 is shut of f under menbrane 25A at the intersection

of control line 532A and flow channel 30. Simlarly, (but not shown), by
-pressuri zZi ng cort r ol NefweekedBysteritow F t hr ough f1 ow channel 30 is shut off

under r 8 2382124 IR 178 868aLtibeNoRf sie@néd/off vhiveladadidalas thefshawnehannel

etc 164 Each of control |ines 32A, 3213, and 32C i s separately

‘-addr essabl eset fprl plagver @or qsarplsamFigi A ket b3 4 ardi Rthony s stpllic PRIRINGS

toget he
.cor r espondsut metwaommstbwv&g 1bis a gI@(b shq\mg eme@me@t@ y ad@qwdmaﬁmmgﬁatGWer e

"0" indicatgs. qgg{ \g%rqgg emg@g pub Sgrgg.g@ 6)‘%% ag[ ) §|F{§‘s ¢58%64 158 HYw,

peristaltic pa
‘angl e of acsbhtatanomeb'eﬂ\a@hnaiﬁm péfow abanpsly whﬁthraeer cqugplisiiaby # eingigcorirals are

P e e e

act uat 180 33ARtyARCAPARRISEy of Bk LANESuBlesdfe B06u oL aned, higap and 323

and C together, etc.

I's a ern“(referring to the phase

neasur i2ng e 1o shidpiesed b gadedr caht oy affemhmnngémmtm tlialﬂofﬁjgnli( Cisifmi.d.)

‘tubing; with 100x100x10. um_va under, an act tion, of .40 kPa.
The pipl ng SPREET ALY SHeBE et DR 1Pak s R AR R4 B Sieta o1y 75
Hz, and t h@genaScHABRY, ¥ora@ikel and %mmlw of&b@é&@gia e@foﬁwalvismef Eig] I\EEﬁm&H‘(’ld)r punps

‘are also quite durabl & and the 2

el ast oner nenbrane, control channels, or

‘bond have pefForked degsthébser ved to fail. In experinments perforned by the
‘inventors, none of the valves in the peristaltic Furrp descri bed herein show

‘any sign of0M§3Rr Roferfregt firglte Figst BA ask @B, hashematip p

floyn channela 80 6wE32 I5n

punpedthr S0 SRR S kel b SRR Fendp ety 2

rate. channel 32, (which crosses over flow channel 30, as was aiready explained herein), is

pressurized such that membrane 25 separating the flow channels may be depressed into the
path of fiow channel 30, shutting off the passage of flow F therethrough, as has been
explained. As such, “flow channel” 32 can also be referred to as a “control line” which

30  actuates a single valve in flow channel 30. In Figs, 12 to '15, a plurality of such
addressable valves are joined or networked together in various arrangements o produce

pumps, capable of peristaltic pumping, and other fluidic logic applications.
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- channel s 30A, 30C and

. |l ocati ons

25[ 01661 Fig. 14 is a graph show ng experinental |y achi eved punping rates
vs. frequency for the peristaltic punping systemof Fig. 13. [01671 Figs.

15A and 15B il lustrates another way of assenbling a plurality of the
addressabl e valves of Fig. 12. Specifically, a plurality of paral l el flow
channel s 30A, 30B, and 30C are provided. Flow channel (i.e.: control |ine)

32 passes thereover across flow 30 channels 30A, 30B, and 30C.
Pressur i zgo6an (Rfefam)ﬂfgﬂb@hg l1BA@n323RB] emylsitcalrfeomissﬂit@hllm@lmlﬁ pfavesied: 1, F2 and

of cbntr of e S RRERT of ehaniene S b B HyEhabiff ) FEREFT 1677

a schemat figesd) Btuﬂmxidmcqfassmgméﬂeb@rezy lpgasmtxargmbammeGZAoﬂ@eFect ively
permt fluid to flowt rough StJ{H@éed c

war d
R Tbct | ofbreietRsi e 30 Sume St o e pemngeni BR it G SRE r Sl A
~controk | bag aH@-ﬁ@W@ﬁaﬁn@%@@ﬁM@d}éf(@ft HEXAGPLE by PREhTRNETORGA, In23BB, and 25C

in Figs. I5A an B) depends strongly 5 rane dj i ons.
Accor di ngfgw %@W&h%ﬁg’hﬁfﬁ’@ L3 ek ufﬁ?‘o@?ﬁ‘@ﬂrﬁ gflémtgﬁ Wﬁ’selC{ 'Ht%'32 in Figs.
15A and 15840l §1n+§2§9§pﬂg¢,&a§ﬁeﬂ3@va¢a control line pass over nultiple flow
channel s, yet only actuate (i.e.: seal) desired flow channels. Fig. 16

i1 Tustrat g g SEaNR 6, 07,50E 328 AERC B5hokd PYBKAMEOT T al | 1y of

par al | el nnel’s E and 30F are 10 positioned
under a ppatisedlsis ;napbe paradd tefl the patterob f dchuatisg 320and33AK; togatier, 82pwedPE and

' 32F. Cont 2A 2 2D A ted to shut

Coff f i o7 it “e‘”#?gf*?‘f%‘ﬁéimgeﬁg%cfoﬁgwﬁkb%@?%ﬁ Dyaae a%g?& el flow

- channel s @@éthe30%3 Th3QGirespOhYs taaEuaml;z@oﬁousnongllaanomtIﬁ)@l’\’/mtwmg syst ens

~ descri bed above th ;h foI I p ~odi ficatlo 5 cont rol

lines 32A% hers 0 §glt§ ‘3%2‘@ "?ﬂfpgzﬁ B B%W%%ﬁé iﬁ‘apﬁ%%‘fﬁgﬁp t% i ons.

- For exanplseys03@pihak a |12€§"E»a§31ﬁ(fc$er¥lhgj&r m@pﬂl@@@:ﬁﬁl@@&cwaﬁmsmemwef | ow
Simlarly, control line 3213 is wide in

- locati onsmmpo@édrmxetaltfdw@hawmeuglmmsbleawu@ma 680ad RGBSRt rol i ne
: 32Cis wide in locations disposed over flow channels 30A, 3013, 30E and
- 30F. 29[ Ofp1 &%} Aln épermetapir@nscdbee xhxlfhextdiga@empmgeaim@tﬁﬁﬂﬁlnuam is wde,

" its pressurization wll aethe e rbane 25%5 aral §he f& w channel
~and the c@ﬁ%ﬁumdqyfﬂ%as'ﬁiﬁlg&g?) igaucedayfie é’&r‘ff’f"\?“% 6t he li'lrf anrel
~ thereby béu\?\ﬁx '@ﬁhtl & 1bbey &ﬁ%ﬁ@%ﬁ@ﬁiﬁcﬂfaﬁﬁ&ﬁrcsw&@ay Thb puthpiag

: ére the respective control line is narrow, nenbrane (25) wll
al so be nataivweasad cothdichglion fieqrenayami] apypamashy Brids Sif ERMES AN | not

resul t 'no%g E%b%ézaépﬁg%ﬁmo&ﬁaﬁmﬁma!se 1té9@ral§ﬂ3@i’1\&ﬁﬂannel (30).

Therefore assage reun ocked, [0172] For
- exanple, Mlm{easmemn@mlﬁland mmfoB@Amns{s,mféssilha\zeﬁverlbﬁewmﬁwb@ teclkilf fows 171, F3

and F5 in flow channel s 30C rol line 32C
s pressufPZed’ 5P PRl rmedgyﬁ%elénﬁn%es “ﬁﬁggﬂﬁ‘?k’%&%ﬁ?&’ I'n R%C \;/}v{pchannel s 30A,
3013 30Edeﬁ@%eﬂ@ﬁrenﬁﬁw@%yb%nﬁigm&mﬁaﬁ@tw(&ar mmeehetxmmlbmga@mnon@lglcl ne cgn
e actuated at the.s or. exa ntr es can be
pressuri z%'&“é“i“ﬁﬁlﬂfeéﬁfg‘g%g!t%ngﬁ’ BF aleR EgC ﬁﬂ(i‘&lc?llog\lﬁl bﬁ@gﬁ?@ﬁﬁt P 32A

bl ocki Ng dplyndr dnd@RGel Bor vaiddity Sovildackiongurtdval 2, F5 and F6) .

25  [0166] Fig. 14 is a graph showing experimentally achieved pumping rates vs. fiequency
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, 308,
and 30C are provided. Flow channel (i.e.: control line) 32 passes thereover across flow

30 channels 304, 30B, and 30C. Pressurization of control 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 30A, 30B, and 30C.
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[01731 By selectively pressurizing different control lines (32) both
together and in various sequences, a great degree of fluid flow control can
be achi eved. Moreover, by ektending the present systemto nore than six

parall el flow channels (30) and nore than four parallel control lines (32),
and by varying the positioning of the wide and narrow 5 regi ons of the
control lines, very conplex fluid flow control systens nay be fabricated. A

property of [fﬁugjh ﬁgsu@{m sbl%erﬂaﬂé‘illdsﬁratio% o@@%ﬁﬂtm1&1ﬁg>sykﬂam69ae@&yse&eﬁv&§ ow
channel out of n fl'ow channels wt 2n)_ control

8. Swi t chabl @emptdwlclxﬁorf&y%thmghaeleqf%i c;hé@n%@ft iﬁ&@wah ol dogwaui clpéfmtwnquuu d
passage c anm@ﬁb}?&‘ﬁéses%ﬁétXt%lg%hgfegfge%@echévpcﬁla%élﬁ Woty c%hitréﬂq{ng PESS% \éq}:lereabove

per pendi cul ar directions suc Fow ar ray'
system i s ptiovixdagic; rembigges ZE%A%B) ang B5C i Bigs. Jl?A agfhdM8) depbistsoxmglyew of a

% et ol OTRL kel ABIBRE RBLS R B Sl 09 °

bottom surf ern of ‘reces
defi ned by @mirallirgys26f F@SJ 15k epmislﬁB 19 &, poealth thizavis lagorﬁttcfb\lmebasneérs passi ng

t her ear ound 5 ref e ects ditiona r. of

el astomer '8 %Blefﬁ%’w ]Ohafuhe ?’%tﬁm uﬁ%ZP of Selagf}gﬁm glo‘ﬁf%‘ l‘?atFa g qﬁl d flow can
be sel ect i Vilhyrattis eclicpthtit of suok e sgitdnl ek folewdi rection FI, or per pend| cul ar
direction F2. Fig. 178 is a bottomview of the bottom surface of ‘'t he second

|'ayer of eljasdopnes pRealBPonjardiel 862 sRgeIt 90ABME] Bo¢,MeDS hapeoiomdt er nat i ng
"verti cal control lines 96 and "horizontal ™ control [ines 94. "Vertical"

cont r ol 0] i esitioeedxmdprapivehy of arallglicamtro ines 3241 68, 32 dieaR BawdriFont al
control |1 skl 314 8bnabcngs i s @Rd2 P ABOEIHANT 123 RIRH

101761 El astoneric | ayer i's positioned over top o omeric layer 90

such that TleFtifdalF? 3125’0‘?&?%@% ihr@ﬁhQ@aH¢1&0pU§Iameb¥f&eh,éOBr3q§b§ﬂﬁ,%as shown
in Fig. 17 HF | &nsr,e,g q@if wth their

wi de porti %g etﬁmlgeél potgt%s ‘g t@%:g Oﬁgedlga%o ertli)11 OIIIF%%%H As can be
'seen in Fi guodifit@iomhen "vertical" control |ines 96 are pressurized, the

menbrane of the integrated structure fornmed by the el astoneric |ayer
initiallby poiso} i @a&doﬂaﬁhmmmed e nReBI@BADIH 1hdregihensb B widd dndbe

defl ected downwar ow channel s such that flowin only
able to pag@?“ﬁp?‘% 8?)/\?- deF et Cﬁ‘ﬁ‘%#ﬂ%ﬂfl‘%i‘e‘ﬂfi? Exlprions Geposed Srra i [ 0178)
As can be gmnels BOK] IC dadBOEWRBRIAROEIONER 28G9 Wideah 1dch e Bdoddde

pr essur Zeovel flow channels 30B, 30D and 30F, and control line 32C is wide in locations disposed

over flow channels 30A, 30B, 308 and 30F.

20 . [0171] At the locations where the respective control 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 wlere 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.

[06172] For example, when control line 324 is pressurized, it will block flows F1, F3 and
F5 in flow channels 30A, 30C and 30E. Similarly, when control line 32C is pressurized, it
will block flows F1, ¥2, ¥5 and F6 in flow channels 304, 30B, 30 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 all fluid flow except
F4 (with 32A blocking F1, F3 and F5; and 32C blocking F1, F2, F5 and F6).



. that seco

the nenbrane of the integrated structure fornmed by the elastoneric |ayer
initially positioned between |layers 90 and 95 in regions 99 wll be

defl ected downwardly over the array of flow channels, (but only in the
regions where they are widest), such that flowin 5only able to pass in
flow direction FI (i.e.: horizontally), as shown. 101791 The design
illustrated in Figs. 17A-D allows a switchable flow array to be constructed
fromonly fwsiel Bptaemively prayeizsng didttbntrontwe linec@R) Wathsogetssindgn bet ween

control lines in different elast ric layers r iyed. L rtical

f1 ow cont r GIOP {1d4*G% 3%‘?’3&%%6«360“1%@}& fﬁ%ﬁ/%%ﬁgcaﬁlgﬁérc {élggcﬁir‘ il\é%ig&‘g‘ef’\c{? one

i nput .  Theegauaigitle fredeat dyatendolmdiethaz eitpatalldifidvoshannelt (30) atd mes 9@, 9. Cel |
Pen [0180] In a further application of the.present.jnvention, an

el ast oneri u%w%@%ﬁnélogé Stgérz)ugﬁtlyz‘@&“ﬁ%thﬁﬁ?ﬁnbﬁl%%tstg‘? AL ETETY ot her

bi ol ogiscal repBhesfitad confroDsnch SR &nEHOMiB aw cvhensyabmo ray eabbdeaentA of a

cell pen structure in accordance with the present 15i nventi.on, -‘[eﬁém] Cel |
pen array A0S sidsagennisthatayis apsshia tRAgo RARTY O SeH chapnel ghrithitel s

4402, W t hypaihankial G860 201080 cSitfouGhdir e 4404 at the intersection of
alternating tlow channeﬁs. %/al ve 4406 is positioned at the entrance and

exit of each pen structure 4404. Peristaltic punp structures 4408 are
~ positioned on gach hgfhgzen Ahw' schannel and on the 20vertical flow
- channel s | acking a cell pen structure. ‘&0182] Cel |l pen array 4400 of Fig.
' 18A has bdéh4] odded ampthr eeiel gniedanetaiuihpassadssan bp pdetigelyIdyedettved. Fi gs.

 18B-18C s CGeSS] ad. 1 T ef of .. Lndi vi p | C by 1)
openi g VARl BETERS bAfRRRER By G R Ohdh ¥ R S b, o)
 punpi ng hatregdstsam i bowiddanRes. 144024 7Po Fiji. $ phabevcebdtonCviand{ &firgind t hen

- 3) punping_ 25vertical &l ow channel.4402b to.r ve cel | &Fl @i, 18D shows
| duentf o o OL AR ARR SO RPet ol BIVRE, By Sl G 400 STOWS
. 4400 by r guréRioNgctdes Bimiag kiflow diantd gtid deffed vy thnoagbf dodid pagngdleadhl ow

: channel 4402a. _The cellﬁpen arrag 4%94 descri bed above is capabl e of

© storing UPg APY Rposlspass i hget it addr essabl e position for ready access.

30 [01831 Wiil e the enbodi nent shown and descri bed above in connection with
Fi gs. 128Al89B] udp prefaxed jappieisgen additonpldares obratypeds beundta & top SWRES £ 1 ow
channel i RF Elgféﬂﬁ)téuﬂpﬁlat itk FokSean be selectively directed to move either in direction F1,
or perpendicular direction F2, Fig. 17B is a bottem view of the bottom surface of the
second layer of elastomer 95 showing recesses formed in the shape of alternating
“vertical” confrol lines 96 and “horizontal” control lines 94, “Vertical” conirol lines 96
20 have the same width therealong, whereas “horizontal” conirol lines 94 have alternating

wide and narrow portions, as shown.

{0176] Blastomeric layer 95 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.

01771 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.c.: vertically), as

30  shown.
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not required by the present invention. O her configurations, including

| i nki ng  of adjacent valves of an intersection, or independent actuation of
each val ve surrounding an intersection, are possible to provide the desired
fl ow characteristics. Wth the independent val ve actuation approach
however, it should be recogni zed that separate control structures 5woul d be
utilized for each valve, conplicating device |layout. Merafluidie

Lar ge- Seal e¢hng; egA@&anq;@ seerlif 15%]175"%11915 @Hm@ﬁtaﬁ%ﬁﬂr&mnem Slepedshbre,

nmonol it hic nlcrova ves that are substantial proof and scal abl e, and
has al so dethemopbenset oddedrord slaistire Srmphby %‘é§@3tﬁin€ﬁ3%lﬁéﬁf\ﬁé§mﬂ)tor t he

rel atively %dsm & GL AT );@E gﬁa%@fs' g |ofis y@w?@e REEMEOHS ¥y HBEGHbDgd, each
fluid 10 fl annel contro 5 ts own i ndividual "valve contro
channel Howaverof ﬂgmha@ehoﬁbuﬁ onletrthe w@xoas)whrrr@ Fhegarearidesp). cenirtbet flse in

practicably i,nle i sing thousands or
‘even tens o?nb( (%{ﬁ{sm% W@%E{mdlﬁ ﬁ%%ggﬁﬁ%ﬂgg] ves. Accordingly,
enbodi ment s rese e.a.va of techni ques which
my b app! WSETal DHSeGR Mecabmier bt e S RaiElast bt B2 on: of

15l arge scal@stirtcg@dioat @ty R CaQdd el 1@yd?d$wuﬁas v INpsipa shivg lﬁhﬂ‘ﬁédny _
‘addr essabl e val ves. %&8'5] nbodi ts of , glg ﬁensu ty, m cr@‘ chi ps
in accor darfBUQ)oRs iy PES tl"mieh‘(i F‘isé?ﬁub‘S ¢ PR VETEHSlosgeandp WI th

thousands Ofc BingEAGE %?E’da‘?%% vaahpsd 888 ik L dhe@imé Rdivs rial hcmzoutaz
-addr essabl e chanber s hese UIdIC devices are anal ogous to el ectronic

i nt egr atded fy eaniroklieaBéi cat ed usi ng large scale integration. A conponent
‘of 20 these networks is the fluidic nmultiplexor, which is a conbinatori al
‘array of binary valve patterns that exponentlally i ncreases the processing
‘power of a netwdrk bye P@bmnng conpl ex fluid manipul ations with a mninal

‘nunber of Rﬂﬂ)ﬁn g%leﬁﬁéﬁ [c%ﬁgom&ﬁzggelniﬁbq&ﬁmﬂ el WLk s RRRGuSRH tO

.construct t na og of a conparator array and a mcrofluidic
menory st orbaglethd@\zo genipultsrdnganigiselr e8ter binlogicrlamadeninl abigs s/ 258kt i es.

1. Control fl J18}¥¥ (}f'oﬂg %P%ydbeen Qlcgﬁ(?{)es{tjrggigt%]ln 1084486 Bl ?ﬁlptrés%texor

structures As previou escr I'n connection w singl e set of
controllsl i neentmer | ying a single set of flow channels. Figure 19A shows a
sinmplified plan view illustrating a rnicrofluidic binary tree nultiplexor

coper at i onaljp30] dl(:ag q)aamfr@l 2000 EdraraedrSarth 00 ortiefebindly - dlnmadlimecbhammst oner
‘layer contain th interest, while control ?nnel S &902 defined in
‘an over | Vi ﬁé AL @taaﬁgl,arge y%qn rsgbq,t%@é%ﬁ@d@ atf the intersection of alternating flo

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. 18 A 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

acoess.

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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control lines containing an actuation fluid such as air or water. Valves
1904 are defined by the nenbranes fornmed at the intersection of the w der
portion 1902a of a control channel 1902 with a flow channel 1900. The
actuation pressure is chosen so that only the wi de nenbranes are fully
deflected into the flow channel 1900. Specifically, the 5Snultiplexor
structure is based on the sharp increase in pressure required to actuate a
val ve as hbigequted by dfe entirioventhmnféier vindighrafiprswing Wamgdinking of poipent
decreased, [ O187] . the oyl L, E)nd%xt% gttau'égttl&faho% e§mésﬂn%{u%§ﬂnlgp‘ Is in the
form of a'bi ?Faor (&SP v arveR T Re 8 eac stage selects one out of two
total gr Oﬁﬁé‘rs@flmi lapayosdible nebvide tha deeirevullaw pﬂamctnﬂs@%bdfdﬁhfélmm@h@%ﬂﬁ n

Fi gure 19A, each conbi nati.on of en/ ol 0se | exor
sel ect s f25?1"%13%?%‘6‘@18?‘.%:‘?%‘”‘5"%?0 i ”F?O%\‘?v\ég‘#mg%ﬁse g‘agcea(@)fr‘fEl &Sl{%%ﬁnggsed with
only 240g2onidaentiliedd fohanhehise, cofp88kinBdetisd lngoutul ti pl exed val ve systens,
the power of the binary system becones evident: only about 20 control
channels are required to specifically address 1024 flow channels. This
allows a fjarge aupRehidf Lelassaldlatdegatiancr oval ves to perform conpl ex

15fl uidi c mani pulations wthin these devices, while the interface between

- the devi \f\gnﬁﬁnd trﬁﬁl%%%&{ &eéloz?xﬁh\élde&ﬁmmmﬁlm mdrevang ma@mesﬁhbstérﬁihﬂﬁl Figure

1913 sho a sinmplified plan view of an alternative enbodi ne

~nul ti pl exisakgoefiat seabbla aatbwradaniceripd methnds 1 é%’é‘ﬁfl‘tmigﬁ]\’féﬁﬂlffﬁvaqmi tipl exor
- structurey I hcliBed@Bachl fRd oer | ayer
- overlying %ﬁg‘gvrec%% Sﬁ@ﬁ %8%@&? i ﬁ%\;ﬁﬁﬁg&%ﬁéwﬁgﬁgﬁagt omeral ayer.

. Oper atd ngfiowdBmntheasEnenphiel bydls Qi indivisiualsvable coneolehratieh| BRWFVebf Fi gur e
©19A, mul t| exar 950 Q re each stage
" conpri ses® h?é‘@nﬁn f}%af’&ggﬁ Ilst%%e@n%% :bgé%/g&{)aﬁg 191{5;16Y1?é#1\’t ﬁ?%%ﬁlt%ot al groups
©of flow Cditﬁilip”lai arayEmhpzwmmlhanMr@ﬁemmfdhmadiswéinﬁésdtiaHYt he nmul ti pl exor

' 1950 sel ec a.single o t.h n_fl h ddr essed
~with onl yacgirqsﬁag%‘?]vaé@ﬁt %ag'h%m Cnt %éitg‘?)]” e%ﬁf(%l\{vm%ener 3{:3%8%?8 d| c flow
- archi t ect girgcidiqued Whieh ik be Q?pltbﬂ%lcﬁle ol dopibénaion deanome&r Sﬂ&(fahncamnd-'ofg ures

19A-B nay be generical ]y represented. in the s%gﬁal f.ied ros&Fsectl onal -vi ew

of Fl’gﬁJrelaE&? SCHp BV HoG B JeYigHdrVIPR v SHYRFRYCBREY oI channel

network C overlies first elastonmer |ayer El defining flow channel network
F. 30[ 0190} 85heEnbedimgninaf bighideney naﬁwﬁ}l@m@mf%m@rc{aﬁ%é Wik the@resert ent

dest on t NabediY cpﬁaluﬁ,ﬁ.q?&eg AGALES Svithdh, armgra?sﬁaoaachmw whappel s. This is

because I'S mnimzed where e is used for the base of the
| og. As f}mR;dtadmnﬁmdweiunkby addsesdatfioehanthersh 3esedluidic 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. Controf 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 194
shows a simplified plan view illustrating a microfluidic binary tree multiplexor operational
30  diagram. Flow channels 1900 defined in a Jower elastomer layer contain the fluid of

interest, while control channels 1902 defined in an overlying elastomer layor represent
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an actual nultiplexor, the nost efficient multiplexor structure is achieved
where the value of x=3, the integer closest to e (-2.71828). [0192] To

hi ghlight this point, Table 1 conpares the efficiency of the base 2

mul ti pl exor with the base 3 nultiplexor. 5Table 1 Nunmber of Control Lines
Nunmber of Flow Lines Controlled by Control Lines Enhanced Efficiency of
Base 3 Multiplexor Structure Base 2 Multiplexor Base 3 Multiplexor 6

control lines containing an actuation fluid such as air or water, Valves 1904 are defined
by the membranes formed at the intersection of the wider portion 1902a of a control,
channel 1902 with a flow channel 1900. The actuation pressure is chosen so that only the
wide membranes are fullﬁ deflected into the flow channel 1900. Specifically, the

5  multiplexor structurc is based on the sharp increase in pressure required to actuate a valve

as the ratio of control channel width:flow channel widih is decreased.

[0187] The multiplexor structure shown in Figure 19A is in the form of a binary tree of
valves where each stage selects one out of two total groups of flow channels. In the
multiplexor embodiment shown in Figure 19A, each combination of open/closed valves in

10 the maltiplexor selects for a single channel, so that n flow channels can be addressed with

only 2logen conirol channels.

[0188] By using multiplexed valve systems, the power of the binary system becomes
evident: “only about 20 control channels are required io specifically address 1024 flow
channels. This allows a large 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 & simplified plan view of an alternative embodiment of a
multiplexor structure in accordance with the present invention. Multiplexor structure 1950
compiises 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 {rit") and selects one out of three total groups of flow
channels. Each combination of open/closed valves in the multiplexor 1950 selects for a

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

25  channels.

[0190] The general microfluidic flow architecture of either of the basic multipiexor
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 control 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 logy 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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8 9 +1 9 23 27 +4 12 64 81 +17 15 181 243 +62 18 512

10

15

20

an actual multiplexor, the most efficient multiplexor structure is achieved where the value

of x=3, the integer closest to ¢ (~2.71828).

To highlight this point, Table I compares the efficiency of the base 2 multiplexor

{0192]
with the base 3 multiplexor.
Table 1
Number of Flow Lines )
Number of Controlled by Control Lines Enhanced Effif:lgncy
Confrol Lines Base 2 Baso 3 of BasgtB Mtultlpiexor
Multiplexor Multiplexor ructure
6 8 9 +1
9 23 - 27 +4
12 64 81 +17
15 181 243 +62
18 512 729 +217

[0193]

While the above description has focused upon various multiplexor structures

utilizing stages having the same base number, this is not required by the present invention.
Alternative embodiments of multiplexor structures in accordance with the present
invention may comprise stages of unlike base numbers, For example, a two-stage plexor
consisting of a bit stage 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

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
contro! 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

flow lines being controlled, for multiplexor structurss 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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729 +217 [0193] Wiile the above description has focused upon vari ous

mul tipl exor structures utilizing stages having the sane base nunber, this
is not required by the present invention. Alternative enbodi nents of

mul ti pl exor structures in accordance with the present 10 invention may
conpri se stages of unlike base nunbers. For exanple, a two-stage plexor
consisting of a bit stage and a trit stage represents the nost efficient

way of addr SIXf hanne he le t r Ltrary,
e i 11 al 008 PR ep bR S g SR P iR S DR R AR 0
The use of [ﬁﬂd}bﬂhf-ﬂreg(tﬂﬂis csftarout;i, ummt@i@mmmtmndmdﬁzetréntabllartmassayl valuthekerti ary
-stages allo ffr cient a 8L ny nunber w' 15 channel s
That are 1 hECBPRUIEES BF TR ATERE S LN 3 TP DL O AT AORLP ER FRES A nay
"concei vably al%tlaﬂymbﬁﬁﬁemm%ulnﬁ@{or ammpd & thé preentmyemiospwhieh Bargesas t he
base nunber, if necess . However, efficiency in utilization of control
lines dim nitEHEBUROL tdﬁﬁf%ﬁ‘r‘fﬂ%r of control |ines noves away fromthe val ue
of e. This is shown in Figure 33, which plots the nunber of control |ines

versus the Hu#HerSeseifalis, msviniexes 38 Weomgrizes atlos thaenel peirori 4307 BrERs
structures &?rga'w OB&Fﬁérﬁtra%hgéa%g%geﬂ@%rfagu{d%% tu;é@.ecgt@&%ésdzgﬁwaté pl exor

struct ures shown™an ribed a su (ﬁfl I cations.
However, al trmngat mvleeeﬁtbgsﬁt wignfisst gfd spepind itﬂp“il@x ofates £FQhatand é§06ﬂr’a§n gy

enhanced perfoniRAce, | 101 f r%%e& o%'tﬁe%fbwgti tokQ&e?%koé: g HEIR Fmeiiher e

'sever al fluf I'nput s are |ntro uce serrally into other
r egi onsiof Iﬁ:t\&dﬁﬂ{pTh&Im{ﬁmﬂ hnbsdﬂ@@&e@ommm ttalt)camcaxttrtot Vvt AB [ @at dosgead

vol unmes bet wee al v can oc Accordi n sh lified
bran vi ew o aedf vaoR Raf et B R oRE B s B SobRel RPN he
present i nvig @0 linstBidch of @.&iy&hﬁlﬁpﬁxc& 1mil’aﬂctifbtltﬂocrfscedwbuf&k Uhseby JlI0TAE
Specifically, pul t'lﬁl exor §90 conpris (g fl oa}q/ nnet net wor k 2802 havi ng
sanpl e i npUtenBEEAt rCPaWE)téﬂ g Serehamy é‘n flow cppnreiuEcioRyut tree. Contr ol
1ines 2806 are arranged in three stages with first and second tertiary
States 2806a and 280 Q@@%Cb tb %Qﬁ ontrol lines access of the
flowed fluid to2out| &P0 BFU' els Bt RE?! leset wor k. The control
l'ines 2806 [a198] PaQSictibpnrde hodias %renecf@mcra%n ¥AAk 8 ScakBihfoRtedgLgBe as

possible to each flow channel junctjon in order to mnimze dead vol unes.
Addi ti onal Isgicroguidicdgvicenisibe psevbmpliile layereafepytrohlings. gliexet 2531 | ocated to

receive a Qt‘t'zﬁsfn%{e’thtﬁ rSeQYt @léu?é’% NGo&h €81k WAl dnb SmEOIER ¥ a%tcﬁohﬁuﬁd ow
.channel s and flow channel junctions
3' device having a first control fine controlled by a second contirol line. Figure 21A shows a

cross-sectional view of the microfluidic device of Figure 21, taken along line 21A-21A"
20 TFigure 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
2106a in flnid communication with first and second branches 2106b and 2106¢, is formed
25  inasecond 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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2. Control of Control Lines by O her Control Lines 15[0198] One technique
allowing for the fabrication of large scale integrated (LSD m crofluidic
devices is the use of multiple layers of control lines. Figures 21-21B
illustrate this approach. Figure 21 shows a plan view of one enbodi nent of
a mcrofluidic device having a first control line controlled by a second
control line. Figure 21A shows a cross-sectional view of the mcrofluidic
devi ce of dengorabai] 218k érchulcowyichédimram gnoverhirgigurenP PROGhefns a

cr OSS'SeCtztir%tc%hir%’)lilchg’ﬁxl%hlétxggﬁlcrglﬁg9&0&1%19%gf‘iﬁi.Ce of Figure 21, taken al ong

line 21B- croflurdic ructure 2100 conprises two flow
channel s - -h_ fornmed in | owerpnost el astone er 2104. First control
channel n@gﬁﬁk B9 }dﬂfdﬁheﬁbcefﬁgﬁtegmaégurfig%g ik d I%ﬁgﬁelgtg%%%ni cation
with firstfopsds. Seeaiidhiiandhesandl0fdh iapasahil G6tow tisnhes obPa2hi A1é&bsecond

el astoner |ayer 2108 overlyi first elastoner |.a 2104.. First branch
2106b of 4% AR AGFOSEHa IRIBT ﬁﬁé’t‘%‘i@ﬁ"%{@% nFWg?F‘&%@ré RFE RS FBY SN 2110
over | ying drivabs 110Wng herengldc A0 ddw it oard &td BRirfréspadtive Wovechddikeds 218egond
branch 2106c of first control channel network 2106 includes w dened portion

2114 over |2l B§0%e tsitly Mrlgwedlesrheneb fodlevt Gaerels ne second val ve 2116. 30
[ 0200] Second control channel network 2118 conprising third control channel
2118a is fl6202d Appliciondf elprestuontorsetaniepnipd 2barmvrdtyeig 1 §& evwes B ast omer

~layer 2108, Third . C j ' .en,2118b
“overlying nfelﬁrl%?nebor é’%@ﬁ%@o‘@ﬁﬁ @@E? %)\?é%g%%ﬁ% ;ﬂ g({]elﬂgﬁ%nﬂr%%ﬁq’%n}gg v%ggictdﬁyo%@t o form
val ve 1912 First[co@idd [chiine] mdtwo:kf2l 06. dTids Orasitbevadlvd 2148 mmitedeflentefisgler mgu@l- 2113

. may be operated as follows. fdyid th is,to b I pul_at. i resent in
FTow hanfur s B5eedus i ie e i gy ros 2 R AR vt e

- control chaeaels iheinwobRvaldp igcauses the nenbranes of valves 2112 and 2116

- to deflect downward into their respective flow channels 2102a and 2102b,

- thereby vaggang Tk QuhdrrRueketiler flediconannedcsice 40204 irfPiplics 212 0B i0f a
- pressure to second control channel network 2118 causes_the menbrane of

- val ve 2123umpagetd iadie stomifiedcasrRect oM aisw 9f gie P4-sbrasiisith E08ET6Nl y of |
- 107irsk CQgiE@iZ{fé%&?ﬁLes@@&ré@?élgstgxﬂ&qaye}_@l Yefiik€FowRRaR] YWk in its
- deflected state, in turn )

underlying second elastomer layer E2 defining first control channel network C1. First

control channel network C1 in turn underlies second control channel network C2 that is

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 clastorner 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
ouly two elastomer layers, This approach is shown and illusirated in connection with

Figures 23-23B.

25 [0205] Figure 23 shows a simplified plan view of a microfabricated elastomer device
including first and second fiow channels 2300a and 2300b, and first branched control
channel network 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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allowing the pressure within the first control channel network 2106 to be
varied wthout affecting the state of valve 2112. 102031 The general
architecture of the mcrofluidic device depicted in Figures 21-21B is
sunmari zed 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

defi ning 11 fi3heiC O AleloeBARNE] o BEEV BRI e omplibdsSiseilinlbbtoichanaRlctiatwor k

in turn und I'es secon nne t wor k that is defined within
third el astmtérrumm@wndmeatp 6204dnt\dhiHagnal ﬁ@?éﬁﬁéﬁﬂq’(éﬂrﬁ‘fe B4t pecHritieeldf | ui di c

devi ce of Ff‘l %%B%E[mgsleg' éoés—sha%%glr‘hgs ?f %0 ﬁﬁ(}rpﬁb tcfdact?e[slo‘r\x?etr adifsgm three

separate ela ers I's hot requi present invention.
Lar ge scal ergmtag;fak@:ohlcmgdme 28B-ABHI lesxﬁeercﬂeuﬁrle@hq Sﬁmaél@med&i‘ﬂé@m fapyer

enbOdI ment s 3@%{% D.F.? ille @ %q%@ necfgﬁ‘el nElOpgla IH%ITRJO 2;%12%9&@ Qljate-l I nes

may be fabrf tomer a ers. S app oach i's
shown and idndustnbainetsetibre@ndiiggt i on with Figures 23 2313. 25[0205] Figure
23 shows a sinplified plan view of a m crofabricated el astomer device

i ncl udi ng floseh @Q&sﬁ&@&% ih HRWine1aRA eloss-2300@1 e 23UM: 24 Bepatdte Sow
branched control channel network 2302 over]yi flow channel s 2300a and

2300b to debpws! perodst m&n%ah@@eb*%@bé&fwgw DeTEITF R A M fiows  a

cross-sect '(?c{%@é &%&ﬁ%hﬁl %ﬁ&@t&ﬁﬁd B theLbiAG0EraEy £ BY idenif offiygur e 23,
t aken al on ne 23 fl ow channel 2300a 30defined in | ower

el ast oniér Icay@mlczgi@@l nﬁ‘ﬁ@lfkf@irst control channel 2302 defined in upper
el astonmer | ayer 2310. [0206] Lower el astomer |ayer 2308 further conprises
.a second cdnro8l %mnmﬂuﬁeidwmkalﬁ@&@edmmuﬂ@ Apnihr menbhorfarated ascont r ol

channel 2302,to d 2314. cord Vi w

Cross- sectlfg“%ﬂ’ \/E cegf‘é{f%t Wplé’flgﬁﬁll%%feéeé}%glﬂé’é’{%%ﬁe?dge%:é%g IQI gure 23,
taken al o ng&ﬂphﬁﬁioﬁﬁﬁa %&Bsure Whthd Brsproasenthanme] héteogdi®e? chonethy mehdsteser

| ayer 5 230 0 and second .contr chanQ%Obnetwork

2312 are s éﬁ"'fﬁ‘lfsgz 3% eﬁtd{] W“?Yfi@rlgté’ggwo’i’?@’eﬁiﬁ‘bet et Cha[“ﬁ‘af)%ooﬁsanr &present ed

in the i Wﬁhéréﬂyeﬂhﬁﬁ%)ﬂ&vﬁﬁ@&glh@lﬂbaﬂlow/b}&m&i, Figure 24, separate flow channel
network F and contr channel network C2 may thus be present on a single

[0209] Application of a pressure to second contro} channel network 2312 causes the
membrane of valve 2314 to deflect upward into the overlying branch 2302a of first control
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 wvalve 2314,

[0210] In contrast with the embodiment shown in Figare 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 soale integrated microfluidic
structures incorporating such upwardly deflecting valves may include flow channels

25  having rounded or arched cross-sections to facilitate valve closure, in a2 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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(lower) elastornet layer El that is overlaid by another el astoner |ayer E2
~defining only a 10 control channel network C . [0208] The mcrofluidic
device illustrated in Figures 23-23B may be operated as follows. A fluid
~that is to be manipulated is present in flow channels 2300a and 2300b.
Application of a pressure to the first control channel network 2302 causes
the nmenbranes of valves 2304 to deflect downward into their respective flow

channel s 23@02cANd 1230 Qlistr&t RRLLRN AWM add o8 Wit Drghesthiea ﬁlh@%e&l annel s.
[ 0209] Application of a pressure to second control ?hannel net 2312

causes t herorewBiigRe. BT ok pisrafbidic stgrciis PROCOnENE [o T sl tranep ?f| i ng
branch 23%%§gfﬂow dhatnef RRWHA! 1 ShaRDSk ceﬁt&ma&mzﬁ%ommem@ﬁwﬁenﬁ val ve

2314 in its flected state, in turn allowing the pressure within the first
contr oI nexrm&mn@mr elostoymenayer Be and having sepdraie dist Aad third cspplebgimeboval ve

2314. ont.r e enbodi nent shown in Figure 21, the
-m crofl ui gP%l Aégsvﬁc%}d(? |ﬁ}g[;l;\éudtrtggrIal 3-23B features a val ve that operat es by

defl ectin I. nt nt con

el evat ed prRLurem iRyl B S R e Pl BT RAP b

I ncor por atak BighvaLGIA dmmwllnycod@a‘ctxae;wh@gnads\m%nﬁgers amlbmiste of hdmnapannel s
25havi ng rounded or arche Ss-sections to f C|I|ta ure, in a
manner si AP BUCRE IR EEItdi“’d%Hw%%’{}%bYlﬁg ﬁﬁlﬂﬁ%é’f’?t&‘ﬂ F’E\é‘ﬁﬂ‘%e%if Thus
~in a two- Ip@y,égﬁalrguggr@jglqu &inencst fsetis@nconpri sing fl ow channel s on both the
upper and | ower |evels, both the upper and | ower channels preferably

- exhi big arcf()ﬂr?; h EQJI%@SIF pﬁ@%ﬁf&%&%@@%ﬁ%%&és tohenfabyL ¢abingar and

perfornan ting valves is provided below I'n

. 30Sect i on al buf @@Pﬂn ﬂprw@ofaprmlmml oty ﬁ.og,mqggtr@@hm sathgreby aﬂg\{jmgélom ilized
t trod L ity
L0, ntr odyeal sl LT KRGO o PG BRABLSK i (OLIEH, 0! 1 Y

ers Isis illustrated in
- conj uncti caﬁowﬁbrhhﬁngersefuﬁ&;omhﬂymhcrreiproamS)f alemah?l@is ifajy &d sigrudisseoydgt i onal
- view of a fluidic 0 co I‘ISI I oner |ayer El
having f 1 oPERaHIA SeRlple e i R R R G iRhe %mr K 02 defi ned

. therein, underlying upper. el astorrer havi rate first and
-~ thirdl&ont$xdf cyﬁaﬁh@m@rﬁw\mm@e@n %ﬁ%a%@tﬁ‘a%’ﬁﬁﬂ@d‘s? ﬂg'rgOé “ﬁ nFH>123 A
- mcroflui gbxﬁzo@@éh'eﬁ&n%l 1'111@%'&@%&%%1@‘?1@3&1&@@ Neilyret28 1Hl§§ﬁ’fafeﬁ bnothssdigednt r ol

channel s as shown and described in connection Wth Figures 21 25 offers a

nunber o foéﬁvlaﬁezra@@ghmlﬁépr %@ﬁ&%@r&ﬁ%ﬁaﬁccmd@wfwm #1 gn @8@ BRrs§itng a
S g COMveRNort g%ﬁfﬂ%%ﬂé&h@&%f@&ﬁtﬁ lifils, advant age is enhanced

functi ona Specifically, the sinple nultiplexor structure of
Figures 1%_1?] ak’araﬁ’esl f%w c 'am%lsojﬁoo formed in a first elastomer layer are overlaid by a
20 control channel network 2602 comprising a parallel set of control channels 2602a formed
in a second elastomer layer and sharing a comamon inlet 2602b. There are the same
number of controi channels 26022 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 apoint 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 control 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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all but one of n flow channels given only x|l ogxn control channels, thereby
allowi ng flow through a single channel. However, the sinple nmultiplexors of
Figures 19A-B do not allow for the inverse functionality, wherein only one
of the valves may be sinultaneously actuated utilizing a multiplexor having
t he sanme nunmber (xlogxn) control lines. 15[0214] Such functionality is,
however, avail able through the use of control lines to control other

control lines, as previously described. g% ure 26 i Iustr tes

embodi ment [8317hn Duiing re@=tiail fitls iyaste muf PE“%IGJ? PR B évlﬁgﬁce with an

enbodi ment %Mo%ue{z%@mfﬁr@e/c%n&au%mm&mw%bz BasiiaY &épﬁ’és@lﬂﬁ&efs of
control lines. 102151 Parallel flow channels 26g0 f or rred a flést

el ast omer |Myléiplesgr@ 60t sithen agiusipd 20 ecedhiyt 6ne et ﬁ‘@mﬂép kc%e
conpri si ng c%alﬂlr%f@éﬁg&*g ﬁ,ﬁ@i ﬁéxtq;eggtsﬁrehs @Bﬁéﬂl@hﬁm&%@i@u}fm%ﬂeﬁm second

el ast oner mmon ' nl et 2602b. There are the sane nunber
of cont kol mdnmsmnl the %@@&e?agml bQIWObﬁanlﬁ% pEnctwody 2642 ttherelcarted§RE 51 channel

ey ng & R EEo R ARAOZR ML YANOLB0S ARG EOLLARARG AL On

channel s 2660°f |ne va 1 At “a pdint between common
inlet 2602beangthiched.first fl ow channel, a second network 2604 of control
channel s passes proximate to the first control channel network 2602,

defining a jonulsy i pleker pc&&ﬂtiapwaﬂamrmmm séemgcmameaseszsrmm othee for m of
a plurallty of ~actuabl e nmenhr anes

net wor k of CEHHLIBES 1F P FEYCHBIP f eﬁ’g‘mtbﬁ'é"fcr?ﬁ{em V@%??FS‘%EW%@FIB?S 1S {?eﬁ(éa t hird

el astonpr l.gues c@ﬁ’x?l'ék Widterdibe sB8saeo Bhecliiostyoieete bi&’yiﬁl[xpl%dﬁ’gte&d aficagiedli r st
control channel

‘ Al ternatively, the second n % control |ines
defining tHaesranbdr p@r@&md sy thsanlpleoy C?Weftﬁ%stfii‘/%?“ﬁ 03@[08% % ayer,
al ongsi de QU At ,lfaags%lé&ﬁﬁaoﬂ&ww &entoaﬁtrazloew 3B REMbAEIFMfto] chirBRE 7]

Duri ng operation’ o the 1nverse nmultiplexor structure shown in Figure 26,
comon i nl etsp@eiinblonbpdratingtlange purirs ehaterel vl WEER$602 is initially
.depressurized. Multiplexor 2604 is then actuated to select all but one of
the channel[ﬂ;zle]‘ fRigusd 2 7oshintve @ kingplifiad plan metwedioke BBtimNebaf mipodudifre i s
applie inle 602b to cau unsel ect ed
control*? ché?ﬁ‘ﬁ%el 57(95 ‘%%ﬁcﬁﬁf‘ﬁceﬁg‘zﬂm P’Eéerne ye%l%:o?l u?f Elggé%ﬁwédtnl vtelag%&%nl y that
.unscl ected sgwrﬂicraﬁy Rhaentdw chanrels 320 IMelihédinexe algstﬁmmmt lageradrs @v;eruaa@n hus
‘been achi eved 21 Anot her nti. al dva e of b se of
control |i ﬁé%c?‘% &6‘?1'%‘?%“3‘8‘{%?%2 t}l%’}g‘f’ gv?oghal;ﬁ] éflp ft%Puéé number
-of ext er naljhiynRAcHERBIRL 76D rF1fs@bon|tﬂoﬂﬁﬁlnﬁcﬂﬂbWoﬁdZ7tOQ il Q60 Bitlien bvatiegiréx
mcrofluidic structures. Specificall the use of _nultinple %%Yers of
.control underlaid by second flow channel networld 2704, which also features wide and darrow

20  control channel portions defining second multiplexor 2706.

[0220] Figure 27 shows how a multiplexor comprising only six control lines may control
a total of twenty-seven flow lines after cascading it with second multiplexor, reguiring _
only a single input, resulting in a total of only seven control 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 perfodically 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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| 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. [0219] Figure 27 shows a sinplified plan view of
one enbodi ment of mcrofluidic 15device 2700 in accordance with the present
invention utilizing cascaded nultiplexors. Specifically, parallel flow
channel s 249 defd jnadcicaben@ombmstoaabtiags b ey ar @hawelteqiatetny cdni r st

control channel network 2702 featuriq w.de. and narrow control. %Qégnel
portions dBfpaE Hiy HRACESIR RVEE o pnehvpil hyral QA SR T ATHG FERBE REPR 802 i

turn eit heypoven R8s cbirdiRdehal GubymsripeRed 840w Bhanagbe aetivor k 2704,
whi ch al so IPeatures wi de and narrow 20 cont rob\%n%g nn paortions defining

|
second mulfebrpateticonedrgices AR djousngs PEVYES SHG of g iti4F exor
conpri gi ng 4Nl ¥y -é%cﬁ&{‘%r{aﬁib?xlﬁi REE a@@tﬁétaﬁﬁﬂtréc%bti&l #ahehupber onedupt Bewen f1ow
ing It w

| ines after Ccasca second nultiplexor, requiring only a single

i nput, resequifeddp iddreas indivaduabyalomsiacgesen control |ines. The |ogical states
~of the second multiplexor my be set sequentially by addressing each |ine
using the first 25nultiplexor, and then setting the state using the

addi tional inpat. Hvitrofridssdemoryohyaystiacwss nay general ly be retained for a

limted a f. 1iJe, ‘ ' Wal-THo - L Lkt of PDMB, as
over tinquﬁgésﬁﬁgg&ﬁ?%?%&§W%%§QQ%ﬁQ%%&FEﬁEVgggﬁuﬁgﬁre 80%5 Vi a evaporation
or out gasshnaLef magberatiized tf fabfichte THiis tHabsmitains yirigs densiy emny ¢fd 080unt er act ed

two ways,: either. b erj odical | refreshin f -Qnd
ot 1 Ao adivigrat o B bt Bt Keal i Mo bR M s e BRpPRAARY
negl i gi bl g dneyebisrarehdtiéey @die trhantidp@kort bnduidi desien ebeprentsremicroflfdd@211 As

j ust described, conbinatorial arrays hi nary, or ot her valv terns can
i ncrease PHENGY HORES IHCDY S’@Fe‘g‘}‘/’ﬁlé&g/%rlﬂé"e@@dfp{ Wﬂ?&nﬁ}%ﬁf‘ 22 F1 ui d
- mani pul at i QRg v ANo@atlkdd ¥Bh ansEREaklc 0F xaorhimbdedoloaay.s. Such nul tipl exed

control lines can bé used to fabricate silicone devices with thousands of
- valves an dr s ﬁiﬁ&g addranagbhast gash Rpachanhensic With a
subst anti i?ﬁggdﬁﬁ%%%%gﬁrébnu/ I%%ne\ré og con?rol Si npu%ﬂs required to address

i ndi vitduamenahy soste dotesr dSgurd 2B shaod adinplifiavenbrgedaiea gl Sirl@edfr e [ 0222]
M crofl uidic..techpi ques .r any di ts of the present
" invention %Qme%ﬂﬁ?gFP§%gq %ggg%ﬁﬁg%gg%%&%ﬁﬁggﬁhQ%E%Bntains a high density
. array of 1000 10 individual |y addressabl i o@gter_ SC. h rs and
~ whi ch may @2 e A4y 2707 E‘?‘BI?TI‘%? Ei?lf:“ ﬁ%ﬁtﬁ‘?“?eléf%ﬁﬁ n%bWSC%OQQEP%gH Efeiwo
- mul ti pl exgiSe@hw didhsbic20tesicghRviak eedbmectigetitcaf braheh ow chanmels 2902d.
For the purposes of this application, flow channels 2002a 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 gample
input 2904a or 2504b, and a common sample output 2906. Each of the row flow chaunels

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 29104 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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menory storage device was designed with 1000 i ndependent conpartnents and
3574 m croval ves, organi zed as an addressable 25 x 40 chanber m croarray.
[0223] Figure 29A is a sinplified plan view showi ng a mask design for the
m crofluidic 15 nmenory storage device. Figure 29B shows a sinplified

enl arged view of one storage |ocation of the array of Figure 29A
illustrating purging nmechanics. [0224] Array 2900 corrpri ses a first

el ast oner f 2 of arg t flow c

2902a- ¢ hav?%gfglhgl e('lre@ﬂéﬂglg%ﬁ@%%&ggrr gﬁj lé‘h%’%“? HH@PW’%%%&’S %or the
pur poses of thelirgy.appl i cation, flow channel S 2902a and 2902c fl anki ng
central flow 20 channel 2902b in each row are referred to as "bus |ines".
Each i nt er sgrfjonThektv@drBtowes Iabf&adlsobi’eﬁﬂ@Weﬁ&@%nﬁ#&ﬂnﬁnﬁﬁﬁtib@bovftrloQW
channel 2902}@ f| nes (O%ab gﬁgarate sto]rﬁ#ge cation,in that row and for the
storage devfBne! B¥RT VIfE BRI AR A P21 Oh AY 90t BEEBNCYHRPL e i nput
2904a ors 2964p29 1B nd He FRITRE SRR LB aPIIBUL scBAQR, coBRGIEh Y nel AGw Wl § oW
channel s 2902a-c shares a common purge input 2908. 25[0225] Overlying the
first el astiorayd ipdipdisiedistomasilaygr apue wrarihergtivd competomiplispieconsel | ayer
cont ai ni ng f thal Ry=gts tion
control cha&r{ﬁg}w{%ﬁ\?\%rzfqgggl%ﬁnggggmgﬁlmé}%? rb]g%? %961 ag?igl{eﬁor me%hib %@second
el ast omrer | tBysEpreBsHtartyP-layen devic alf@wgd@flﬁrcmomg egigahednpiapinerez2012 ar e

al so forne t ss control
lines D - D?ng?cg cgﬁm%gf% g?%@ ﬁé? e{escgg%cﬁﬁhaﬁ r%ggrr%rsﬁ%m R OW access

cont r ol 1 | reérecimes B2 4cand 28 &4. e%nwnﬁehiw dmﬁngadplemtmmof:tbmmnigetihecd hawstof: 1 ui d

through th r 0 0 anki n us lines for any.
one_of t ho Fie Bieh e BRAT oo Bln ATl At RESH B Pr oo
defi nes vemtqrmlloaaUmenhmra}ajzhlmaﬂllwimr@tonage Dicatdzhaaﬁm&ém@@nma 2914 havi ng

.common inlet 2 vveen C. .5i nl 2914b the first
row of the "BF% i%?“ﬁﬁﬁfg Ope re@gﬁ&f Od?ﬁ?tdr%ll"% ﬁ@‘f’w C\‘zég?q(m?g?g forned in
the first eﬁﬁgtorrer éer crosses under the vertical conpartnentalization

control cha®®él AERHSPRC IO Blages v BersRfereBiorags IReRbpn SAG@arTayh s
-enbodi 'I'Snt sRwiin Qi ge 20 LM ilBPTRS %Qttt@ai%o&%zﬁ&%ﬁfza%v%oﬁﬁo%hlaﬁ@l Bgyscont ol

-over vertical corrpartnent alization control channels utilizing two separate
control ch&rmesuizst iR veitice] gpmpagmentgization valy <924 100 km mdtiplexor

Speci fi cal hy;g Lngch?ﬂas%E@f o RAvAL vzh{?e% 2§§@r@%9869%{é f&scactuation of sel ect
‘control channel he colum nmul ti1 plexor 'ows access to only one
particul ar G@vmiaﬂlm@tlw@}vw Wﬁﬂhletl’wrme@asumad gatal | ot her storage |ocations
remai n seal ed and uncont am nated. Operation of the storage device 2900 is

‘now descri HRa%j nFiﬁeﬁe@iQD shp®R %]Ioaﬂhjg,wfes s@8ge focatiany [edakear0ag aadtituler ews of
one st % agcentrgf: w Bk v?r{th hui% bay se?%%we manipulation of control lines D1-4, The closed

state of vertical compartmentalization valves 2924 limifs the vertical movement of the

loaded fluid. Figure 29E shows pressurization of horizontal compartmentalization control
channel 2910 to 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 fo 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.

[0231] Finally, contro] lines D1-4 are manipulated to allow flow through only the top
bus line 2002a. Pressure is applied o purge inlet 2908, forcing the contents of storage
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15shown in Figure 29C, at an initial tinme vertical conpartnentalization
control channel 2914 is pressurized to close vertical conpartnentalization
val ves 2924. Columm nultiplexor 2918 is then pressurized to activate val ves
2930a-b to seal the vertical conpartnentalization valves 2924 in their
pressurized state. [0229] Figure 29D shows the | oading of all storage

| ocations |ocated along a particular 20central flow line with fluid, by

sel ecti ve leatiopdP s inop pucling398Ra, lalone shethus bine FHBacindadignaplyat ¢f verti cal
corrpartnen&ﬁéljtgg@on valves 2924 |imts the vertical novenment of the | oaded
fluid. Figure shows pressurization of horizontal conpartmentalization

control c | 2910 to cl.ose harizont.al i,zat | I 2922,
Cher eby iS00 g He eSSty BB SRR AL LRy e Ao S G e e
pur gi ng ofoflvaaddds Fbluing ~LE@ph. el ichintbes tormgedivioloally aldsesséBpsuigfthacal |y,
colum _nmul t i pl exor. 2918 i.s depressurized t e ate val ve 2930h, allow ng
vent g otccl B RSk R A G Y el o i agtp DlgoRadt T

conpar t merhabé Zatdiofly yadgyesme®dbel etthaigivalpavelanptpel vosehattaigeid ocat i on
2950. Columm mul ti pl exor 2918 remains pressurized to keep val ve 2930a

act uat ed, l?ﬂ’r@reby maintaining in a closed state verti cal

30conpartnental i zati on val ves 2924 of adjacent storage |ocations. [0231]
Final |y, de¥#3iolTheilavesscpte-integiet nyelipigxararid sysdent PEfGFRdage #Mfkough only t he
top bus i 2022 of bshsiBR B 8¢ R helri2RO0R indilaGdIRg the
contents gg‘%@%&égﬁﬁ%@%ﬁ%ﬁ%&%Q%hdrf‘gdc%lg% .ueg 1 ne 2“9[02a, IIgtliong tﬂﬁe bus

| i ne 2902addmsrdd end isplated apd oeduces tho ol 02906 e PORRR ISR i tghtyt he
storage arraygchj nt al . f wi nch has
vol uns. - 25651 Pk SRR B SR BB R s SRR e BRE SR £551 U
mul ti pl extayeandvasoiienract 4si gates tocompnmenaiitetht srraf ingaZiWphehibnlerst or age

| ocation e .sel ectiyel y. pr.ogra be.either dye ampl e.l,nput) or
wat er ( Wai‘%ﬁ‘ﬂalﬁl 8%11%?% a{cﬁeg{sm% 18 gcco%&te& alrough%'[ow Silantt$ thgats mnBarallelqg )
the sample chambers and use pressurized liquid under the control of the row and column

15 multiplexors and to flush the chamber contents to the output.

[0234] Figure 29B is a simplified and enlarged plan view again showing purging
mechanics for a single chamber within a selected row of the chip shown in Figure 29A.
Bach row contains three parallel microchannels. To purge a specific chamber pressurized
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 ifs contents.

-f0235] 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 actuaie the valves themselves. The design and
mechanics of the microfiuidic 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 columm in the matrix.

[0236] Like dynamic RAM, the row and column 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 compariments

{memory elements) within a row, analogous to a RAM word line. The colummn
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[0233] The large scale integrate nultiplexor valve systens in accordance
with enbodi nents of the present invention allow each chanber of the matrix
to be individually 10addressed and isol ated, and reduces the nunber of
outside control interconnects 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 conpartnentalize the array into 250pL chanbers. |ndividua

chanber addressi ng is.ac hro h flow c rall el
Co the. sampratakaseR & S AGORL PP FaiT GG R i Bl R | he

row and cohunmsﬁﬁq&kﬁkﬂkQMQmsmgﬁﬁn&@uhba&hOWhe chanber contents to the
output. [0234.1 Fi gure 29B is a sinplified and enl arged pl an vi ew agai n

showi ng pur gw@ &'tectﬁe Ecﬁﬁmﬁnﬁﬂtﬂﬂéx%r GharERRsl WintddRerd valet 6¢ tedoney of the
chip shown ‘i n Figur Bach row contains three par aI | el m crochannels.

To purge a lsspfecsl p&tS@urtméﬁﬁ)‘é@S%rf%tb% GHirg aEpy |W601iu§mfm¥1§9 Xt PeriEt @Y P n t he
purge buf f e ot APYL s ag}mhe Seftté'vta evgé Effdbed Qé hGfhs c&tﬁﬁ)}t ROEd wirdp i@ the

| ower ndst c ect r OW. e colum nul ti Iexor reI eases the
verti cal va;lmseamzmeﬂ hqtué icfha mhige Vetaml@wtwgnmﬁé’ab’ﬁéﬁfgnr Azbglerqolnen by ow
through the a a
signifi cant™® II%‘té} trfg%{é)geatn dt&f%c??%p%rglg%@g Vr?‘lhgrgo‘%} Fgﬁe?lt g g%@&?ﬁ t hat
there are ttu\bpcﬁmh@q&sufm@céleme,lzeﬂow[ngcbmtblemapldiyph@e@:bj’ gwuﬂmcthuptzfém 25
actuat es val ve ntroI lines, which in turn actuate the val ves thensel ves.
.The design sgittefi¢hani cs of the m crof | uidic array are simlar to random
access mermrésg . Bach s t of nul Iexors ana O]i%' s to

“addr es$0r edf Tofemensigta 1Be Sreieiipia ﬂtedwc (f’l]}ﬁ’ﬁo n”tl?t%e(}%tcﬁ [0236]

Like dynamc@nt%nﬁoﬂestéxﬁgé@ﬁﬂlb&@bﬂ%h%%%@l@é@éﬂ&nh&iyewmme functi ons.
:30The row mul tiplexor is used for fluid traffickin f’%ﬁ‘illt directs t{te fluid

responsi bl &rdnerphenal §lusdn pasinny Fidratg buEempE i ReRt BORFERT I RYTEORAXHEAL ef r eshes
.the central, q%%@?{,&ﬁ@&?to(%mtycﬁ'e%%ﬁe Mhddit R oBtisAMhis aRtalopgassed 0 a RAM
e co

word |ine. um nultiplexor acts in a fundanental l'y different
‘manner, cosatsp @Mentrrﬁglytfwtm@ﬁr asiadfiidis dispiey Bonirt Fawe e ?WS%EWOPWE‘“@% ntral

conpart, (o FAGH ol By k22 T ORBEALE: bAS Lo LA hBbaSE, L he

.vertlcagEcon ai nent control layer 1s pressufized to close off
‘the entire"@riay képrevadigernt thmplurhphedisplzy isdtdonet thapicties issetf theweyigger, is
ractivated with its ?hyes defl ected upwards into the control layer to trap
‘the pressu???%ﬁmtfﬁﬁ “"Y"FHe entire vertical containment valve array. A

-single colum is: then sel ected by the nmultiplexor, and the pressure on the

.verti cal contain v e d to open the specified colum,
. . 9{1%*‘/\/ y d&f"&@ﬁ“@g‘ﬁ%

-allowng it to b @%urlzed liquidin a sel ected row.
5 [0239] 'lhe storage device depicted in Figure 29A comprises an array of chambers

20  whose conients 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 sfructure 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 2 large-scale integrated microfluidic storage device utilizing movement of

fluid in the vertical, as well as horizontal directions.

30 {0241] Asshown in Figure 344, one way valve 3400 is formed from upper clastomer

layer 3401 overlying middle elastomer layer 3402 that in turn overlies lower elastomer
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10[ 0238] To denonstrate the functionality of the mcrofluidic nmenory
storage device, the central nenory storage chanbers of each row were | oaded
with dye (2.4 nmM bronophenol blue in sodiumcitrate buffer, pH 7.2) and
proceeded to purge individual chanbers with water to spell out "CIT'. Since
the readout is optical, this nmenory device also essentially functions as a
fluidic display nonitor. Figure 290 shows a denonstration 150f mcrofiuidic
menory di slpyap404. nddwérdisalonehiapberss defmes Gt wiziopetins piicg ddidtls esysenier out

"CT'. Ake nt age of ,th | unbi n i spl 1.5 .t j.cfure is

set. ihe daty avP e R0t bl RPPERaBiohP 0% gk Bl SR SABRILG!

D spl ay [ GB38jrrolinéing ehstager deviidef dépilctage 3402 Fivpubean2 @Aritoadgtlasds an array

of chanbers. se cont s ar.e |ndividually accessi t hr oaugh her

Sontar moVBRAREBIOTE T8 0P GgHoE BT vRE b ot FERS D ol t her

si de ofs a went sBhehbiavé RAMBI02 rHONL YR Ecat bOCHN BYlaSflover kRbpimealzierg | ar ge

scale integrated mcrofluidic structures in, accordﬁncgte}mvu th fnt%%%l ment s of

the presert0fnl/BRTiCRAIE e 3401 Arlinss stoand XBOPELES AY S rLonadit 186 ar

~ devi ce. [%@}heﬁj)&m,@&ﬁ%igoﬁgﬂmgﬁbgpl ified cross-sectional views
illustrating the structure 25 and operation of an enbodi nent of a val ve

_structure g cc ' e f el i I ILawgy f.or the
verti cal f[P%hv%/?of‘%hq‘g?[g?? jﬁfgg%eﬂgi Irhggt?{l?a Weg%@%&%gsogfgi“%gf ivn. detléli | bel ow,

t hese one-thvaypwead dissctiony Spavificalin atpeesenrizedl Houl wibl wewdhmugniisnt vie opening e

enbodi.men |.arge |.e L.ntearat LCr j_di. t. |

i 11 20ng 245 Rl el o G B Rkdth ity Y A BB i

- di rect i onwia @@uin@2443 andkallehdywpresauried diuad 34Ater evendvaiy opeding3B4@0di s f or ned
from upper el ast pner . | ayer. . 3401 overlying m ddle el astoner |ayer 3402 that

in turn O&BP?F@S%P%?WG@Q tomer |ayer 3404. Lower el astoner |ayer 3404

- defines first via openi ng 3406. M ddl e el astoner |ayer 3402 conprjses a
f1exible WAMFamy 98FHHGR oDl Hisedfal flUghmeH Pyt fi‘i%g“%%?ﬁewa? Felvfie

~ surroundi BgHEinakE QR AFREREBh. SfcclicHlY, @ Jré¥%alizeada atVRIFRhARANPRY ti on 3402a
of mddle elastonmer |ayer 3402 overlies the entirety of first via opening

3406, L t Hrewshecorrgatpepesmeddibrdhecpuites saed aombrasspriigndil¥eat portion
© 3404a of h&\f&%&h@%@&w@%& @Mﬁr@m%%mm &r«a@% 380(PIBLd) BBy R4k Lefd nes

- second via opening 3408 horizontally offset fromthe 1ocation of first via
~ openi ng 34B86surd ALY insbe gindenpringdirstivepren34B406 xdecsithypricssaes ip s¢dovdy t hr ough
: one-way val.v in the upward direction. Specifically, a pressurized
~fluid wil Iegar?gm%égﬁ?%gggh first via opening 10 3406 and unseat flexible

nmenbr ane rtion,3402a, deflecting it.into the, overlyi second Vi a openin
Ta08 and BB R RS st sRbrdie ot g oBrrey VEhesR Pl E e T Clhos and
upper 2@! agbasREd hiaiRig BAQ Histind CRIBIBlyeOthisdShot réuiSNOWMmdybelpogitie 34C,

Cfluid may not .fl ow t hr ough, one-way val ve 3400 i n the downward direction.
Speci fi calfofporicgiefhissEustiEdEpny Prly G¥clpeampes Ry dormjpthe 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 finid 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 méy
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 Figore 35A, pixel 3500 comprises first flow channel 3502 formed in

lowermost clastomer layer 3504. Second flow channel 3506, orthogonal to first flow
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15 through second via opening 3408 will encounter seated nenbrane portion

3402a. Menbrane portion 3402a will remain seated, and val ve 3400 cl osed,
until such time as the pressure of fluid in the underlying first via
openi ng 3406 exceeds the pressure in second via opening 3408. [ 0244]

Wil e the specific enbodi mrent of a one-way valve shown in Figures 34A-Cis
20fabricated utilizing three distinct elastoner |ayers, this is not

required. It SSi Ietofar cate thi urefr L%

el ast omer %WZBPO?OE t“%p ghrsome FY% o%sggtnc};u%hme'waﬁ' arg%? u’tl I i zi ng
a single rrqihdmb&Qszz{lﬁ]m&s@ombﬁeammmmm farecfoentibidichsntmeofayas 651156— way val ve
shown in Figures, 34A-C al | ow ss e of fluid in the upward direction,

al t er nat i vePEHSBAE AEMES é?‘? %go%assage of fluid in the downward

di rection onb%/. Such a val ve structure may bhe c{,ﬁbl‘l cat ed bynhﬁverﬁ ﬁg t he
ori ent at i orl0%¥8]t H@e@%@nwéshwlam@gﬂﬁp@@zﬁeméﬂ IZL45 /e 8-Fn afice with

embodi ment s, of. 4 ﬂﬂg% RS %‘S@cﬂﬁ fir Ylgf}tc%xlﬁgng@éz l?s.einh‘édldcbdf 8ithict PrebalY theAkE. figk Spl ay

devi ces,” Figures are sinmpli cross-sectional views illustrating
one enbodi reeatwagfvalye 8l Gingsi obeinbet3siiet Rixel 3580 hiomatiecpshaserdiith HodriGhr e 35A,
pi xel 3500 d;:orrprl ses first flow channel 3502 fornmed in | owernost el astoner
| ayer 3504. "8econd flow channel 3506, ort hogonal to first flow channel

3502, is f st el ast g val ve
3510, cha%@%gnff pog‘%ﬁ %%‘86?{&5’3’ 1682%561%3%%}?, ) "{péh?%]fﬁl in el astoner
::jayelr S 351(i>rd|,s§llr@ Fovinei Mgy blezznnaeﬁg;t e fspr35hidn anmdof&ﬁ@&cm[d)ﬂa%]:ham)és ati on of

I splay pixel 3500 zed in Figures, 3 ure 35B,
col ored Y | lﬁlﬁnﬁ‘gi@yﬁtﬁfé g"Fﬂ’BWE‘h%e%ﬁéme%@%fﬁ?’gy P%%ﬁ? Z:Zé'lf" aUnder
pressure t'Pﬁd?&kggkcﬁ'xr[&irmﬁaﬁlﬁcdﬁiﬁﬁMtﬁ'tﬂ&e&ﬁﬁ(ﬂdﬁﬁkﬁnﬁéﬂ@MéatB%&ecd@&aXﬁ| 3500 has
now been charged with a col ored dye. [0249] - This xel ?r gi ng may be '

per f or med mmsgévééfei%ﬁ@eweaﬁm%tﬁ@danlms %trse%“@ ﬂ’r"@a‘?@s’fl rst flow
channel 3502 than is present in any of the second flow channels. . 10

Al t er nat i vé0350] t i BigpioddIC, tleaplgraddluidip phesep omofinseidpvs ellaseel 3983 Yoy al so

utilizing a Thaintaining second flow channel 3506 at 2 higher pressure, thereby maintaining {irst one-

15  way valve 3510 closed.

[0251] As shown in Figure 35D, the color of pixel 3500 may be changed by lessening
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 atray 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 muliiplexor 3600. The
pressure and flow of fluid from inlet 3551 through parallel uppermost flow channcls 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 patticular chamber. This

30 functionality, however, is provided in a second chip microfabricated with large scale
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Mul tiplexor in communication with the second flow channels, to create the
- necessary pressure differential between the first and only sel ect second

~ flow channel s. [0250] In Figure 35C, the colored fluid is purged from
first flow channel 3502 while nmaintaining second fl ow channel 3506 at a

hi gher pressure, thereby maintaining first one-15 way val ve 3510 cl osed.

[ 0251] As shown in Figure 35D, the color of pixel 3500 may be changed by
| esseni ng 1t1ﬂ&grapcmeshm®gynvfs@meatahléﬁgoowmatnﬁépfmlwtmﬁ oWrasticall’e 8l or | ess

fluid tsg(r:ggﬁgo ﬁfg{: 3 antagvyné 9@1‘23“ rﬁmro%/ép % dest ?ﬂ%@ﬁ%‘@% c‘éﬁ%b\{r?oﬁé?‘i@muﬁ anber

3512, second” Tl ow ‘channel 3506.
20 [ 0252] 1'E<btgldﬁiﬁpl35ﬂ8idm/VBalﬁp1ﬁhta1ESVI ew of a di spl ay device conprising an
entire array of pixels as described in Figures 35A-D. Specifically, flow of

fluid fronpigyetrigeS80A BRSO c@ﬁbﬁ|n|n@|ogx|apl‘i\3f3’m&t'0ﬂd1tﬂ1WCczhpﬂﬂBi‘ &11135@12) is
governed b f| rst multiplexor 360Q0. rom

ol et " 355 hetvedoRsin BivP G g TR rr BT Lo ube et e stal al 1ol

upper nost gt%wn&h@%@% i IRER! eelirbYoIs S6RA sanglificdististniadb bidplvexoss 3602 25
and 3604. Large Scal e Intedrated Conparator Structure [0253] Wile the

menory ar r(aypgmﬂu@ftlppéhﬁmoéﬁgﬁ%}% descri bed above represents an inportant
advance over existing mcrofluidie structures, it does not allow for two
different [oxasgr |@d1@armrme:;s@@amﬁoam;d froro e e oBprralind setpsning Savqchapneds

| hi f
particu agapgg F{&gﬁ{(}é IW? Hﬁ% a%] ?(1)645¥e3{390‘?‘0@1‘[(ri6%ng Htazxél no?{étg g6l @n@ second

chip mecr resca ogy which is
anal ogous 3004teRsEkli ey, Gliat Bﬁﬁnmmmaf atvarisus zﬁp@:iv}f hremdhied | hmazosl@d;m ofevi ce

ore conpite PREH DRrRRRaT bheoabay s SRR B Tl

m crogr aer@Entﬁae&loW&ﬁhﬂHlﬂdéﬁn@ﬁﬁﬁag&ic@ﬂion@tai)m 3000. 5 The various.inputs
have been Loaded with col ored food dyes to visualize the channels and

- sub-el em?fié%%sgf A B EArH&lfBoﬁuJﬁqgie%o1fb@ﬂ5z§1g?zﬁ>e€cem@%tha osm{mlmg‘at@&mwhenatl c
pl an view 0 portion of the chip of ure 30A. [0255] &parat or chip

3000 is fwmwam@meate@énapemhm e is d§ e tw@omtbw%a% ta¢ 3002 and
3004 havi ng..L I el h%%%mng 3004 £5 RSl M8 3014300 BAVIRGvaUEEL S 3002D

and 103004 respec I've at are Intersected at various points by

* branched had bﬂﬁiﬂh@,hceﬁb@l&n@ﬁmsft@ ownlatthiem dlos: BBt ofithe horinestab owr@éanﬁﬁlﬁu zont al
- flow channel s | ocated between the serpentine flow channel s define m xing

- locations (86Y. d:R2663008afdif tstcohsdctihghortontal Hidw khaael3D08 1&méhllicy| ng the

- center of the connecting channel s able to f(fo%gto?t aceﬁlt chanbers,

and i's de&@TPWAKAPL Y e e ol e At TP i

horizontal flow channel 3006 is in floid 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
clement of the structure of Figures 30A-B. Figure 30C shows the mixing element prior to
loading, with the mixer bamier control line and wrap-around barrier control line
unpressurized. Figure 30D shows pressurization of the wrap-around barier control line
25  and barrier mixer line to activate isolation vaives 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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15adj acent chanbers to m x. A second bather control |ine 3014 doubl es back
over either end of the adjacent chanbers to isolate themfromthe rest of
the horizontal flow channels. [0257] One end 3006a of the connecting

hori zontal flow channel 3006 is in fluid comunication with pressure source
3016, and the other end 3006b of the connecting horizontal flow channel
3006 is in fluid communication with a sanple collection output 20 3018

t hrough mul ti pl.exor’ 3 .. 102581 Fi gures .30C-.H show si mpl i f.i ed | ar ged

bl i s PN aRErE AC St e T oS e s b IR ] B S e
30A-B. Fi gugfcidife tahapsrafidichaniiocivale ahaspndllopirigahe didfelcancinngnent plesdnhe m xer
bat her control |jne aEd W a -ar?pnld barrier control |ine unpressurized.

Fi gure 30D afbradigspSaambsPiGk U5F1Yt he wr ap- around barrier control |ine
25and bather mxer line to activate isolation valves and separati.on val ve

to define adpéentisenaiseiavs3bsdeagiivtignsbbarpqr i g0 l8tn ORBWSIPOHHPAG of the
chanber & W ddloialibd SinEQURAACA NG RREAFIGANPONAMsuiRYs HoQBhiG hhese

mat eri al’s e respective flow channél s. Figure 30F shows

pressuri zatindriegfivative oﬁéwetmtdémlemm@aﬂqw@np@mm%fmﬁn‘@meﬂ@powcr% 3025 and
the isolation to define the adjacent chanmbers. [0259] Figure 30G shows
depr essuri Zatéign iafihctdaes afithd degich ahovirem Kgmesr3§A-Idhawoneifered rdemuts cymbe t he

separation barrier valve her eby all owi.n i t. C nts present
TP the ad aete GBSk Y RGP O hPL R FBEASTS P

d ]gzaﬂ] ivati ﬁﬁtrf_efm b@m:idt e@sasts][i@ ﬁﬁcsmbatdgmﬁtemfmimtchdmm%andahm m@vﬁ?zeac}] ivati ?n |
0 e isolation valves, follaq appl i ign of pressure to fhe contro
Tine add desErRlpdy i?fﬁ?fe%‘flgl"%e%vﬁ ?B1¥@%‘§1rg“¥eg%§?‘&8wsfﬁ’i§°fgf§%‘?eﬁgﬂ Cﬂfuﬂnﬁr eto
be recover gd el A6k er bonsidtRg 686EIRMBERGARMINGE WGMQA: dHardbegtthesniBdA- H  two
different reagents can be separately |oaded,, m xed pair se,  and

sel ecti vel y7P@ebeéliead aligcpmparpenidieation sd auxipg Hgpih Iﬁiioélfi%’,gn’é’fo He€ays in 256
sub-nanol i tefunfRaGhMRwe RaERERS Spdl dnddd &ty E:REAM Shesdurd QRRIDLC BIIAE Y the

interesting reagent.” The m crochannel |ayout consists of four central
col umms i n aphe itf 3 spehiayedhshion dhastierigives obte cordioh Byer articadp iiie fiPt h each
chartben sCont Al bR Bl ok driGttfl oAb oG BIRAREEALA1ZAIEER and m xi ng.
Liquid'is I'oaded 1nto ese colums through two separate’inputs under |ow
‘ext ernal pressertke (onRBisPd pachfindividng chpmbdne These agtwiorksfudiopanddrdee f ashi on.
:Barrier valves.,on the control |awver. f [ o isolate the 15 sanple
fluids f roﬁogtéoéﬁ?%frﬁgllp?eé{ﬂ%ar@rsg‘ﬁﬁ%%lﬁ%ehg&ﬁ#a%}%eﬁsks on the flow |l ayer used to
-’ [0262] The control channels are first dead end filled with water prior to actuation with

pneumatic pressure; the compressed air at the ends of the channels is forced into the bulk

20 porous silicone. This procedure eliminates gas fransfer 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 swiiches, serving as high impedance barriers for fluidic

trafficking.

[0263] To demonsirate 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.

[6264] 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 independenily
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 ifs
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recover the contents of each individual chanber. These networks function
under the control of a multiplexor and several other control valves. J02621
~ The control channels are first dead end filled with water prior to
actuation with pneumati c pressure; the conpressed air at the ends of the
channels is forced into the bul k 20porous silicone. This procedure
elimnates gas transfer into the flow | ayer upon val ve actuation, as well
as evapor atipetti@fcottants Irdcqtafixcﬂ moﬁitaie raﬁa:lyshsmmtgemt)t Hiednageeions Biee @ltedt oneri ¢
rving as high inpedance

val ves are anal.pgo toe tch es
_ barriers f"é?l'ﬂglﬂﬁ"i%ﬁ# giicip E’@ mao%?)’%%‘fﬂ 8@%%strate t he device
pl unmbing, the fluid input lines were fi es illustrate
the procedd2®d I%g‘rfﬁ@“at?d’f‘rtﬁﬁﬁeﬁétﬁ?raﬂPlilé’tqe&‘ﬁe Oﬁﬁh %F%\goéﬁg¥b§5‘t@?% *of the
contents QfedasSd ABANuENOERR b Dkt B BRIHPRssidrbEa4hrtichBHERSM31A- D show a
set of optical mcrographs shovm ng a portion of the conparator in action. A

subset Sof PrRBladIarfibasteri s lopded nga e devienmnd & IRuPsryiG SYlgeds sYRlelst omer i ¢
m croval v m&%%%n A& &ttprﬁ @gﬂzﬁ%@ﬂ& ai‘ﬂ[brésbﬁlt gtudgctt A rlgedpdgpendent | y

30 conpartnent al |ze m xed ITW se se ectively purged with the blue
and yel | owosphnator ot lEéttslrgnefll tqmewzeslacmmw sigod vihee thehinpit eignelbe

L ndi Vi duald g A9915R0 0ol Buucl SSRGS A0 BTk BEANSHIER ol Ul ur e

anal ysis using o connecti ons t trating the
i nt egr at edefmamfr, ﬁaraﬁg tthebakigh of lowi. dir heanicoifiiutdic qoﬁlzzaﬁalor'ﬁtreotu@n@@ns@él e

~integr ted fluldic vice f Fi f Fi sed as a
or o d aisngar e S iRl S SRR RS, enyne.
A 5popu| atefaram&fmémbt'ﬂreu@ut ngh;ﬂ&dmlsts diﬁa)su&;kbﬁmdﬁevf Ee:,oha:mptegntg uor ogeni c

* substrate sy rov es an a t s| nal the for

71 or eacoHeoRP BRSO KT ar Faee op OF SR ceRE R * el FERER o

provi de aldﬁéggclgut put si gnal Wnen t he |nput si gnal exceeds a reference
threshold value. An op anp anplifies the input signal relative to the

ref er enceyplser Cielgrd 24 S0k a@bl%ta% diageerm dfnd R&rdasEi0 oMb Hhier pgivpar at or

structure | I l'ustrated 121 n Figure 30A, the non-fluorescent resorufin
deri vt i vesinpapl exyResd ﬂimm@n:gb%@tet ﬁ?éhémeef ispwntsmakihgmbér comtamsicplfut  si gnal

consi st s Qip(t%égg%r&eﬂahﬂ@c%ta Fon 680bscGHRLRAR RO rs%t;m&re@ﬁrtg? RXGEGEROME C

per oxiidasé serves as a c¢ Inthe circuit.
[ 02661 Fi pudect32#rsiows tiee detremaf CCPdihagniam ognat lhaelamsclml | ui di ¢ conpar at or
| ogi c

[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 and orange dyes. The cell dilution (1:1000 of confluent culture)
creates a median distribution 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 modificd DNA microarray 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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15usi ng and enzynme and fluorogeni c substrate. Wen a input signal chanber
contains cells expressing the enzyne CCP, non-fluorescent Anplex Red is
converted to the fluorescent product, resorufin. In the absence of CCP, the
out put signal remains low [0267] The cells and substrate are |oaded into
separate i nput channels with the central m xi ng bather closed in each
colum and conpartnental i zed exactly |ike the procedure 20illustrated for

t he bl ue and grange dyes, The cell diluti nf.l u nt cul ture)

f
creates a midr¥n HRESPEMBIRAIGRCBRCL ‘?Geélbﬁiq?%cfg%ﬁﬁﬁa&i ﬁg?lltl'%q%?l P by

fluor escentsamcﬁ&@mewéan[c@%ﬁﬁmeﬂa@em;weh@m 1b&te%ﬁp1kh€0(mmﬁhﬂi@t e and cel |

sub-conpartnents is_opened for a few m nuytes. t | ow substrate di ffuse
into the compiiicat &y Aser BEHRgS He- ¢df lorhéﬂﬁ?ztl ﬁkﬁiéﬁﬁw‘ﬁgb s then

closed to r@r%’é{g%lﬁah? dbSaeH 'f&'DI\(RlaHfﬁrF Iﬁﬁg%ahxﬂﬂﬁ ON Bad the 18dcB1852/6000n8e) they t he

reaction. er a one hour incubation at roomtenperature, the chip
i s scanrfed é{fxemtllﬁgg-’ﬂfﬁ’ﬁ?ﬁ(@ﬁ'ﬁ HAgogsoos dyey regieeivedy- rthﬁ(??”éEFxDNﬂn%HchP%’Pfl%ly
scanner - ( AL OSkE s, CRRERL i A o TReCee NS08 SFTRA
expressi ng fl’s I 1€b&§ %E{ﬂ/?f uﬁg@g%%errber f{)dggé%ggg@?t ro g ffr?pl |€| ed
out put si gnal 3 -ealibratgl ;sepplRedndigisc diore pteebowayor, ﬁ@fefai Qs siBEYiti
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[02701 One exa use I'n et ecting signhals fromLSI
m crof | ui dld.‘BVEB.‘IIﬂHBﬁ m@rmmpeamtsdtmm«iw tbla%h%%pnéhmmeriwmhm&ﬁfls t he
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sitting on vaﬂﬁlaﬁjel@hﬁﬁl@ﬁ sapphire nounts. There are, however, several
constraints with this scanner that render it |ess than opti ml as a

-mi crofl ui digyghi m%&&%tﬁfonbgfng%& 1o&alfsrrelﬁ&vzﬂg glofibuidide MAeviars used in our
.experi rrents are bonded to a 5FI”I’I m Nunmber 1 coverslip (130 - 10 170tun

't hi ck) . 15V\V1|0Iabb1‘@ﬂ<1ém0a§fé end @@amg mrath@b@&ﬁf e shdg hpddesd Thismesigen placsstlisar e
interface, c%%&h@%é' 1o Bﬁ%xﬁggt%ﬁm? h& bfdmen xbx%éitsgﬂ@a{ieo@hﬁolﬁ;d 80ym | eaving

‘the channels ocus wever resolution obtained is
‘still uff|p¢anemg&ofhédzsmirv@§@@nﬁ§uwat§ud§ﬁmwfs:qmmhshght!br@fﬁtmmhbl [02711 A

RN N NI W T e
‘posi tion plgeaitsmt tdnehe compensated for during analysis. Another sub-optimal 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 beains 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. confrol, ~100pM in the back of the slide
holder with & No. 1 cover slip as a spacer. The chip was weighted down and fluorescence
was measured consecutively in the same spot with varying focal settings. Readings were
taken twice to assess any effect bleaching or light activation of the substrate may have

30  had. Results indicate that flucrescence measurements are somewhat consistent in a range

of £15um from optimal focus and then decay rapidly.
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chip closer to the lens, plaCng it within the aforenenti oned
software-control |l ed focal plane range. The di sadvantage of this nethod is
that the chip is Slightly off normal relative to the |aser beans, resulting
inan artificial intensity gradient across the chip. This gradient can be
conpensated for during analysis. Another sub-optimal characteristic of 20
the Genepix scanners is its lack of hardware to stabilize the mcrofluidic
chi ps whenpbigy EipseGABRBEVEOschmmed ENereadentaimaggof ihaebip i hespadtbenbdecan be

successfully c nsated for_through t ddition.of weight top of
The chi p. TSOBREAr Cnis Bhlitrert Sof FlteB Rt ol i Yt b B, OF The
| aser beangn haty, PBY v @81 181 LM NabEPO4N Qi FBenUKHTIDA, H 750 aRed Mixigy ocess.
25[ 0272] The effect of the hardware focal setting was, d_]gt e{m ed . by placing
the chip ofadtiog wiBdmplex Red MTPHS Msrie IR SHARTBASPRSGH T F - 100pM
in the @a%itlﬁ)&t &édm% gﬁéw%g%g%énc\éd trhe SorNBrtedlpré@)elredhim) dcldrBPagge. The

chip was wei ghted down an uorescence was neasured consecuti v%y in the
same spot agrdenvigngh maelitdeliio edemi igwoatfued Maglonded sybskes dRivERbilassess
any effectybbagaing: of bl oACER YaiOM Ghill\pSuhal Ak Boilihcaygg 30 had.
Resul ts indicate t at tfluorescence neaSurenents are sonewhat consistent in
a range ofheleBdgnedus orxoptdfifakolf ogussian ditich 66 Pde ealjeneebgrgpnyfluoree@¥ 73] Fi gur e

328 shous g, Seanaee. MUALERAENG Ryl RAR 0L BEGRIR. i FOMRALALPLFDde.  The

left half RpLEl is a expressing coil in
sterili® PBSpfcidi ¢ellk Nodd indi2idasl ainbe@l, 10.1 nt M Na2HPO4, 1.76 inM | CH2PO4,
pH 7.4) after mxing reaction with Anplex Red. Arrows indicate chanbers

~ cont ai ni nqFINgIRnEekhS shdRarETS cdatGind €l dffecsdamtckapmmédus erissrence. The
- converted product (resorufin) is clearly visi b[lse as p%een Sifl“ nal . 121 ght

C hal f of coilaRRY PEPETRg ANy <allsgns (& RoaessnB SelIPQnePRESIGRA 33 Yt he

- output si m_feséeic@mf-:&kﬂ%zﬂéﬂﬂ(h@ixﬁ@ﬁn?%ﬁ%bﬂné) RaShfdd iR indRNRE bR piratens

- performed using a heterogeneous m xture of E._ colji expressing elther CCP or
- enhanced ghewsberf pandrang Eneoligels ermessiaerithor oPRB oakplFi flihes 1IDAFWHRRE si gnal was
- only pe : 2 | : j hadi vi dual
Chanbar LT Ao e b g B e L e e o

" het er ogeneimal fitinx tGFR exyiress@EReRx prhe ysiticl winis raditivedluprsseande @d (BXBhessi ng
cells on oqutput siagnal. T | ’ asurenment (Xex=532nm
Xem:590rm)en\9vasmrrraeB%S%rtl Ph ?%C{agfj%g%%r?rgglrngﬁ%&%g éﬁggrmss containing E. coli
cells expressing either eGP _or . There is a strong.l5increase i.n signal
only when {@6%} e%ﬁ?‘é"?ﬁ fﬂ@‘ng‘? P %ﬂ%‘éﬁ&@&?ﬂl{m@wkﬁefﬁ?ﬁ %Slgg?gﬁ %c?ﬁ Ple signal
from eGP rexpigssd M c&eblts of ARmbEN th a@allectish Suipt. MRkRtsMEANTH therckipdance
units éRFU); error bars represent one stan ardwg{ew ti ocg fromthe nedian
RFU. PD273FCRedoveryt enabling mehaglepien qaghsea ceoHeried et 8965 ng a
singl e chaghghma@id then purging the contents of a chanber to a collection
out put. Each colum in the chip has 20 a separate output, enabling a

chamber frampaql £l UMnd Grbfy S0 lle G Holb 0! 2 BRAS SRGEREARIRRL On.

saline (PBS) solution of E. coli expressing GFP was injected info the chip. After

compartmentalization approximately every 2nd chamber contained a bacterium. Using an
25  inverted light microscope (Olympus IX50) equipped with a mercury lamp 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 GFP-

30  expressing bacteria were confirmed by the visualization of the collected liquid samples
under a 40x oil immersion lens using the fluorescence filfer set and by observations of

single colony growth on Luria - Bertani broth (LB) plates inoculated with the recovered
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[0276] To illustrate the efficacy of the collection process, a dilute
phosphate buffered saline (PBS) solution of E. coli expressing GFP was
injected into the chip. After conpartnentalization approxi mately every 2nd
chanber contained a bacterium Using an 25 inverted |ight m croscope

(A ympus |1 X50) equipped with a nercury lanp and OFP filter set, single OPP
cells were identified with a 20x objective and their respective chanbers

were purged, [027 T rged cells.were collec from the.out puts using
pol yet her et R#%Et éh@e%}%ﬁgjﬁeﬁfl ’hibj‘?t 'ec‘ﬁmﬁ%u%eslOgvt‘eei\g%F?l%ed‘?{gegfl%e properties.
| sol ati ons @faniphR@h & &lskdnericINicRIMIIRSEN e, dS pasibie therie ficemfappliadolsy t he
visualization of the cqllected |iquid sanple der a. 40x ail..i pmersion

| ens usi ng f%gléqau;}?lggl(@@ﬁggmﬁqcp{agglugfgﬁ Wéltqge B‘iecgagé’ém?&’ﬂ“&ﬁ%d ‘B#“%%P’é‘ col ony
growh on Luria - Bertani broth (LB) plates inoculated with the recovered
bacteria. SIREY i Thanmsloppwne shunmedial cempyrier HEPEEEHe oL PR, E5F B8

of f ecti Vel Y sHBHAIRb S theldurLARR ORI Co My RN diRoR MichBe 1dakadeS POSST DI €

that in Tuture applications individual nolecul es or nol ecular clusters wll
be sel ect edowrenwahibpifpatseshdisa forthi. sSoheesHitlmae lipge rek!t Fp@ ipleingio prapaeies of an
el ectroni c gonparator i j: o F TLER LS A 1oElRid §, NOI SE
floor, t herg]eg?ageﬂg%g’%?duit&é&gtgﬁlgeg’g\lv%l}]ed&%eﬁ%%%&‘ﬁl ?ﬂli tati gn%,o there are

| eakage cur deiphdinattitdse Thapetfamanmd{svegrard AuidBaimsuits suffvsdeont fimiles resul t
fromintrinsic., rtoFerti es of the materials used for the devices, while
others depeff®oR“&'ther fabrication tolerances or design linitations. The
performance of integrated fluidic circuits suffers fromsimlar
inperfections. 6. Fabricatiqn. Techni ques [0279] The storage array and
‘conpar af r micrd¥l ui ?@‘Cg @?&“’@H%S\m in Figures 29A and 30A respectively,

were fabricpbey Wieltomdetamaayel comgiztatdriniibeguaiiphieviceciinmaua Figusis2gAt wo
distinct layers. The "control " |ayer, which harbars all channels required
to actuate HSM4PPECIVEY, E’F"FJ%H’V@H%@W#‘&B‘WPW ﬁ%i? ﬁmogwﬁ @%?UWIB%

.contai ns t hgopknanivef THRaRSbE 1R RehidDeeRs it tipdnelfrodairaEiolastuckeiad ed
where a control, channel crosses a flow channel._ The resulting tgilﬁg .menbr ane

in the junctaish ipdtigkse an faeefithio Towaiyen s/ hickitopeing 819 ety bGP 8tiPE ¢ or
pneumatysc %Bﬁ'ﬁie'dpﬁ vali¥elis BlcRLPAhERL BRAAYRRBLbdstY LrdmBhRMbatiHeNs ar e
.performed on the "flow fayer. [0280] Master nolds for the mcrofluidic
‘channel s weewltiredeinpyemhping-ie Setinvgop beveinike poo Prerds esibsideflsiedney SIR
:5740) on siyj i gh:a t i G0 | 1R IR hiEslisian (3386
dpi) transpﬂa)rd%ﬁgﬁl&?@gtlg&%aguagﬁgn%g{yéﬁg%&?%ega otore(gllrlllgtlgnolids aWere rounded
‘at 120C f orpe2Brmmdrouttes"floov'deyeat e a geonetry that allows full valve closure.
[0281] The devices were fabricated by bonding together two |ayers of
two- part CUDEB0$i INTaeen eno{dactor theiniirafuidy chaindls 1849 medesty dpiromnating ppdiidteor esi st
ol ds 'B%e %égogcrsrgstl (%%ﬁ)rleyoerR 5740) on silicon 9pm 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 ~30um 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), afier which it is sealed, channel side down, on the thin layer,
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. channel s

:circuits

25 the device, containing the "flow' channels, is spin-coated with 20:1
~part A:B Sylgard at 2500 rpmfor 1 mnute. The resulting silicone |ayer is
-30itmthick. The top |l ayer of the device, containing the "control™
channels, is cast as a thick layer (-0.5 cmthick) using 5:1 part A 13

Syl gard using a separate nold. The two |layers are initially cured for 30

m nutes at 80C. 30[ 0282] Control channel interconnect holes are then
punched t hslizugh thhesltebilmchhwénet@nﬂdseBsmﬁng bowedtbe asbdpled dyewsris which it is

seal ed, channel . .si : e.thin,lave especti ve

channel netSfPREHe %ﬁ%‘éﬁ”ﬁl& ttbe \Xbcé%fotr ﬁ’éa%dé@%"ﬁ%‘?séé %ﬁg%sgag f’)é&zgcr@o | i shed by

curing t herestetcaslifger @nicadst thanalze 4f&}ﬁ6um%mmtE§Aaﬂea8&0\IoTﬂjéS mesul ting
mul til ayer devices are_cut to size. and m)unt 0 25 nun

cquare o1 ASSTEETET SRS B o RS pRT PR SRR ot AP SRR o 2R B

- Syl gar & atpR0QQ chfepmt ftd {Bﬂﬂtﬁdnﬁtes&ﬁﬁb{if&fbﬁiactfﬂaﬂbﬁ asso°€ obtramed by

i ncubati on at 80C overnight. [0283) Sinultaneous addressing of nultiple

non- cont i f fl ont r ol
e L

fixed ( 10@gm1wlc$ée(hmdfa@mfsrhg grhifrol mmn@ﬁeﬁmnzwﬁth%ﬂﬁ keqpipgthe cont rol

- channel s r mdth 10 of
~the cont roc\%%l Sm% Oftd% t‘f&ﬁét?anﬁ%]t% X%é ﬁ%ﬁo ﬁ?@ﬁg%ﬁd u%&ﬁh%gbA ﬁé}]{egﬁ m val ves at
rel ati veI )prdassweprr @ssumsﬁ; cléarmels eﬂﬁa}re@\kotdmatthecﬂiwfs ¢hrgnds scalasavidghe widkh 100 EM

- Ccross i on ic [ .a 0
~Intro ct| (gﬁkﬁ’ocfong?ltfﬁhﬁmiepfna ’t”ﬁé@sé %Gl g%uslgtlggé‘é CC%lb(PPx?ﬁJ&We? trl[ggléﬁéiteel pi ns
“inserted Ilﬁkb@rd@ﬁir&~@@l@@h@ﬂhddﬁbmugg offrthe $0dm xdﬁ@pmldméaskwr mdp0rremelaihl ned

devi ces de out . 150f F %tk?rl als with a high Young's nodulus, silicone
is soft am@¥¥d Iﬁgeréc?l?%]tt"ée ‘around t he |nput pins, readily accepting
pressures of up to 300kPa w thout |eakage. uter-control | ed external

- sol enoi d #38ds Tafradgpiiancallid st téf’serﬁﬁﬂc?sp‘ﬁ é%@ﬁ@hSqulﬂé‘ﬁuﬂhSt?% PHSal | ow
- conpl ex a?ﬁgﬁ?ﬁi‘é@%ﬁ)@& nd iR %o&%f{@ﬂ@ §1h€$nem[ﬁ1rh@¥ alieSacibAtREicH Mhal st

not be conpatible with all organic 20
' sol venfs oflmdmmatsuwarahlgw\wm@s @Oﬁdh%aélhaﬁnﬁsl@ﬁ(\’fé@ﬂd feeys pbshtedct ed. This

issue can e, A ESR 6. NS SR e R 0B) Ly 200RP 9Bk 1EhARL Oer S

" surface ef 0 ‘nons sion nol ecul es to the channel
~wal | s may Cbmpntenicmm@dd ba;temaltsh@noqda@bneveﬂm aghedion & nultpddorsc whicdns to t he

ZEXFOSELL l‘évéﬁ%éle’&ﬁ‘fﬁ%ﬁ’?lgn mrgea zgtlim Iy IOP milr &l fLurdic circuits is

- [0285] Fluidic circuits fabricated from PDMS will not be compatible with all organic

20 solvents - in particular, flow of a noﬁpolar 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 fevel and performance requirement it may become fimiting.

[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 output in order to

prevent cross contamination during the recovery operation. As fluidic circuit complexity

51



25 an electronic circuit, and is a conpl ex phenonmenon. A certain anmount of
contam nation will occur due to diffusion of small nol ecul es through the
el astoner itself. This effect is not an inpedinent with the organic dyes
-and ot her small nol ecules used in the exanples in this work, but at sone

| evel and performance requirement it may becone limting. [02871
Cross-contam nation is also a design issue whose effects can be mtigated
by the 30 design of .any partjcular circuit. In t 56 .well c r.at or
chip, conperdetsebANE ChETHERN A SWH?‘?VG&%%61dﬁﬁ/tovﬂ]?faé’hhﬁéée?{fodWaP%ee&lg@%rtg%oI urms
has a separghiigtd Mihe pAicH A eiatdra) HldEVBhGT RSigobgpbampnadd on during the
recovery operation. As fluidic circuit conplexity increases, simlar
design rul i || b haPSARE of b Parddl @hpR@Ld: QRpBRRGRrd@SRbhe t he
limtati ongﬁ% tr;reh%\égérnﬁtg% gir)ls mat grﬁgﬁgandy?abri éjat,i on ?_gchnol ogy . bei ng
used. [0288he ity compagrast drsimantrgomway yidie plempringn § Sianlg chiomFaF &P ehi ps i s
derived fromthe abili L RSkl ABLE Q] B bR HiGralbenBnt s on
a si nglé cﬁﬂl;gpmnﬁgfe%idg Ioéaﬁgnt e %ﬁ%?dﬁees%pg Qon%ﬁgﬁentl a#lé_lggvys_ specific
addr essi ng infepanicaxponbat. Bhik perhats gelesiirrbenipofatipmdeservdenet ie¢ididbdlr s. Thi s
permts sel.ective nmanipulati.on or.rec r .ndi Vi ] an
inportant FEYRSEREAP Or&&l’ R F}?O(S E@ﬁ‘\p{)%to X%hg)r tegé3 %%%‘ék gﬁ%& 3 t§ %ﬁlcgﬁﬁrﬁtc hent
‘appl i cat i ongplidatiomsa Yt rabsasdies Busafbfool for omdmitdrpdvedsahvedypg i cati ons

i nvol ving conpj natori al synthesjs ere the nynber of pr s al so grows
‘exponent i alchglniW?@Q%ﬁgﬁﬁihﬁﬁwe&8??18&%“5 #%@T’S %{%P ?Ofg{r.é %’xarrpl e of
conput ational power is the ability to segnent a conplex or heterogeneous

'sanpl e i nto nmanageabl e subsanpl es, .which can be anal yzed i ndependently as
'shown ilfl the con%ar a??ﬁme@}ﬁ“B‘?RPBlr‘caBQ%rpl e, a large scal e integrated

mi crof | ui diggsdevigRasHelndt dfToshMAoiaNpdv@ W Be 38R0 wghdiea dbiuplezed to
‘isol ate desired conponent of a 15 heterog neohj,s m]é% ure Ig{g fi r?s{]%1 st ep,
the het er o§elRBEERCONRFATING P P#I2EEDIq R SR e PRlYZ ‘ﬂ*ﬁ“é&?ﬂi £ 1 ow
channel s, %é&ﬂb“hhﬁtﬂb%ﬁ{p%&ﬁ?%ﬁ%ﬂ%m éS{tath)l%,ﬂhfr%és@ixl@ﬂ&ég{-atQ& hidrefluitic ensure the
‘presence of no nore than one sol uble enti tél etween the vertical

‘conpar t nendatiteach enisvhewe s Figtie 364 eouldba nlized nisplaterigsirsd sompaaent Ak
vertic c I gt | $hedfek gt QarslieadBd bsababedowegnent s
‘in the%éerggeg%fbig%ﬂéﬁ’%ﬁ %#t%% gﬁ%%er%g%t%fvﬁer eeH?gtr?t erur ogngptri on/inspection of the
various segneoftbe sarphintiae Sew chanpls.esignbe heFrogentess midure Aeffipipntly dlited &
.particular _se nt, that.se coul J ~aut put coll ect ed.
In the enbg%ﬁu%entﬁ? pfea%}‘:géiééoc%?%g%%n 0?1[8 S?@%‘?ﬁ%&? gﬁ‘{e@?gletﬁgtﬁggf;hat only one

f | ow channedmpastoadnidlizaiie, valvies. NTiteh@votvheld thearbmibaiterigawhtpe yerticalf i | | ed wi th

‘buffer to allow collection,of th esired i a g

‘cr 0ss- cont SHRAIRBIFIZSENSYET 2 %&8 §&i ﬁgedff’gg&%%! %(%Tunro 12% %2%8 838%?%63 Fo

.ass ayi]I ng UE}iﬁ!nhili wn%dl-gfrm@%rfnﬁpﬁbwmmmw @finoitel irclicates tlot mc??cd T)f
;accordance with _enbodigents of the present inventi can genera e
 subdi vi ded2fFriEd eWgy 4 P%@%iafﬂ%fﬁ?“gtfﬁ%é?@wf 90“66? Q‘Hé‘{%‘?“g”d‘gﬁé%ﬁ‘gg% xt ur es
conprises pafdic8! &SthebmIBdiReH |85 dedribéd i iOBnyRkasius Rop did bslyesecifloal udes but

‘is not limted to prokaryotic cells, eulcaryotic cells Phe&;es/ f ruses, and
beads or otihranreliontilizcd) Wi barthguisamaiiing @apty or filled with buffer to allow collection

of the desired entity absent cross-contamination.

25 [0290] Heterogencous mixtures 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 mixinres
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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[ 02911 One exanple of such a mxture of particles for assaying is a

het er ogeneous m xture of bacteria, each harboring a plasm d containing a
speci fic DNA sequence including a gene, a segnent of a gene, or sone other
sequence of interest. The assay could select for the bacteria containing

t he desired DNA sequence, for exanple by 5identifying bacteria harboring
the gene encoding a particular enzyne or protein that results in the

desired ”@Ml? d@%ggﬁPIAgggﬁgra 18% 8R0S Satfclad f@afsﬁayﬁigﬁs Hhxkrogencbos assayi ng
by LSI microfluidic structures in accordance wt fthlEfr esent invention

conpri ses @XW@%%@@G@ I‘rﬁ‘%ﬂ?ﬁé I CRFEES %SI%?& FETWESay per f oi med

on such a;mx éegéh@ui R Pl A5G selehocldtivatese XPEasSS a
specific ant ody 029 Stl II anot her exampl e of aépartl cle mxture for

assaying l@yuldwie%f@rrtbtf b%ﬂt@la@osﬁaﬁwtm dasirph DRCe AR SO WP pr esent
I nvent ison ; (fe?ﬂgé ngﬁ%teﬁa IH?I{!}JS{H?@@I@ %Qflr!zsen%&fﬁgji farflu1RNRG8Ee 8 HBleaYhAGesults

reconbl nan el r’surface. e assay perfonned on such a mxture
coul d sel em:thefdomeﬂMthage that displays the protein with the desired
traits. 15[0294] Yet another exanple of a particle mxture for assaying by
LSl mi crofiéasodi ensthetietanpdsof apasitomdane Enastaling by LSl egsentluiditvent i on

B e S R N S e

or gani ¢ mgligeyie cellN ErrRSSAY pBEhihex bR dua Sixtire doull xtlerte hybridanaseliect t he
bead that is coated with the rml ecule with the wanted trait. 20[0295] Large

scal e 1fnt 8yt etrsersiizcPtlaP#itodst ruct ures in accordance with enbodi nents of
the present invention can also be utilized to performassays on
het er ogendi§3hi Stilireghatexppplecip saticbrixuenigsassedes by L8] %IEFéq’ﬂ‘ﬁﬁi}c appr oach,

due to it gttr&cm}gsr 1@%%0?@591%% \elh e frBd en?iﬁpérftltﬁh 95’&1 s HhbiotzbMBub MeaReloyi nerase

chain reaction {( ni que. ce anplif downst ream net hods nay be
appl i ed tphatglaedlmﬁmngmhmamamrpwtﬁmm thma&mgfgqtq ptlicowsaymarfenagd aerugsa of t he

anpl i fied ﬁﬂ}%&g}é@ )§ rsthg pﬁ%ée%a? %iLsHng th%ﬁfo’?@h%ﬁft?é{f&ﬂe@umt ure of

nol ecul es’ erogene ure o I near or circular

t enpl at es cont al ning _either ferent gen clo e gene.

Fol | ot ng &AM ietca&‘?’f I5h expsep! ??n RAFYe ‘?’ﬁ‘r‘@g?ﬁ aﬁ?a}YBWq}yS[aﬁ 1§'t0 ®the assay
coul d sel @cﬁictdrwmtab&rmwmh%mé&ﬁt mmﬁuﬁt:orﬁmsaﬁ e heterop¥diohs tmmgedésu red
trait(s). 30 102971 Anot her exa nmol ecul ar m xture fﬂe%as ayi ng by

LSl m cr obsads.dreh wetedavith agngly %BWW@BCW%WEFW 195 pELeRt IYCHREHTY: on

conpri ses &)ut}@to‘? LRARRERMS YR XF 1Y Bs:9fperthinftRRIn $Qh £hniAcabulieBREBEES Of
si mply va]rjl ous sequences. The assay could select for the tenplate whose

anpl i f i edbad dleat étcopMithehnimlacule i tiewprieditteif-ai t . [0298] Yet anot her
exanpl e of a mol ecular mxture for assaying by LSl mcrofluidic structures
i n acpor dpnes Wiidie tduée integsent micrmfitic sncboesinzsesdanbDiaith Ambediswegiscoul d be

of the present invention can also be utilized to perforn 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  ofthe 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 moleculat mixture for assaying by LSI microfluidic

structures in accordance with the present invention comprises a heterogeneous mixture of
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5 perfornmed which selects the cDNA cl one whose anplified (DNA) or final
product (protein/peptide) has the desired traits. [0299] Anot her exanpl e of
a nol ecular m xture for assaying by LSI mcrofluidic structures in
-accordance with the present invention conprises a mxture of mRNA. The
assay coul d select the nRNA tenpl ate whose product (DNA or protein)
exhibits the 10desired trait. [0300] Anot her exanpl e of a nolecular mxture

for assaying by LSI. mcr i ructures pr esent
| vent on compt ERE B bR GG ety SHEAERIG R oo B
chronosone thglatexiusbiinglififitprd@st (BIA exitlits the. desivegltoms an arrpl icon of a
certain size and/or sequence. 15[0301] Large scale integrated mcrofluidic

structures iRofjCCRedanher dhakbicVTReidRAE mithcthaspiegitLdImentivdly coul d
also be utilized to perform assays on nol ecul ar m xtures conpri si ot her

than nucl ei grugeragdn aqeidaaseanigt &e Prsts EYPEIOMRPRPHFE$DoHA- pﬁ"%?@?ﬁ%‘“@‘ﬂ%’h
enzymes £o u%&fogﬁe@@ﬁ@( 8ectPBic Eﬁﬁ%eolmlxﬁﬁ% Sap RO @k dndt prédbel

anplificati e to turnover a.substrate. The assay could sel ect for
t he nol ecul @rotkinfentide) thsdhe dadiredcrdivi ty 20and/ or specificity. [0302] The
foll ow ng techni ques nmay be enployed to detect the particle or nolecule
bei ng separ @y otothdriekimplagf ambBbulnd rmixbfié Gir déseylvg bydSumécrpiitidiccor dance

with an embodi T o P B st L PR LR oo RRSR o 1TRRKAENARAG, 180

Eukaryotic M Crosco

f1 uor escencgsay\@iM slerd the s ampssmkahca;s pﬂﬁuqsmﬁg@smpmuamesthcsrtheanpl ified
‘DNA, protei n . and peptides may be detectable utilizing fluorescence
‘techni qlfbs degis r, the use of mcro-electro mechanjcal (MEMS) techniques

‘may enabl e the fluorescence of even single nolecules tg be d tgl(ét ed. [0303]
A nunber of (0388 ayAnatisy ekanile pf 3 pelsotly et o 4588 PY FeT (YEPYOF an entity

bei ng separ at et Wt Adc@x'd@ﬂcc%tﬂ-ﬁﬁé pbk QfvbiioRicEmPRs @8ndriic BICAT dRGEay th t he
:present invention. 30 For exanple, various_bindi ng assays nay he ut|I|zed

to detect adonldsolebi th@gqn@n@ o el rPnENbat @ﬁhléttéihﬁ§631@ﬁ&faﬁe!m FRES 80 . e.
-protein-pr oL € ein % PINA: %}ﬁe protein- peptide etc.). Exarrpl es of
‘bi ndi ng assa shwn %‘u?eg}% hot TiHited to ELI SA, FRET, and
.aut or adj_ogr @1 Eﬁ? Various.functional ass to
Getect el drteoedeinCirePintiias RS BRI NEns b bR 21 ¢ by
functio nal mw@emnﬁmden buifld alsebotiizkd 1ol deefdh @ssadson molecular mixtures
" compnsmg other than nucleic acids, For example, molecular mixtures of protems such as

enzymes could be assayed, as these molecules would yield a signal amplification due to

turnover 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 & LSI microfluidic structure in accordance with an
embodiment of the present invention. Beads, Prokaryotie, and Bukaryotic cells may be
detected by either light microscopy or fluorescence. Very small samples such as

25  phages/viruses, non-amplif"ied DNA, protein, and peptides may be detectable ulilizing
fluorescence techniques. Moreover, the use of micro-electro mechanical (MEMS)

techniques may enable the fluorescence of even single molecules to be detected.

[0303] A pumber of assays may be utilized to deiect a specific traif 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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5enzymatic turnover of a non-fluorescent substrate to a fluorescent one, 2)
enzymati c turnover of a non-cluonagenic substrate to a cl u-omageni c one, or
fromone color to another, 3) enzymatic turnover generating a

chem [ um scent signal, and 4) autoradi ography. [0305] Honbgeneous sol utions
of various substances may be screened agai nst one 10 anot her through

di ffusive mxing. A nunber of applications are susceptible to these types
of assays. pdphide exanPkendés sidchlimasaplichat borare sotdonitdrts BHISDONRAT, br ar y

cl ones t hat dhayoe_ac.i.(l)oeaeq1 separated for the presence of a specific DNA
seqguence (?m. et (f:;er"na%r %Y function. Anot her exanpl e of such an application is
screening of chemcal libraries including pbut not limted to peptide
libraries, Y8PYant & HE el PIBYHPPEY, P el el slisnsssdha e |

15mol ecul egx sitd ASuhadhbn o LbtbdifNSby AheiGREEESA lindii At &8 SoMBiithEoSOr eened
for specific functions such as interference with an enzymatic reaction,

di sruptd ngergpastigigorsdiengn-fgpwegent LILHIAHIORSIUCKIPEIE PYe: RH oy meHc

crystal | i zgli,00 &6 n@ﬁ@fn%'rrﬁgm(ié Bbdac IR LG BhoeiRdhe SR 0H] QRS biorapi ity to

. serve as a substrate. [0306] O her segnentation applications call for

subdi vi di rgotieh Shengemebebirseptascicing: demiiuryirsnisignahenésn be anal yzed

. separately, with. I pendent chem cal nethods. For exanple, a |large scale
~integrat ecfuﬁr%:dr?%é%?di c device such as is shown in Figure 30 could be

utilized t reen these indj.vidual .enti.ties of honbgenous nm xture by
exposare (G nyineseERa o RS PR T Mol iy b e e RS W enous
~ sanpl &(couhdthbehfughvddiusive atigingan indagatpplidationt wharoaitisle td st iypyy woul d

- then be halted, d the vertical 25 conpattnental]jzatjon valves gctuated to
create redlfiHR _?ﬂaer%_awp@@g 0 opRlighlb S?lﬁaﬂ?%aélﬁidtbm clopgs i bvs ar ety
- of chem cakespeshes £ the prekdige bf DIPe886 DNA PRl (.418id) by fuaktigpncent rati on
could be flowed through a respectjve flow channel to_each of the segnents,

and then MiteEdr BATRRRRTUGR PRFPRYFAER 1 SEERIRGOF RePpadl tiberiey HrldinedBE er vat i on
- of a resulbi gi&N8Pesdd it MBrdnil! Bo Ot AufaB¥E8licdnd- GhIREL, QR &hgut the .
© honi ogeneous entity. 30[0307] In a honbgeneous segnmentation application, it
i s pos8i bimwlcylepsrdies grlasqlwiiaver Eeacheinical ligteriesanaiohreschshoienaadicsol ut i on
agai nst 2 i he.. i . -Ej : .solution to
- Be aosayod i BbiSh WpIRRGLL AR U ool A, Sl SBLchIRARE 1! Rt
.t he chanbepsifmtendiagyphilitnentade cethllirstingof fretema Gowilioholbare/iselt . [ 0308] Now
it is poss(i)] ‘liéans %b;‘?i? d end Ioaq:ts% t(éli fferent solution into the chanbers of
&l ti pl exers. In order to avoid problens

. the subst Fat & 8ar pe e aET %5“

- with cr Osf0306] Other segmentation applications call for subdividing a homogeneous sample into

20 aliquots.that can be analyzed separately with independent chemical methods. For
example, a large scale integrated microfiuidic device such as is shown in Figure 30 could
be ufilized 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
cach 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 intexvening barrier valve. Observation of a resuliing

change in the mixture could reveal information about the homogeneous entity.

30 [0307] Inahomogencous segrmentation application, it is possible to perform a [*m

screen, 1.6, screen one homogeneous solution against 256 others in the structure of Figure
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5contam nati on and purgi ng and cross contam nation, the sandw ch barrier
could be decoupled into two separate valves, one valve cOmartnentali zing
only the substrate serpentine, and a second val ve conpartnentalizing the
sanpl e serpentine. [0309] By closing both sandwi ch barriers to
conpartmental i ze both the substrate and sanpl e serpentines, a different

sol ution may be introduced into each of the 256 rows using 10t he

rmltiplexer or fI n ction
ports may b@ Aad]\?ésﬁtfé Sé’guﬁlé’fly %?YF%@H c%slﬁg%&?ﬁ%@%gﬁhﬂc%ghhﬁ ur ge

i nput . [ 031QphutOneet, édcha@bert htec&'aﬁarrxmhc@iusalgnhe sengeparbatrer. hormgenous
solution, all the barrier valves and the m xing barrier may be closed. This
| oadi ng is fogbdjovesty Ryis paLEBiens dididieloat Aeliffuks bolatien e e bhdnitersaf tisanpl e
serpentine vvlth the solution to be ass 5Dec8 %Hﬁ% g useful during
this step bgubdratwmgt%@%db%w&w@ngéa%*éﬁf‘?fﬁ%a‘f% P VEBHpEFt ment al i zed
whi | e new féoﬂtaﬂj% ¥n B bﬁg{ng%&&fésédah@mtdaaoﬁaimaaa@i@h@@met Bldbd | 1ing the
256 adj acent ers with a new honbgeneous H‘i‘%ﬁgg} By opening the m xing

barrier, 25&ceshahinigd e senraie HEvesePaRYRaomBYeT “\Eé’nﬁ‘i Re FPSTEH311] An
embodi ent é%Iépe%err SIO1 dbbil udeshouh B ARRRTRARGBINfaliRe P esent

20i nventi on ses m cr of | ul ow channel forned in a first |ayer,

and a fi fStngygéyéi%ﬁfég?@ﬁg%nwkoh%@%@m oAbt hiB nSGeRNd k@Y eameadi acent

to the firs mcro channel separated from
the mcrofl slilh‘@leﬁselfpbﬂmeﬁ faadiffe’cntlmyluaori pg be nheﬁdhe:cd atmb eactrexftirecdié rovss wégond

m crofl UI d| co ol ent to crof control
channel 0an ’rpgft"@(fc Of ﬁ%‘ﬂ’r"trﬂ‘é“”ﬁi %g’ft HHPETESP T L}fec?aglp Gﬁgl%%&iongﬁa%}ﬁgyg%y a 25
'second def|ﬁ%ﬁ@e&zsﬁﬁeurﬁéﬂﬂlﬂﬁim{r&ﬁlﬂ;ﬂ:}nlﬁﬁeﬁmwljmgﬁmpﬁt a nethod in accordance
with the present invention for controlling flowin a mcrofluidic

structure, GoR | GRS cadRIFd 15G D ESTHUER a%@pa&at@%ﬂixb@énoﬁ@s’iﬂkﬂﬁin gftha first
:control channel network separated from an adjacent flow chanq)[:y by a first
I

‘menbr ane, sweker vhes aHshe e bees mapde posyefineceating ifeliad Brg Rhannel .
‘Wi l'e 30pregsurs. év.tgst% nﬂﬁgo mhﬁ%orgbﬁtﬁfe WAhE Aughannehspaigwor k, a

‘pressure i s app to a ontro ann a second control channel
‘net wor Klsse pbﬂnampénhgﬁsr wafud Herifg thiststep by wlleviag Hslsubsbraioeoehijnedo s@edhd menbr ane,

such that tcp)renpgr menr%‘ﬂxzng% 1806 'ﬂﬁldqw?g)) b%%t?o%ubé&%ﬂtoqggsa%ﬁﬁé §erpentme, filling

the 256 adjacent chambers with a new homogeneous fluid. By opening the mixing batrier,

256 experiments may be performed by diffusive mixing.

[0311] An embodiment of a microfluidic device in accordance with the present

20  invention comprises a microfiuidic flow channel formed in a first layer, and a first
microfluidic control channe! formed in a second layer adjacent to the first layer, the first
microfluidic control chanmel 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] An embodiment of a method in accordance with the present invention for
controlling flow in a microfluidic structure, comprises, applying pressure to a control
channel of a first control channet 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 control channel network, a pressure is applied to a
control channe! 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 control channel of the first control channel network. Wil e maintaining
pressure in the control channel of the second control channel network,
pressure in the first control channel network is rel eased such that the
first nenbrane remains deflected into the flow channel. [0313] An

enbodi ment of a raicrofabricated structure in accordance with the present

5 invention conprises an array of storage |ocations defined by a first

plurality «Qf .pabadhh@lel bf @¥iehadnel si.ahdthegmnal Whie ﬁlaﬁﬁﬁt&ﬂgp@bwf@initﬁey of
paral l el flow channels. A network of control |ines.i z}tﬂalgjfacent

storage | seritdl shasnelp f i SepRd e R chamebn S HPHeR S§S81° ip §RGTeke arg'te r age

| ocati Onsnefea‘/ohk fs%lezﬁ\s't!i Edcﬁlﬂ%ﬁ{e fﬁéirrk'&ﬁﬂ%ﬁfe 1'6&&%@6@1’46@%6@1@0&& RV Efaindl] ow
t hrough the f |rst p urality of parallel flow channels. A second nulti pl exor

structure f[@mj E’qehﬂnén?ggaﬁ@%%r? n%ehgﬁ%@#& ih E&oxﬁﬁﬁw\gitipg&ﬂ)?ésbﬁty of

parall el Iment of a.-mcrofabricated one-way
val ve Bn &mﬁﬁmﬁmmq)xmstdm arag opstesentocitivne definsd b&@rfmnpé@ghta of pareliel el ast or ner

| ayer co r|S|n tIC Via porti t second
el ast or ne 8‘%‘ @&@Pg@a Jé’ase?q hg?lotyr?gﬁgrﬁger%zﬁ% hg&{;? %tgggrcecﬁbr ane has
: ?2 |h nt egr @bntm%@ﬂﬁa@gmmophcﬁﬂdhate Ead;gnﬁ gﬁie;ﬁnadﬁtgeetybalvabmdfm moi:atbmgac_t vv: th
: the seat portion and c igured to be deflec rtica
" via porti 8 siqeEsi8gtiaps- a‘%‘)l? %’&Ef«} OEﬁﬂﬁﬂFﬁﬁ‘ﬁ’fmﬁg‘H%& tﬁlgt‘:wgfll Ul dd]n% élgw cein
. accor dancep ki nkhgty RE 8&EIM] flotMBRideRN . A SRR akDlexansieknnganddukd st f1 ow
- channel, and a control channel overla p| n‘%{/éhe el on ated first flow channel

to deflﬂnega"@ﬁlﬁg‘f\’Wali&}‘ethéﬁ‘?cﬁﬁ‘%?}?@“}f "’éﬂa\.‘}ﬁ re configured to
~ deflect into the elongated first flow channel to define first and 20 second
segment s QﬁsmheAfmmdmwfﬁmmbncmeé@@mywalawrbmm@émceuvgt1thcf | ui d

conmuni cat i on W A of chanBgloniad 1 ui d
comruni ca?’leg(ﬂlt Wt 1%“::0%m hts:%nﬁ ?%el%é%éﬁﬂﬂﬁ’% Je%glarren? lona nmet hod in
accor danc eeaw\pfmhom hed psesedtlastomentjaofprising o Iﬂambhgn@ll@ﬁ@n tifiedlexible

het er ogeneou e ro

25het er ogBWB%E?é‘eg‘F %%Tnggz\lﬁi n§ " Opg’te’%zgc?ﬁ ?en%m?ntggggo{%ng?%%tafc Wi channel .
A first valo\eat@ugiohhdgordipardits 6 dﬁlwmgmtted sédondvveliasinvid pdrgoract uated to
define first and second segnents, such that the first segment contains a

first el eppqs Ohntah&nﬁt%@n%@ﬂ@éwéf§1%Eﬁad>&ua;6@eﬁb&n&ee&a@cswﬂ&mﬁ contains a
second el enent of the heterogeneous sa a rnative

ng 3171 An
embodi menpregint veRtoneedmTEEs sa elppaded ArshEew P’é@dlﬁe]ea% % Wﬂffﬁlec@é‘beﬁes ent
| nvent i on,., GOMRLL §8%10a 8 HEE hbYehinRIG @ERAR R ¢ AURHEQURS 1, def | ned
within el astonmer " materia irst flow channel is in selective fluid
comuni castiwhiradrtfigtited 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 clongated 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

elasiomer material. A first flow channel is in selective fluid communication with th'e
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storage location through a valve. A second flow channel is in selective
fluid conmunication with the storage | ocation through a second val ve.

103181 An enbodi ment of a nethod in accordance with the present invention
for selectively storing and recovering a material in a mcrofluidie device,
conprises, 5 providing a chanber defined within an el astonmer material. A
material is seI ectively flowed into the chanber through a first valve in a
first flow ch e er sel Vi romthe chanber
t hrough a sg(% %Ca Oéggllohéha {s)%%eo ‘Ac‘ig%()f)%(\i/svﬂc aﬁa?lﬁel 1‘{§J§1 SG{J&%&‘% Def |l ecting

Val ve Archi t@nmumeat{oﬁ:%ﬁ@]theﬁﬂombmmedhradngjmesemndwoWnect| on with Figures
23-25, enbodinments of 10 rnicrofluidic architectures in accordance with the
present i nvEIi8loNARRMbbE ML a\WEIMRISH SEdottRhet eish Bie pfes@it ednfian Mef | ect

upwar d into%overlﬁl ng channel in response tﬁ? gil ﬁgl i ed pressure. Such
an upwar dl y® iy E¥Este IGEPVRERE Hatsralap A SigaT YR doVEs: GRMPHSEr eat i ng | ar ge

scale ing egﬁz@bﬁ&gfb}&lﬁzﬁﬁéﬂ@eﬂﬁ@i xﬁi’tkﬁﬂﬂ@ﬁ HERSmed i), Madesrsl %&Qﬂe&tg/ehhe physics
of solid state devices such di odes and transistors 15was a cruci al

enabl i ng f aBewid Bl tbfh@amki?@bwasléaﬁéﬁtw@mm%@%ﬂ%%ﬁne Saditkcondaealéy physi cs

al | oved t hesc%%%&f‘ﬂ%e& #AP N Berthbligld Shbii RRQIINES4B8Hd REW . ALIRNCE
properties, including speed, power consunpt|on si ze, gain, noise,

breakdown current and breakdown voltage. M crofluidic devices are now

poi sed to use singlaf; M%Fd‘ﬁ@'eﬁ&%m@%lde% iob@id @UNCh a simlar revolution
in biology and the life sciences. "20] 0321] For these integrated

m crof | ui di @38 cis msntwmbabromdmmmc@xpn vhFomesst28-24 ¢mbdsémends 9&s, punps and
‘ot h t gol t
?'?heelroas]i(bg %H{;:gc{ﬂgidlg%rgig cﬁ?é@'&h'io@qtdag&t\%\e@ﬂr%g ?H{veﬁtﬁﬁ rﬁa‘}ﬂ?ﬁgrte'v%ﬂe?e ween

_ val ves an ormance w-l € a key step in
t he devel optmestires tordfigutedde efiett tpdewd e qmyvsrlmg chapneltihespome e 4reapphied ogi es.
dead vol umSeRznaer wREH R RORE L BB Yl B Rl T
[0322] The lampperatcineeratd] nikeflpdidomnomnee criteria depends on the
‘application. For el ectrophoretic separation applications, there is a |large

body of |i tigsmy ungndsheniing teonyatestsb Rk ibGods IstihChs MRNe M PikAnORIoBAN be
used to rreter and_inject small anmpunts of fluid into separation colums.

However!$ t%écm%@éhﬁ% Eacioppf e esempte e se oluiey. SPmicAndisioy PBGIGependent
on the par tjjgiteihe aés@@%ﬁtsaﬁﬁst&fs wtlhﬁngmy gﬂgﬂ%efe'd%‘aﬁoﬁr&ﬁc@ﬁr@p&ﬂég hz%ﬂﬂin%g to

i mpl ement when there are conpl ex plunbing requirenents. nor e general
fluid manispdaravwss cashupiion size g, uwes, brepedomarmugent au@bmekdoawﬁwoﬂﬂagq e are

‘many exanphes, afid &ebahs '118@%8&&*&%@%%%16 tﬁ?ﬂfé%? mi(g@%?sfg 5%,101’?901 b

"Fluids for sensor systens and Kovacs,
"M cr omachismabis Twah@dmuén@IOSomddb@bfmbmnme aw Hi Il (1998), both of which
-are incorporated by reference herein for all purposes.

: 20 [0321] For these integrated microfluidic cireuits, the fundamental components will be

valves, 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, channel

25  dimensions, actuation pressure, and scalability.

[0322] The importance of the performance criteria depends on the application. For

clectrophoretic separation applications, there is a Jarge body of literature showing how

electrokinetic fluid manipulation can be used to meter and inject small amounts of fluid

into separation columns. However, these methods are not general because they are highly
30  dependent on the particular propertics of the working fluid and are challenging to

implement when there are complex plumbing requirements. A more general fluid
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5[0323] In "Monolithic Mcrofabricated Val ves and Punps by Miltilayer Soft
Li t hography", Science 288, 113 (2000), incorporated by reference herein for
al | purposes, Unger et al. have shown how to fabricate integrated
mechani cal valves in nonolithic elastonmeric chips. In "Mcrofluidic Large
Scal e Integration”, Science 298: 580-584 (2002), also incorporated herein
by reference for all purposes, Thorsen et al. have shown 10t hat these

val ves can, bg, %ﬁﬂ stanH@}g@o RhicahhachbRtAGERE Q6 eRiPge hhaY caisplesfghl y
equi val ent i n their conplexi t¥ to electronic i ntg}grated Ci rcufqilos fabri cated
ay

Wit h | ar genistsdthicpigé élj@lzﬁm"éh" ofy Bgg. REDYSHL ANYISCAPHPES IS of PR di ¢

Meterin P i dabegifrace
D ffusi gnlﬁb EQ%@W?%ZL s Q%E(S} ér%telgéﬁggg b{%%%?a(?ir%%%%ﬁﬁucﬁfﬁugor at ed by

ref erence Me@re.wrﬁiﬁidw%mborimfp’d%@saf@ P@ﬂ@@ﬁt@byépfefqlia@/@ef@ﬁéw t¥EROSthese 15
val ves can al so be used in robust mani pul ati on schenes that nmeter and m x
i ndepesdero3xs tmemnowcmdmmfmoamevmkm@mm ibgt MyI0R 2] Softhese

el astoneri_g valves ave e val u td on vi ng
bact eri al dLPEEPEA %‘81%%%?2 ZES’@R’QHC'S’EPP i .e reﬁ:&e%eg{ %{&ﬁ fh I;spc‘irﬁ%\égr’ operties
- of the valygsr €e1.nate Soah@owab Fabricate heraahsectzhiat! wahes &cﬂma;tht}m pressures
- scale poorly as the chan 0, ry,. and achi ractical
*actuation %@WF@E‘PF eﬁ‘u&f@?ﬁll’gw&%%%ﬁ Iﬁ??@ﬁ‘éoﬂ%f’?% Qgg &%(ﬁ% 4 [ 0325] For

- many appl icgghh oS ifdorddrhted Bibiniby riverehet ibﬁald@&pd&s%@mofsen bieal ehata Bliownas pect
“ratio channel S and a greater dynam.c range 1n the availa %lp’eﬂﬁﬂgj nsi.ons.

~ These18ri tleat ﬂ%@scawévqﬁ&% bevieaq Dakaighly gHesreted chimpthafaly (e Hdhsity
. chips to ngpi %@%ﬁyﬁg‘%m" ifleERtdd2irbMits2Pe el WAL Scadd inldpeisioSTror

~ supernat ant . re, we describe a new type of mcrofl ui d|c valve with

extrenely "Adwba@itauétswﬁblgh@ggﬁwé@ Mﬁ@iﬂgﬁﬁéﬁlﬁ%ﬂ@t Alavs Byten 6psfli es. Ve
- character Iszw‘%hI bgf\?vFrggﬁlfteQ JEAGRh, tﬁ%c r’fﬁéaapB‘czn@a%@'l RG26@Hh the actuation

- pressure an re3|s ance over e range of design parameters,
. i ncl udi ng intoipoyatebipeeteraat hcremrfamiblblspowe Hagerdetel dove dgradha thes30 bet ween

~the” dd d f
the mi ?gg{glv‘asscaata 3&3236 é‘ﬁédtr}lf}%? uPt c}}wr% ﬁ{lat%onn%he%és%upx Iiepg fﬁ?}l fngg;e'nﬁ'&t Bbe

si mul ure mcro evi ce desl
the properties of the working fluid.
[0324] These elastomeric valves bave proven to be valuable in applications involving
bacterial cells and solution biochemistry. However, the physical properties of the valves
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

geometry (~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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[0327] Mbst nechani cal val ve schenes involve the use of a defl ectable
menbrane that closes off a fluid channel or chanber. In order to have high
density devices, it is desirable to mnimze the size of a nenbrane val ve
whi l e sinmultaneously mnimzing the actuation pressure of each val ve.
Geonetry plays an obvious role in this, as do the material 5properties of
the nmenbrane. Silicone el astoners such as pondinethyIS|onane (PDMS) have

Young' s nodyl,iL..t h are.fi.v n
mat e?i als s BJS hﬂas ‘irfl%ogﬁm%g‘o'lﬁ TOE“E‘B IH?r’m}% ‘h% US4 (ﬁa deg?ﬁ%%ti}\? ﬁp@ﬁé fhat
actuation pmeﬁﬁuﬂeﬂmhMamnﬂﬂerﬁmum&-HﬂoNENBIhy@hghd&mﬁgdeﬁumthemhmm&b it is

desirable to use a defornpbl e terlal as.a. gas to ensure
k. broof  BpbRaREeie PReT BEn RS T R A ee B riae tiotber s s

val ve seat slaress[z&%%%achﬁa@w Q}‘éon':it?tAr BahawbsioiPlold ib @ds, s6 e mathaertl agr ams  of
tmo val ve geonetrles TA shows a sinplifie sch tic gbgﬁsan1of a
"push- down" ProRgrijes ‘6 M% g‘gf “19%@3‘?*?1““‘??6? n%raéi?‘?[éf Oxaﬂ?é
architecturgys %\Gﬂ%’é ﬁo&uguéz@reﬂ/é dr@a&@#ﬂ@@ﬁum@@ivmn heg auseiatshecHmnbr ane
bet ween the channels is pushed down to seal off the |ower 15channel, Which

cont ains t hdligopand sigeon gittide.dbis allywingpyenesationgreserres tansredawdiir i es from
the edge ofy EE@S @E@Ozﬁ@és ‘B‘Qrtﬁeﬂﬁoﬂg‘ nglc%sxrigféecﬁhgé &@éfé%ab%aea@az@&m@ane 3702

of variable 't ess I s deflected ose of f an under]l {lng fluidic
channel 370#Mfien apgrksttaeesuisiedppbpiaperasiontivst evmpirgsoapicaetvaaticsrobehannel

3706, This 0 ry may utilize a |ow aspect ratio (height:w dth)
‘of Iessll?)!t ha%]%gaig;?&q‘%t % di mensions of the fluid channel 3704. 20 [0329]

This "push €0ITe own | oven, useful .in a nunber
o app T end AT GRS Dot Rl SRS R BB A e, S Do
'seal ed agaiHigire ANy skdvst siaplefiedfsclichiatic @iprannaartipng-ddval’ vfalvtalgémﬁetcjemoees can
be used as repovabl e print heads on solid bstr d that |ces can
be oasi 1y AETDRG PRURISM IR G HRCIESTaN foF e 11ads cOBIGERT CFr gur o
3713 shows dola b&%s@qﬁm&m&anwe@ﬁ@mﬁe SRR & YudhB@towe td RERSTT the Idger” push-
up", because the nenbrane def|ects upwards tq seal off the upper fluid

channel? | §hamses whiharipps thedlardpdinteicstading tigknpisof dhe gemapqiyaiee §8mand
exhibits aggubst amlh @Mn)ieﬁ@ﬂr%trﬂﬂalet Qbé‘cﬂ[b%ﬁy‘i cuvB@RlehibEAb Yoz thandat! ect abl e

‘menbrane of the enmbodi ments of valve architectures in accordance with
‘enbodi nent shigfnegsis dpffcsisd i clpspwaian undel vpg fvidicebriehivdd vBonipsssrHg isa

thickness whiich SRS RENBY ARES TR, BNEkoRLEL SEaDlhleeh does

-not vary by nore t ure 3 schemati c
-di agr am of agpetipaghihgight:walth)of peothet |0 Ix50e dimeagowod thedbridgvhanned 7ehbodi nent
:of the present invention, in which a nmenbrane 3752 of substantially

‘const app t tﬂmkheﬂ‘ﬁxsl"ﬁusﬂ&fobﬁt et digy\saswn indFigikre SBA day mundedeful id dinentehannel

3754 when gure s ied tot ctuat i hannel 3756, Thi.s geonetry
7o e R bt R el intapt e B R SRR B R A O e |
.decoupl ed hyoawbthes 6 ifRRs], ABmigd thhhRuidikb dbbd otBONRY 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. Speéiﬁcally, the deflectable membrane of the embodiments of valve
architectures in accordance with embodiments of the present invention feafure 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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[ 0332] There have been previous denonstrations of simlar geonetries in
hybri d devices, where a featurel ess PDM5S nenbrane is sandw ched between two
patterned, hard substrates. See, for exanple, Vieider et al., "A
Pneurmatically Actuated Mcrovalve with a 10 Silicone Rubber Menbrane for
Integration with Fluid Handling Systens", Tech. D gest of the 8111Intl.

Conf. on Solid State Sensors and Actuators, Vol .pp. 284-286 (1995);

Yang et a|{03311AW%@w&s@ﬁn@n}mﬁ@eﬁ@%ﬁaﬁé%@v@ush R Yele SOYRYY

Act uat or s 564, acgtgaat{cé%@an eﬁl@gdlge Vcﬁ"rtheeéxes%ht invenNBAQh WipftnG (B AREaNe val ves
and di aphragm punps for practical lTarge scale in ration jnto glass

i crof | ui @762 disubgatially S@fﬁ@@? @1@@35@%@@“@@@8&%@@5@3 26‘6’3) each of
which is i LPOf: A F ver, these
devi ces hag&'%te aﬁ%% gﬂ %ﬁ t‘lr’ﬁl m%gt#&ﬁlﬁg?gﬁ)ﬁéﬁoﬁgt er sI oW.

- [0333] SHelanwmtﬂaai@sglsﬁmﬂmhndwc&@eﬂabhlpbwsaaof%mmemhml@@ dgeeupteldoont t m

di mensionsg_into rmnolfgit %Idw%&hl ps and have nmade the first extensive
char act er FFat TS GF v pertormance. The push-up geonetry is advant ageous
because the uniformty and 20.in ependent nat.ur.e of t ne thi ckness
- sinplifiedd3Phb g@ﬁféﬁﬁ?ﬂ‘%“@“&f““’f"l"}% %?%Bﬁ%‘ﬁog ’é‘élgiﬁegﬁi?ﬂ" ﬁryg’é%t h of the

~ fluid chagbgles, R334 Leattei0d:deIM S thchdbinis GadaBdbic B m@&iﬁttwb phit@ndd, bardi ¢
- channel's, we spincoated a thick positive photorﬁm st 100 XT &P) on a

3" sili comtbalper SaedioparAEn daeis ohil- S A ANaRPHIG Bﬁaﬁa °f

devel gpedgirfofg. ﬁmfepmab%emﬂag@a&dwﬁwm@d Hﬁrﬁilﬂk@%&e&é arrsm mst&&
terrperatur (typl cal atI 140 : mnut es) al | ow n@Preflow ng of

- the phot othedi dntl.iGond ~ plapts W?hzappr gatrdda(ieP ok < 28%ct i on.

- [0335] Nblgtdeﬁ d&?Mﬁmﬁg tt%%HﬁEéu&Qu&&%&% 1§v%ﬂ€ “Es, a%%%n%%@%m SU 8- 50,

- an epoxy basé ative toresi st avai M croChem I nc. of

"~ Newt on, I\/Pl99€l}mmd@tm®m‘ce$1 ‘Ylompdidsc mombraaé miwsamdtlmhnagm@m@ les required
for the curin eI as I ] s trangul ar
Cross secP’iafSthch rge@f gaye %tloé‘lmtb g’?’a%% P n@é@gfl lﬁ%&% E%?“Fr%j %‘g?étggg | ymer's

for migrogd, iz (m’mb iegelt dfovisth 13A@fpoeded%wﬁfmct&rta§mr®®¢£@ﬂﬂn 16 (2002),

i ncor por at.e ren her ei r SU-.8 S i ncoat ed
2000 PBF T GRaHr RS el e 1R Bl RERE et i A " re
SU-8 layer was typically 50p.m [03361 Both nvol ds then exposed to a
vapor of 1983 Hot H%fq%cwﬁ B%’sﬁhp‘aﬁéow%? Erigae el vPReo W i 0F e THORa e | d

rel ease. J Bxgkﬂitfug ciﬁﬁsgﬁfarlﬁ% m3dd the AR e Qb RS UM aclcFRatidh ¥ 94%5) was pour ed

on the flurdic cﬁanne in a plastic petri dish, and spun on the
act uat i orpafoanesk. Fbe fustTipegepingitel isedeaniaasets Heaguse tieaifaimigkedss in curi ng

agent cess in
the of her aapihen b AL Blea S R L B o o
al ., thuspradshewinriye depth bighe ﬁmdcthmgiebet ween the two cured layers. The

t hi ckness of the actuation channel |ayer is controlled
[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 aud pattemned it by standard
photolithography. Once developed, the photoresist was heated above its glass transition

25  temperature {typically at 140°C for 5 minutes), thus allowing reflowing of the photeresist

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
spoxy 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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10by the spin coating speed. This parameter is highly relevant since it

al so controls the thickness of the active nenbrane. The fluid channel |ayer
is afewmllineters thick to allow reliable connections with nacroscopic
el ements such as tubing and syringes. [0337] Both layers are cured in an
oven for 45 mnutes at 80C. Then the fluidic channel |ayer is peeled off
fromthe nold. Access holes to the fluid channels are punched 15 using a

clean |uel Slh, AR, nu-[p&éa{J'as)fﬁéop'vs?aféxh?ﬂeihEdl&E@@ftt&'ﬁﬁ@%Bth ethanol,

dried with nitriogen an optica igned to the actuation channel {ayer.
Bondi ng bettggiedltMent wo | ayers is achieved by baking at 80C for 3 hours.
103381 The assenbled chip is peeled fromthe actuation channel nold and
access hol e®336) tiheh &@Idd&tet@ﬂherch@nsﬁelltsaaap@r plimigteghyictidresifane &ir 1deivitige i s

then sealed to ecl eari.ed, 20 rosc th
surfaces (gPREEr E?nfr@ﬁf? fsieast WB%MWP 081% 8;93% T%{l&mt% epEgéter]{!L egﬁﬁd@ EaE’,Ong f or
3 hOErS At @@Pwas\/ﬂ%&dcdnﬁwmufcfcm@xlamﬁtaasspmaas: pepi dish, 3@:(:11p13m angthe be appl |h ed
to the actuati on channe ea 0339 n.order to e the
per f or nanceaCB’Ia“‘i’%@aWéﬁ}\f“r?fdc qﬁ'n‘({ﬂ? ?gc"é( ro%’éa’é ﬁ’l‘ceﬁﬁ ‘F’fcéfjfl%?ge%ﬁ%g{[v\er e
const ruct eds) s@)eHdRYS §:6 a&QﬁWn'cﬁQﬁxeﬂ%&y@ﬁﬁ@dﬂ e&besk fiuihe nomeﬁbcameﬂea (BB with
‘wdth from50 to 600 um crossed 12 actu

hann 5}? t he sane
wi dth rangeRTUsIng) @ﬁé@én}éfé\ﬂr%"é‘swiw Uneshirtéy, '{hﬂ%al &’H%&f@% "Ehe

act uati on PLEsSSHER BLRSS Wy@wat”fhmt&cﬂe& etk labtugtich Ghan elyer i§ caemket el y
'cl osed by the valve) W|th he wdth of the fluid channels and the w dth of

‘the conitdr ol byl theweén cqamwectl Huis bar@Bet?m@mh%{ IPRADS SPEHT 2l5p CORRISAE ve natri x
ohi p. The \GLNEIBAEL KichiBk 303075 A 1nlliak: Rl i flife@athiacbuat i on

‘channel s whiC orma natri X of ves whose nenbrane di nensions vary
‘accor di ng tablotheiatilcrromgictors mﬂlmmos@béaﬂnlemsmswﬂa&%%@rﬂ&%@ﬁnel s are
filled with a dye solution. [03411 W also nade different devices with
di fferent gp33v) c Gt Rgers peedsddl ai hendatdfatinans at@hfeThirefividic order to

Chiclness, PHESORERORERIPE (ep HEQNTE Loeuabodt tenie Byade Py PR A cosur o

-on the @ct yakbaRiah aRPEhL QNBteE aNhis [Ratie than timnwedfcldahsd wm amm det uat i on
:channel 5into the surrounding el astoner. Since tnl S pg (%‘%n create air
‘bubbl es i n wifenifrossn gnd srtisaly slienehio the pquirn AhORSREE s BSP “& P‘T th a

col ored soluyb Qs 9f acBl008 GHidhode ko BLUn¥@ser to mninize the volunme of
‘alr that passes t hrough the nmenbrane. The dye is pushed into the actuation

channel, sqyeezi RY. & SIRL) cﬂig sjﬁ%leﬁffroﬂ'! t'ﬁ% % R cﬁﬁﬁxeﬁﬂ@ﬁ%ﬁ acde@3b2k

:Actuation pressures were nea UI d channel enpty. The | arge
to the actuation channels are punched. The final device is then sealed to a precleansd
20  glass microscope slide by rinsing both surfaces (glass and RTV) with ethanol, drying with
nitrogen and baking for 3 howrs at 80°C. With clean surfaces, pressures up to 30 psi can

be applied to the actuation channels without leakage.

[6339] 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 prm, 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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10 i ndex change makes it straightforward to i mage the closure of the valve
whi |l e the nmenbrane cones into contact with the top of the fluid channel,
When there is liquid in the fluid channel, the actuation pressure is
shifted by the back pressure of the liquid. Once the actuation pressures
wer e neasured, chips were cut along the actuation channels, and the
menbr ane thicknesses were nmeasured by using an optical mcroscope with a
100x 150bj BB#1lv e Weerrs. mdde SBent ﬁevlmsomthfdlffﬁ!ﬁﬁf(ﬁpmwmg seeds@dther ol Devi ces”
Sci ence 300, 98% A B0 Hyer I NGAUNOLALELDY of ecfegg SHUEIRGE pRUucPUT POSES,
Groismati &t des be ano her evi ce ned to measure fhe pressure
drop i nducedthbyneomeanw}hvlmeass Thefelpaoticois p@fmahbt@gmsmﬁlet binapphengct uat i on
channel , usin ensat ed it t vice 20
ae Y shEGRUrRmIToa AiRn RS Bhites Bobehs TR AR ATE B BuFY 7 F o

, Wi th dei onineatle watndiapdabtasica Sll&)dc\iﬁ’:s pmetssstcem tieaiciainlbedbbles mahofiidr side is

"~ connected to a reservoir fi

- 1 uor escentt?bEky 16(“%‘%%01%5"@??% afr?g l%ﬂﬁ it ulﬁﬁ?ﬁ Sf’ﬁ 18%«;)&{?:}%&325}%”&%@1@% has

no val ve. #£3%44 hiliAgz40s k.08 o0hir tACpdshisalibagenb elewdeme! Mae HYOispashali ons
~was plotted agal nst. the 25 difference of hydrostati pressu e between the
Ctwo brancHa® B¢ aqtgpsion FRANERle SRS Sm%‘é’ﬁum’%\ﬁ%%ogg@§§ﬁf?’é -di ff erence
" between the two branches, the position of the interface was neasured for
~different IO%MesA@uaﬂton@rq@Mgsswrelr@nsw%wafctlmmwa&wéﬁmw e latken used t he
previous ¢ Lespondi ng
. resi s'?l &ncegélérﬁ%&%ge%q‘gﬂk% ﬁrsmh hm"%r R?Bﬁéfﬁ%ﬁo%?%%@h?galggﬁﬁﬁgﬁg| ght into the
- experine ntraémhiamﬁonwe 1rﬂav<mt@ewtldpfewp af fhalfluid dheweel.dWhen giconizlliguid in

prosent & Gons B e e Bkl ML B Rt Dl B kB 12

- nodel as thd a&g&hdﬁ p&msastwetempamﬁhdctﬁipnserefouml@rgahahaneatbehham'nets alﬁuch as
- the dependence {fﬁl actuation pressure.on tp%a eorret hll% val ve. The
- val i dat ed o4 e% FAESE BORBI P YR B oPH ERGPRR |W“&@s G5 of

- hi gh- ner f oheieey. croval ves, including gain, bi-stability, and other

- advanced features. 5[0346] The el astoner is nodel ed as a

. near - i NConpLAESip g Nes lﬁe%%?y@e&e&at?& Dea;cefrs*%ﬁan&éﬁoovesmé@t) whi ch

- descri bes 't he behavior of rubber-like materials undergoing | arge

. def or mat i dresrpogised oy émgnce Etramfptaim%t@rmﬁmawt @{%@?bﬁaaethe&qvwe in
‘ Mechani cs I r hereln
e

! obt ai ned luythaaettx&tdns:himral 1urieg hariicalof i:&npcre&t:airemmcﬂeastkremdﬁf c’i“rilma;.’[ewmns of

. freely.joint ular .chains., Fromthis analysis o s th
et 1o hE 60 sMRiel SR eranRy "Dng SO Sl i E SN eBaTI A S B AR AR o) Ly e
- tenper at uk@ter 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,

. 10344} 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 fhe 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 experimental data, we have developed a fuil
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

63



15k = Bol tzmann constant; and N = number of chains per unit volume. [0347]
The material behavior then is characterized by two paraneters: the shear
nmodul us it and Poisson's ratio v of the undeforrned configuration. In
calculations we use it 0.6 MPa and v = 0.45; both are well accepted in the
literature. 20[0348] We resort to the finite elenment nmethod in order to
represent the three- dinmensional geometry of the m er oval ves and to sol ve

the equations governin eir efor nts

enpl oyed i A& SE’éﬁ‘tbvﬁlpg‘?qtcgﬁgs I%w{oé’%{%ﬁg%ew% &ai&ﬁ}cfé (??te;r%ﬁgﬁé%ﬁ@w th four
Ga;Js st poi ntaﬁtu a@ib;#j}bé‘;ﬁkl’efdihmmsmeiﬁy bithapghé. eﬂlmédattmow pfavédss epowpdul

act ua

aur faces g RGHEHOBUR Coleate araurrin e e SRSy B0 RERRE 1oy
anal ysi s ofy,neisy Maidad gantact ", Conputer Methods in Applied Mechanics and
Engi neering, 180(1-2):1-26 (1999); and Pandolfi et al., "Tinme-discretized

B/gL'r ﬁ;: 9 naleLﬁ%?mmﬁh@te aQth@ is ﬂf?}ﬁél@&'@@é Reab-fricBinpRBdable Wﬂﬁﬁﬂkean xhditél(iﬁlﬁat io naI

rlca ods in Engineering, 53(8):18 2
both of whicokstiutiare mvclglrwpmiac@eéwh@y the%ﬁb&@f@ég%%kﬂﬁ %FFI(*) § por Eﬁﬁéf@aé's%) [0350]

The resul tijn Q &inl db
dynam c rel a% %(%)b i g ?&%ggﬁ@f&ﬁ?mﬂg Okﬁﬁzﬂﬁlg{e?gﬁgiaﬁ%%&@ﬁ?ﬁ&ﬁ Y

sﬁonﬁut at i orsalids, mtﬁlﬁédé’?(k%lﬂ' maerppeated HWﬂ%Fﬂn@@ lﬁﬁﬁpi@' adl PURROSGR SHR8°-and
ughes, 5 e . m (1983
and Cakl eyiﬁ’ﬁ’ﬁ rﬁ'%ﬂ‘?? has, S%Bag%&? ”\{It (r#fg%?% A;g'g%/ |a§%ﬁ5%a%@:g§ﬁ a?hfcg%r ( )
non-1inear tﬂammm:«:bfasé dlafoﬁtanmtstqﬁﬁ‘mslmoxﬁbdmﬁl@niawmah@d?mm thippstelysis Wechani cs
and Engi neeé Elf 67-89 (1995), both of which are al so 5i ncorporated by
reference REa FPWB ‘&t purposes. [0351] Owing to the two-fold symetry
of the probl em the conputational nodel is restricted to 1/4 of the

ni croval ve @i t h #syMBt¥RF Soundary conditions applied on all symetry

pl anes. For eachﬂn; QVUBIME sI8OMBANINs; the pressure is increased
‘monot oni cal 'y at 71 30, j,AGEEpBALS; Of t he experimental actuation pressure,
and thegl argest RregsunLeROinhar: gsylting in full closure of the microvalve

s T gcor ded as t ﬂ&xﬁb@to'f%zrgrp%xs&ﬂf $olume.
{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 (4

= 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 hetein 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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[0352] A first parametric study concerns the effect of nenbrane thickness
on the actuation pressure. The actuation channel section is rectangul ar, at
a wdth of 300 gmand a height of 56 gm and the fluidic channel section is
bounded by a circular arc 300 gmin width and 50 gmin height. Three

menbr ane thicknesses in the experinental range, 5, 10, 15 and 15 gm are
consi dered. A second paranetric study concerns the effect of channel w dth
on act uat i Merhpdsdes GraasievDwhing Aadeis, BHigisadeouad Heahehalneb. Béciton i s

rect angul IR WA ) Lgh th .4l di ¢ channel
section i gél e&’?ﬁg‘éﬁg%gp %%%#%%&Q%a?{g@gg)g% {3%1%1\@)!\%: %Ftdhﬁggh’ ﬁdagjﬁ#!i n hei ght.
The cal cul@hpwisgelaxadiopatgoridan Gunof-tined dyperelettivatricwees h &hmpliemiddtings 200,

300, 450 0 i.h. the.exper.i ; 20[ 0353], W pped t he
act uat.i ona}%%@'glgetf rjgégéﬁg mtcﬂcé’mgﬁ%grﬁ-eﬁ’iﬁ”gg‘%gbég{giggfsa’rbé)%a%ﬁ%n%fh?%?{ggn of the
three par ametmnsed batefabaecdetcas foz ell pir@osenbrane - width, length and

t hi ckness. As expected, the results are symetric as a function of the

Wi dt h and [0381¢ K esHe tOMHe vwb-2518 8¥m £ 7R 88,0 BRob¥ene kit RdehpStBbh# mdakgssures.
Specifically, Figure 39 plots actuation gr essures of valves fromthe matrix

chi p. The gdiqigd °drt phr Be Bilgrel vy with yymmery Bowiidery coRéifine aprlier ¢isalbsand

- significag BYBlah&l HharnthieroRies gelrketr ﬁﬁlﬁ-ﬁrésﬁq'e EsQn&@ésH@ﬁﬁnStBh‘i%gﬁydOYm"
val ves wi th conparabl e di mensions. ~[03541 As the width of the actuation

~ channel béthheorments ofdhappoénenseleh@ationprassyres irthe larggstinpssutetvet act uat i on
-~ pressyge Begidls i Ausabfe SotORlh ARG IR AYPISR: RAWRL, gleti i h Of | engt h.
(0] t hat | S

‘1 Fi gure 40A s a subset of the data from Figure ows the scaling
- of 30 act LN ,p, sure with.menbrane diensions as actuation channels of
Vari ous. diSRr HRSEREEEes LSRN e R AR Rk o1 8o oughi y 228
©gmin w dudiuadod pbebsigtn The hdhagibh chabihel detifter ibastaabaIpe at dlwidt] 388 |unketd smal |
~actuation_channel_w dth, the.actuation pressure jncreases dramatically. As
Che act uaf B8 theqréﬁﬂéfr: aﬂééﬁﬂﬁgﬁw*&&dﬁﬁ%ﬁ%g e FEvtpe 2308 Btuat i on

~ stays st eadlith akd 50 Smtil BEEROTrRASThRhG HRINAYA iR GlcWabdORetN 2H8] S 167 0SSi ng

- fluidic channel by reducing their width at the crossi n% poi nts.

: v

descr iheqamhi STHBrae renstdernd: A $opndl narARRIEC §Hey BresrBatie sHeg Ot elprlex chi p
desi gns apgimh aetmu%ﬁ?&ésm@. BI R cadeQt6 ABhARn dRdhddl PlcBoy %lz'gﬁélgﬂﬁarr,hﬁ?uge

actuation channel, [0356] The actuation pressure also scal es roug

li nearly W0 imheidte pist thigkk aredHe IRidpetenad Begion isbapdaddtizon pressure

as a fracg; f - fhl - f0F I, : uation
channel a%%gg%gw%g %fh&? i((:ih{:gﬁlgrﬁﬁg‘lﬁmﬁ %%hgd¥§%/ér{ﬁ?)c&%iopsegrﬁ ggrglﬁgmi%%%masur ed
val ves; olpanactyatibo ckanmelpri@dsnt00y 200,680 arad T (a6l theyexHerhemtal ednerent
sinmulation. The fluidic channel is 56 p. mdeep, and the cross section is
cl ose2lt 0 [@BS3Hr cWeAhdphedigh atdetidngmedstus csliewukinap vilkesactdtabd ORmpli@sgUr e
appears t, ?{ ncrease | i i i ckness he non-zero

of fset i heg Haﬁaé?et?rlﬁ @“ea? fr;llﬁf%a%%g ff{egﬁ%qﬁgg{)g%‘g{%g%@t% a%h@{%ﬁpﬁﬁ cat ed.
expected, the results are symmetric as 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 symunetric 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 pm in height.

The line has slope -1.
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15[ 0357] In both cases, the agreenent with the sinulations is excellent.
Fig. 40B shows a conpari son of neasured and cal cul ated actuati on pressures.
The predicted values closely match the experinental data, which provides a
first validation of the nodel. Fig. 40A al so conpares the predicted and
measured actuation pressures as a function of channel wi dth. Again, the
predi ctions of the nodel are consistent wth observation with the

actuation 2 ressure i _tI un dhanfa@katlyar ge
(smal 1) act{zPl o O’éﬁ’&artia@i"g\/t? %{}h @E’éﬁ %{tt ﬁ %ﬁsreug(%ﬁgn%n%rgar?gsa V\E/ley\e/t/ere
able to creatuge Maaoxacttaametrasb@:rnmmdmmmaeuoyumhmwah@nﬁb«r gavesdions$i@y¥ ace tension
effects due to the or esi, t feature t even
surface. THK§adY: this “EFE?F%’P&’R@ OCWE?‘St Qh gls %ﬁﬁ%ﬁ‘?? %rcgln%gj i[’)L)gt ween the
25t hi cknesseffink ARidvad®rat ¢e cedsa@g onmls. amdestcheectﬂm’ﬁtk:mmsat af, thibellpyohor esi st

features, begins to vary with t p ensi t
“Mor eovef, rrak@ ﬁ&ﬁmpleéﬁh@mlﬁ%dh‘&ﬁ@?fﬁes 188ﬁ§f ?16 COBe?lmrggggteﬁfgﬁtggwg? s of

the devi ceogé;‘mfuta@,ghghgngelachl eve because of resi dual air bubbl es bet ween the
two | ayers. [0359] W& made a direct conparison of the performance of

push-up ang, ggﬁﬂgﬂ uﬁ%n\f,gég%ﬁéa% ek gttyqalaartymmbmmm thiokiess ases

the actuation mcrons w whil'e the fluid channel was 200
m crons wi d‘@uﬁﬁﬁ@%otﬂa@tﬂ@m M%Weaﬁ@ﬁtﬁ@nw%fﬂw@ﬁ@w\KB@hﬁs o plVE B The

pressur e 00gh e gty Glpklitd 404 dnSANNGLNESCHI0 GibaBleddBy (0. 68 psi)

whi l e the Bl eric pressure plot of the normalized
resistagpce n(eﬁsmeéiﬁmi\&as cipep symlohlmgjrebgnt tfrﬂeeswalcvleﬁeﬂ 1 dinite Plewwr%;l“]@tmt he

valves as g fynatl on of Lhe actualln. hanaglo B A5SY0 S be. ShiEMRs dlcFi 0 41

[03601 By nBasur ensnt o e extra resistance
provi ded i ResaitdhaRnidt thyactudgoy pressare appeatstopmcseusbheeaﬂw witighomembreeef f ecti ve

' t f th I f L. t
ol ear that teHessy e Robao pReg il D e TR R S ERBRE i m S S, o, o

:magni t ude E&Yiﬁtoaﬁehan t he "push down" val ve. [0361] Revi ew of Figure 41
'shows that only the push up valve exhibits hysteretic behavior due to the

‘menbr a %Q%%é [ARnhekedietd Figabpwhews 40 of
.t he pugst ?)dﬁﬂla vtg&klléﬁ\glsary nﬁaﬁgnﬁbl—%g?g%@ﬁc gehaw or carltéo T)(L’J:If%%sﬁessed by

-addi ng pr essupmistivofhessfiledinnd ealatriphistuation PIesSHES] Eh%w@éwt?ér"ﬁ’é’g hgly
elevate the a&:@%ﬁq o n grﬂﬁ'l'draﬁd f‘tﬁhf)t apeglﬁ‘?st\(fﬁ déﬁon 60868).d80t), Ubg apdsh- up

-and push-d ave S curves for i ncreasi ng val ues
of the presamupaesthe pﬂeém‘adtau@memrﬁdtvammn prewswey at 2 fuppitonqfchamehvidiibe f set

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 perfermance 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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i dlfferent vaI es o

15by a significant anount, and the pressure at which the push-down val ve
closes is nore than 20 psi, while the closing pressure for the push-up
valve closes is only 2.4 psi. [0363] This difference of one order of

magni tude is due to the shape difference of the active nenbrane. The

- push-down val ve has a convex shaped nenbrane. It is thin in the center (10
um), but much thicker at the edges (46 un) and therefore harder to bend. In
20f act dejf Iﬁj@i@ﬁSma‘E) ofiilevat vmt;auttxhzeraeﬂ]iestzmplmqntcipmmwahqﬂotojf tiche nenbr ane

t hi ckness. s too .thin t he cent er and
the var ve FUpEPAIrEER- S it siubiery v e VEEERL TRt s e anG vary
stiff, theaamtmdfmaattaﬁsm¢tanj@ﬁ@m§seisrmasmmmgm.y hi gh and the device
fails. [0364] For enbodiments of valve architectures in accordance with the

. present i nygsdi OBy maGhPe dITRAGHIANG cdsSrelidhi @Y &rirh Msibtark@prdviRdUSh up val ve,
t here |s only a technical limtation to the nenbrane thickness, since a

t hi nner® nﬁ%ﬁ@hby Hiewalys, 1hiswessitie fomet o dieperre 1pTEawE08 theTaBiegfoT e, push
up val ves ﬁﬁ&oﬁ%{ﬁﬁﬁ%@g{e@s&r@"ﬁ[ﬁnneﬁ%ﬁr tﬁaﬁ‘ﬁﬂeo‘p(léiﬂﬂat' RaWedb ke RaNREk Sre ' tis

typically possible to ose ¢ s with aspect ‘ratio higher than 1:

- (dept h: wi dibhjt zarvddes sf inpgphituds fopvet thentile 'Vaﬁqiﬁr@s\@ﬂf‘féivﬁomer than 5 psi. 30[0365]
- For decreasing values of the pressure, Figure 41 indicates that the push up
“ val ve exhifpsaig eiteviamtca‘rféglré Fagslktymmazt@ﬁiy%e Fisjupeaid eslhibibsh;atepdt‘mt of the

of the valvheRuIhaR Br meh BES R R L EPURE Bt 1R Y Stk P o o

© push-up valfve @REchideedv ie v@@s&halllzmﬂbh R1id Betgihionsard Ilibadnppilé&seﬁlhglamﬁhg N

‘ resistance incre as the actuation pressure i s increase

- However, @éwﬁwa%tieiiww WnehSRiRewd alsp AUTGRAIHEAN EIEVAR HGIPRSSWE gh, t hen
© takes a digf@Rd tdWiSInd wiR, 5 downwards. [0366] W used an opti cal

m croscope vm'th a |l ong working distance objective to inmage the valve end

~on, and wg bhs%umegmﬁ@gya& a@a&@al%&%@&ﬁ{nﬁa éd éﬁb@e g&mrane for

e 1n the actuatlonc nne ures 43a-f
- show t hes énetagiog velnesmichograptsn dic whets: denmlofiswweraihpmswewe vitoke at

: poi nt 1§£ S %yas%éi‘%gl 'o\lligtl 1’1d fhg H%eggpfg !ai%kp%h thgg)ugﬁ- %n va SGlgﬁgﬁ;‘rM) ally,

- Figure 43a no“pressure I n e con roI i ne.
. Figures 4ﬂ{mﬂd0$lgpwhu¢ éxmloahg@mssv.treﬁs 2= ghshwp tvhlvie nlosesas bnly 2p¥ esssure in the
control line. 103671 Figure 43e shows the view at;point 45 of Figure 42,

with the [lmspuqﬁis@qwlmb%nbné&démn@dgﬁmdaqs DicAs T Bapddiflchacd@tye 1 n the
. closed position. Figure 43f shows the view at 15 point #6 _of Figure 42,

with pr esauive meﬁlbtr% SoaPrdrdonmelycig éé@ﬁwewéftpéii stembrgen &iis 81 B¢ he val ve
. is.evi de”Eé?ﬁ’ell%Y ”%xﬂ? bﬁ%h&t{‘é}&?c%xcelt%eeﬁ ?lrf?fan& Bﬁre%&%@xaf&%r ¥a¥e Bt point
. #6, wWitht rane remnai ning stuck hé top of the fluidic channel
20 fact for this type of valve, there is an optlmum value 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;c always gives a lower actuation
pressure. Therefore, push up valves are suitable for high aspect ratio (depthiwidth)
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 S psi.

30  [0365] For decreasing values of the pressure, Figure 41 indicates that the push up valve

exhibits an inferesting hysteresis. Figure 42 shows a plot of the normalized resistance
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103681 Figures 42 and 43f thus show that the hysteresis results from
adhesi on of the nenbrane to the top of the fluidic channel. When the force
on the menbrane due to the 20pressure difference between the fluidic
channel and the actuation channel overcones the adhesion of the nenbrane to
the top of the fluidic channel, the valve suddenly snaps up and the val ue
of the pressure drop induced.by the val ve goes down to a value close to the
one obtai ne [ es t served for
t he conventt 5%% &Qéﬁﬁg%%ﬁgééf@%ﬁgégﬁﬁpwg%%hemﬁgggﬁggf ﬁ%%%gﬁggg%he | ar ger
restoring foteten @bwel ereadutefor thepuer-whedlva drétatesurefade Eigmrcéé sfwssthitcki ng.

[ 0369] V\hll iments r ture a
pl anar g%lﬁ@m&? TSHHEES I%%Le %%ﬁg@h@tagh} Hilila c%r?gggﬁ{eﬁg%gm%& eﬁo ?%bl e
upward i nt Gus it ¥Rk Y4 degrehded)ihe haistibe refrains high, thet takespudiredtityout hanpr esent
i nventiqgn. ternative enbodi ments of mcrofluidic valve architectures in

accor dance SRR 1%e present invention could util | ze 30 pl anar nenbranes

having a substantially constant thickness whic defl ectabl e into an
under I yi ng P38l cHarssdpn OpGUREToREoRG B2 W1E ‘f‘?& é‘ﬁ‘lier‘g’é@tlg%'@t‘fnﬁﬁeal vi ew

of one  exanplig éﬂfi oﬁ%ﬁ v A1d BrdaahkMEe %‘Q@QH g‘ﬁﬂﬁtmﬁ?ﬁf fhe\@dMBaRIGNI tecture
‘in accordance wth present invention, Al ternative val ve

structure 4‘14@@6@%% @fﬁhq:i?fafﬁld@ Mﬁwc?é?‘\*ﬁfrlqns@@m&l C%E?féﬁl@q"f%hoé}’ thesgigleAtid 4402

def i ned f 8. J.avar ; f PDVB 5
Taterial | TpERHRICAIRES DR SRRt O PO e Lt ooV HRRIR 05

‘of FDVBOmatoéFigate @v&pbai’é@llwﬂf ipue 4je shoma;@@wwttmlrxt étavith M@@@Wﬁ‘ﬁnﬁh@e bott om
102 ooy ep M iing PR SOPRAEAGLIL A oY 8o 4% h Rk GO0 channe!

-4410. erd ve 0 ure ar to t
:previ ousl y cogsd tinbed for the push-up valve of Figure 37B. Specifically,
-application of a positive pressure to control 10 channel 4402 causes the

-def | ecti on jgd¢7|re FasvScRRGWS 08 vd4OBdoat #1 S MglrdWR vlrz&ytﬁl% pfedfife éqwi\aldnhe
:underlying fluidic channel 4402. Because nenhran g_g ikfion 4406a.i s pI anar
and of a s RPPEPTSEHE AR ol YHR G faeed PPRitioly Jigee 431 hows RFSi #o ¢ he

.concavessh 30R: A ottfi‘i%lrblmﬂ Q&l{hﬁr@@u@lﬁl tlﬁ'c@nt?d] &na ﬁJduceHn HiRicbetiBBRE or of R
~downwar dl y deflecta e valve shown in Figure 44 offers many of th6 sane

‘advant ages v@lyer.avidencsd Ry &nrcontinred slpsed daal f\'&‘ép‘&ﬂé upsaferit peist ¥ &ihdbg uring a
Tembr ane Oneg{bfafn@'iébrﬁkgnﬂxgétﬁ&%%ﬁetopb@%g%ﬂud-w&aiﬁ?élve structure of Figure 44

may be fabricated st providing a substrate having the concave fl ow

recess. I naog hg@a@ 17080 43008 BUD RS AL S BCAURL 36, GHRSRy B RO O her

‘rigid nate ra e concave 1 ecess rern. In ano
-enbodi nent nichérae bsﬂhe apef mwlwcﬁupmnsei avVipalthalercermttbe matnblvav dagiotthe concave

Trmy coffhr i BETE HESEB AR KA oA b B L e e TR B R i ng over
arou nded acaieﬁeﬂoftﬁahmm:anmku b toPRf teoMpdic skanhelf thewale ptn&uemye;sa;stup

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 betlza,usc 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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[03731 Fabrication of the valve structure of Figure 44 may be continued by
di sposi ng over the substrate the planar el astoner nenbrane | ayer of
substantially constant thickness. 25 A nenbrane |ayer exhibiting the
desired thickness uniformty could be forned by spin coating. [0374]
Fabrication of the valve structure of Figure 44 may be conpleted by
~ di sposing the upper el astomer |ayer bearing a control recess, into contact
Wi th the pixamgle ofkadtanmsermativesnodinhaayefa viltrerehiicelr in pctondangpeh thel ast omer
| ayer may be fpgggﬂoby nol ding the 30 | ayer over a raised feature such as
phot or esi ¥ FFESERt “%n a surface of a workpiece. [0375] In conclusion, we
i S pOss

have shown t hat usi ng si npl e physical argunents it . i ble. to

desi gn, falg?%iat@%leé%w?é@f’e Fﬁ}ﬁgir?ii by e r“b&&”i?gé CRIPHSF AFSPEST 8% i ng

. properti eschaﬁﬂaﬁmz\t@hﬂ&ﬁinmawﬁd@mx%rﬂgﬁmw 44TAg R firelehi DVET4486 LEBDMN
pressures than the best previous design with Snglﬁf dlngnggﬁgg% They have
excel | ént madeal Hfopreiaytep assubpirate 4404 Letrsend Huekef HEY €LR © d to nake

uni ty- aspeglefAblQidahiasycMiids, it ¥QI8 MO the baR@siricdbiMBygi4a0s. The
fact that sinmulations agree so well wth the valve perfornmance neans that

~ si mul at i osontastingshindestr 44060 debie dopirokaliemcé 444 ve designs, in particul ar
. when maki ng conpl ex geonetries, seeking to scale to ever snmaller
- di mensi ong037dj a3peeativoof teoalyk of Figateet4tihgnblasiochp wyayiwstyolfesaridied rdhosi ng.

- 10[ 0376] The devi,ces..previ,ous Sgrih il | rat, i fluidic
Girou ts BRI o SR orEr el Rtk ose i b e G R Y

m cr ofibui dhamnkSi402 Theses tRiddflecsibnpl mehbdane patiboA4(Ened édu PBMDlpédddc wi t h t he
- power ful valve | ti.pl exing,can used to design chips r. nmapn

~appl i cati &He ,ther%ﬂaﬁﬁﬁﬁgg 5}%%@5}? i?‘fﬂlo FBe mf&f?)é%*ﬁipﬂlgm 5‘6{3‘?%155?8‘8%‘3“90 t he

. desi gn of sngwitstaeltialt, @insihaNick:Red) N0 B3dil P fali foithycbatefagraftiess makes

- it 15possible to design robust mcrofluidic deyice Wbﬁh ?ven hi gher

 densi ti es uBderhingcdiyidin ghanpg). b teT @awiet-dhe d‘{"(f?”?f%ﬂﬁﬁﬁ?"? el FrBSEAE | nvent i on

+ has been gesecs ibegDefRE) b b thind £ASHENEAvhianpasivbaidnal e aech WEE st her eof
: a latitude of nodification, various changes and substitutions are intended

. in t héSt oreshistatye dasuinggunenbramgfdippedeicliieed that in 20 sone instances
. sone features of the invention will be enployed wthout a corresponding use
~ of other {B4tur &%e wklvdsintctwle paFigined4irgrhetfimicsEd by fioft prdvédinpy sulisicdln as set

forth. Therefore, dificati be mad d [
Si'tuati onSBEEETENe ABVEHS™ ahERT AL ot H RS B W IRBE"tihar ti ng

from t he gasenhéaisisaapeiabinigihd tdnedfe redees gprlesialdreinnentotlen. |t is

i ntended that .the jnvention not be limted to t articul ar 25 enbodi nent
i sel oeod RS RET e s T e B A BRI TS POl TR B E AR TRS oo s on,

but that tdh@ed BY eRbbRMMIh biifl AGtHed enBddimenhodisimats nytoagibyal ents falling
wi thin the scope of the clains. . .
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 dontinued 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 compleied 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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CLAIMS 1. A mcrofluidic device conprising: (a) a first |ayer
conprising a first side and including a first recess in said first side,
said first recess conprising a curved surface; (b) a nmonolithic

el astoneric second | ayer having a first side and a second side and

i ncluding a second recess in said second side, wherein the first side of
the second layer is in contact wwth the first side of the first layer, and

the first sj of .t 46 i a first
m cr of | ui di Lﬂgﬂanlr?e({g?dgﬁ%e%ﬂa%ggoﬁ ant:oﬂiﬁsr%é Iglg{pg{ § OIT%II‘I I neggéﬁrs)l anar
surface,  possibloyhdesdm fabhieatp pathiast ngupfithsanicevplyer wik Syvrabletspalttie second

side of the ShARLOMRELSSRC AN VAL oANGi B0 oRloARA I AGFeA e second

recess defiMe’d second m cro el’, the second™m cr of |

channel cr osst prgviomdiesigh kethfsimiddr dmansiofd. UThgy davheneelédnt sdelieg popsEésny poi nt,
wherein at fhe crossin int,.the first_ mcraofluidic.channel t he
second m cr F"Eﬁsﬁﬁ@?%lﬁ‘gﬁ%gqe TSR ag@élm%"?sn%(%g\g/%’r%g‘%g (r%%tg:{saa}%r gfl Yrganpnq? hat
conpri ses arafgy Me&inepas. Ty fhadkat sithdtiebyadrer sviwel aith thieohied pprif@friahe;

wherein for each of said mcrofluidic channels, the.sanme ar.ched profile
cont § nues 1 BRE i Sa iR GU L b s oF Do THe ARRETR S

‘wher ei n t hemfitifigéonpled @blrstths Gealigioetalantvectmie: dihehablsybdisa tedlannel s are
.separ at ed b¥ a_menbrane portion_of the second | ayer, wherein the nmenbrane
portion of HWadadetEehesie ppsics psvalve closg. gef| ectable into the first

‘m crofluidic channel in response to pressure within the second mcrofluidic

.channel 1fand0376]  Thedleticescratipesty ¢rseribed dluseeio ffat eareplor fivideicaowiranfel in
response t it RLA ! i f L Ghi €1 : ate.

35 e mi oG RR, Mkl AR bt e b o PO 1T rni GBI

gl ass. fabripatidihg o sidoreoformbiintid ovithahe moveofnl vilad muitipkingermbe brsd i rd | ayer

.conprises a I i ... The m.cro %‘h | |_ai aher ei n
comrLoee AR cpe s B AP AR B A
'f to the design of new liquid display technology. Scalability of the process malkes it

15 possible to design robust microfluidic devices with even higher densities of functional

valve elements.

[0377} While the present invention has been described herein with reference 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 {orth.
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, It 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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6. The mcrofluidic device of claim1 wherein the one of the first or
second mcrofluidic channels exhibits a width:depth aspect ratio of between
about 1:1 and 50: 1. 7. The mcrofluidic device of claim1 wherein the
one of the first or second mcrofluidic channels exhibits a width of 100 um
or | ess. 8. The mcrofluidic device of claim1l wherein the w dth of
the second mcrofluidic channel is greater than a width of the first

m crof | ui di ¢ channel . 9. Thegﬂﬁﬂiﬁﬁluidic device of claim1l further
conprising an actuation fluid within the second m crofl uidic channel.

m crofluidic channels exhibits a wi dth: depth aspect ratio of between about
2:1 and 20: 1. 11. The mcrofluidic device of claim1l wherein the one
of the first lor sdocowdiiidisrdfvicaicdinprigimnnel s exhi bits a wi dth: depth aspect
rati o of between about 3:1 and 15: 1. 12. The mcrofl uidic device of
claim | wheréan t hé&rohgerofontphieing b ifisdt side askmolndinpi droidecedsdn eaid Fimhsidd, s
exhibits a width ranging fromO0.2 to 500 um 13. The mcrofluidic

devi ce ohiddlrstireocks whepriing atcheecdnefaof; the first or second icrofluidic
channel s exhibits a width ranging from1 to 250 um 14. The

m crof | ui di c (elevi &eoabliticaidtoheyib edcehdlalihaOing a Gikst bide afd 4 Sko sidkemand
m crofluidic channels exhibits a wwdth ranging from 10 to 200 um

15. The inBtdAEa 0écofid Aickstn s eEcBhd sitidlavidedid etinisRicEMY RbMdiigvean il ast oner
with a Young's nodulus of 50 Pa to 10 MPa. 16. The method of claim

1, wher eloathind@t ieg RR e HBIFRNARE ahd RS ARt RS seWbrddNaer XQURE fgscmodul us
of about 1 MPa.
recess define a first microfluidic channel, and
(c) a third layer comprising a planar surface,
wherein the planar surface is in contact with the second side of the elastomeric second
layer and, the planar surface and the second recess define a second microfluidic channel, the
second microfluidic channel crossing under the first microfluidic channel at a crossing point,
wherein at the crossing point, the first microfluidic channel and the second
microfluidic channel each have a transverse cross section that comprises a curved upper
surface, thereby forming an arched profile;
wherein for each of said microfluidic channels, the same arched profile continues
lengthwise along said channel from the crossing point;
wherein the first microfluidic channel and second microfluidic channels are separated
by a membrane portion of the second layer, wherein the membrane portion of the second
layer is:
deflectable into the first microfluidic channel in response to pressure within the
second microfluidic channel and
deflectable into the second microfluidic channel in response to pressure within the

first microfluidic channel.
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2. The microfluidic device of claim 1 wherein the third layer comprises a rigid

substrate.

3. The microfluidic device of claim 2 wherein the substrate comprises glass.

4. The microfluidic device of claim 1 wherein the third layer comprises a
polymer.

3. The microfluidic device of claim 4 wherein the second layer comprises

polydimethylsiloxane (PDMS).

6. The microfluidic device of claim 1 wherein the one of the first or second

microfluidic channels exhibits a width:depth aspect ratio of between about 1:1 and 50:1.

7. The microfluidic device of claim 1 wherein the one of the first or second

microfluidic channels exhibits a width of 100 um or less.

8. The microfluidic device of claim 1 wherein the width of the second

microfluidic channel is greater than a width of the first microfluidic channel.

9. The microfluidic device of claim 1 further comprising an actuation fluid

within the second microfluidic channel.
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10. The microfluidic device of claim 1 wherein the one of the first or second

microfluidic channels exhibits a width:depth aspect ratio of between about 2:1 and 20:1.

11. The microfluidic device of claim 1 wherein the one of the first or second

microfluidic channels exhibits a width:depth aspect ratio of between about 3:1 and 15:1.

12. The microfluidic device of claim 1 wherein the one of the first or second

microfluidic channels exhibits a width ranging from 0.2 to 500 pm.

13, The microfluidic device of claim 1 wherein the one of the first or second

microfluidic channels exhibits a width ranging from 1 to 250 um.

14. The microfluidic device of claim 1 wherein the one of the first or second

microfluidic channels exhibits a width ranging from 10 to 200 um.

15. The method of claim 1, wherein the deflectable membrane is an elastomer

with a Young's modulus of 50 Pa to 10 MPa.

16. The method of claim 1, wherein the deflectable membrane is an elastomer

with a Young's modulus of about | MPa.
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