Tirtl e: M CROFABRI CATED ELASTOVERI C VALVE AND PUWP SYSTEMS Abstract: A
met hod of fabricating an elastoneric structure, conprisingpDecéApAong3 a
first elastoneric layer on top of a for mcromachined nold, the first

m cr omacRy@peflorepd d having a first raised protrusion whi chpt-thggom7agrst
recess extending along a bottom surface of the first elastoneric |ayer;

formng a second el astoneric |ayer on top of a second m cronachi ned nol d,
the second m cronachined nold having a second rai sed protrusion which
forms a second recess extending along a bottom surface of the second

el astoneric |layer; bonding the bottom surface of the second el astoneric

|l ayer onto a top surface of the first elastonmeric layer such that a control

channel forms in the SMPGR(DMRIQ@ITEB‘EMSMMERIC second el astoneric
| ayers; and positioning th qﬂ'ﬁ Qm ﬁm on top of a planar
subst rsate such that a flo %’%‘M‘f ? mﬁ% |rs§ recess between the
first elastoneric |layer and the planar substrate. 26 Decenber 2003 WO

01/ 01025 PCT/ US00/ 17740 M CROFABRI CATED ELASTOVERIC 5 VALVE AND PUWP
SYSTEMS CROSS-REFERENCE TO RELATED APPLICATIONS

This nonprovisional patent application claims the benefit of the following
previouslyfiled provisional patent applications: U.S. provisional patent application no.
10 60/141,503 filed June 28, 1999, U.S. provisional patent application no. 60/147,199 filed
August 3, 1999, and U.S. provisional patent application no. 60/186,856 filed March 3,
2000. The text of these prior provisional patent applications is hereby incorporated by

reference.

15 STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER
FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT

The U.S. Government has a paid-up license in this invention and the right
in limited circumstances to require the patent owner to license others on reasonable terms
as provided for by the terms of Grant No. HG-01642-02. awarded by the National

20 Imstitute of Health,

TECHNICAL FIELD
The present invention relates to microfabricated structures and methods for
producing microfabricated structures, and to microfabricated systems for regulating fluid-
25 flow.
BACKGROUND OF THE INVENTION
Various approaches to designing micro-fluidic pumps and valves have
been attempted. Unfortunately, each of these approaches suffers from its own limitations.
The two most common methods of producing microelectromechanical
30 (MEMS) structures such as pumps and valves are silicon-based bulk micro-machining
(which is a subtractive fabrication method whereby single crystal silicon is
lithographically patterned and then etched to form three-dimensional structures), and

surface micro-machining (which is an additive method where layers of semiconductor-
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met hott wheFEE§ BieYgrausiayess of the deyice fimits the fotal sigvinsHhickndsy, qfentter ned and

t hen et chashrbgnfagdi A di ' I r e and surface .. .
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polysilicon, silicon nitride, silicon dioxide, and various netals are
sequentially added and patterned to nmake three-di nensional structures). A
limtation of the first apgUneuARY OF TR IENCT 0- machining is that
the stiffness of the sem conductor materials used necessitates high

act uati on forces, whicdHesent inventipnrsetsdforthisystems fomfabricatingemlopratagi gns. | n

fact, botQ;idaskhkin {"ﬁﬁ ' chining.nethods are |imted by the
stiffness of the nat%tdlﬁa s%ﬂéﬂe .‘gﬁjér:&é’ahﬁef’i gﬁ%@ﬁso@%@w-m%us
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In a preferred aspect, the present invention uses a multilayer soft

20  lithography process to build integrated (i.e.: monotithic) microfabricated elastomeric
structures,

Advantages of fabricating the present structures by binding together layers
of soft elastomeric materials include the fact that the resulting devices are reduced by
more than two orders of magnitude in size as compared to silicon-based devices. Further

25  advantages of rapid prototyping, ease of fabrication, and biocompatability are also
achieved.

In preferred aspects of the invention, separate elastomeric layers are
fabricated on top of micromachined molds such that recesses are formed in each of the
various elastomeric layers. By bonding these various elastomeric layers together, the

30  recesses extending along the various elastomeric layers fﬁnn flow channels and control
lines through the resulting monolithic, integral elastomeric structure. In various aspects
of the invention, these flow channels and control lines which are formed in the

elastomeric structure can be actuated to function as micro-pumps and micro-valves, as
will be explained. '




multilayer structures. On the other hand, -when surface m cro-nmachini ng,
thermal stresses 10 between the various |ayers of the deyd pecdnyt:bod he
total device thickness, often to approxinmately 20 mcrons. Using either of
t he abovworedidb2ds, clean room fabrication and careful quRBCTAOELTMOr ol are
requi red. SUMMARY OF THE | NVENTI ON 15 The present invention sets forth . .
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sealed onto the top of a planar substrate, with flow channel's bei ng forned

bet wdén thetiomieyeread bratehd'hgitendayessibend ireversihly sueh thatibs seengiiheiche ext end
al ong t hqﬂteﬁﬂéé ag-girr]cfa%ﬁésao‘}%qﬁ%f Téﬂ?egﬁugeé Oté’ﬂﬁéb feEc%éE SrhifcrkilefRe Preferred

aspect, the pre nonol nerrc-s ures are constructed by

bondi ng tmgwilidde thraedinemeionilepatiaped sratiued eahposed entitely efwod lhpyeof fir st
bei ng separately cast froma m',cron'?chi ned nol d, Preferably, fhe el astoner
used i s donded together elastomer. Additional layers may be added by simply repeating the

process, wherein new layers, each having a layer of opposite “polarity” are cured, and
20 thereby bonded together.
In a second preferred aspect, a first photoresist layer is deposited on top of
a first elastomeric layer. The first photoresist layer is then patterned to leave a line or
pattern of lines of photoresist on the top surface of the first elastomeric layer. Another
layer of elastomer is then added and cured, encapsulating the line or pattern of lines of
25 photoresist. A second photoresist layer is added and patterned, and another layer of
elastomer added and cured, leaving line and patterns of lines of photoresist encapsulated
in a monolithic elastomer structure. This process may be repeated to add more
encapsulated patterns and elastomer layers. Thereafier, the photoresist is removed
leaving flow channel(s) and control line(s) in the spaces which had been occupied by the
30 photoresist. This process may be repeated to create elastomer structures having a
multitude of layers.
An advantage of patterning moderate sized features (>/= 10 microns) us'ing
a photoresist method is that a high resolution transparency film can be used as a contact
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—

typically depends in a complex fashion on ionic strength and type, the presence of
surfactants and the charge on the walls of the flow channel, Moreover, since electrolysis
is taking place continuously, the eventual capacity of buffer to resist pH changes may also

25  bereached. Furthermore, electro-osmotic flow always occurs in competition with
electrophoresis. As different molecules may have different electrophoretic mobilities,
unwanted electrophoretic separation may occur in the electro-osmotic flow. Finalty,
clectro-osmotic flow can not easily be used to stop flow, halt diffusion, or to balance
pressure differences.

30 A further advantage of the present monolithic elastomeric vaive and pump
structures are that they can be actuated at very high speeds. For example, the present
inventors have achieved a response time for a valve with aqueous solution therein on the
order of one millisecond, such that the valve opens and closes at speeds approaching or
exceeding 100 Hz. In particular, a non-exclusive list of ranges of cycling speeds for the

4



Furt her advantages of the present invention's preferred use of a silicone
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systems and biopolymer sysnthesis systems are also described.

One embodiment of a microfabricated elastomeric structure in accordance
with the present invention comprises an elastomeric block formed with at least first
and second microfabricated recesses therein, said first and second microfabricated
recesses being separated by a membrane portion of the elastomeric block deflectable

into one of the first and the second microfabricated recess when said membrane is
actuated.

One embodiment of a method of microfabricating an elastomeric structure
comprises the steps of microfabricating a first elastomeric layer, microfabricating a
second elastomeric layer; positioning the second elastomeric layer on top of the first

clastomeric laycr, and bonding a boltom surface of the second clastomeric layer onto
a top surface of the first ¢lastomeric layer.



Furt her advantages of the present punps and valves.are that their small
size makes' them fast and their softness contributes to gﬁ% %
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m cr omachi ned rmAd emhedigggbrd i metedchf r@@atmgdarhaﬁlaaﬁ@nmc |stasture i

second accordance with the present invention comprises providing an elastomeric block

formed with first and second microfabricated recesses therein, the first and second
microfabricated recesses being separated by a membrane portion of the elastomeric
block deflectable into one of the first or second recesses in response o an actuation
force; and

applying an actuation force to the membrane portion such that the membrane
portion is deflected into one of the first and second recesses.

In other optional preferred aspects, magnetic or conductive materials can be
added to make layers of the elastomer magnetic or electrically conducting, thus
enabling the creation of all elastomer electromagnetic devices.

In accordance with a first aspect of the invention, there is provided a method of
controlling fluid or gas flow through an elastomeric structure comprising: providing an
elastomeric block, the elastomeric block having first, second and third microfabricated
recesses, and the elastomeric block having a first microfabricated channel passing
therethrough, the first, second and third microfabricated recesses separated from the
first channel by respective first, second and third membranes deflectable into the first
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rai sed protrusion which forns at | east one second channel in the bottom
surface of the second elastoneric |ayer. The bottom surf@gg..afpel Hnzsecond
el astonmeric layer is bonded onto a top surface of the first elastoneric

| ayer such that the at | east one second channel is enclosed between the
first and second el astoneric Iayers A second alternative enbodi nent of a
nmet hod of ofabr t|n | a ner ructure.in ordance.with the
present i nvaneren sl O AE At Bl BH g bttt e LROERLEBBRE Y ayer
on top of arepcd:bmgrseqwnce:twrpengtahhelly pursp adlossofofed It}u'ougl'alylelﬁ;rstahﬂhrﬂbposi ting
a first sacrificj; r e .ast 0 i

| ayer. A portion ?fc érﬁé{rﬁfﬁ rg}“s]eggé(? Sipc%:‘llia({fq]lq m%nt}orﬁ the}e ééoog)sl%?ha @Eﬁal? 8a
first patteoh microfgbrieatingcianl ehastcemdrizl stmnmms ccmpltlmegt apowidinfeace Gfstt he
first el astﬁf@sfasm}a%eaeaastﬁn &Hiimrgh%flg%élﬁ af B8a By Ie%{zegmwﬁﬁsg Lhe
first elastoneric er t ereyencapsu tin

sacrifi ci al seaprdepiap ab@t:mfbnlasth@erlc rsg'tlctmdhasfettg)mreem a@te@m& pesondiyeness; The
second el aséd&”i%ddﬁlgl %Xl?r‘facb%f(%H§ gkt A ednliaf} %ﬁﬁﬁfré bfifodd s sy c§'drahe k&cohgmoved
t her eby formn east one first recess between the rst and second

| ayers of e?é%@féwsmhlr@nbodl ment of a nethod of actuating an el astoneric

structure in a%%@&ﬁ&tﬁ:e\%ﬁhaflﬂ%a@]{)&%f‘ﬁw 115%%851'1 QHerE?sn%‘b{/ﬁ@étlﬁerE'oflhng an
formed with fjr and. second ni cr of i cat ed recesses

| ast
te hgfe?g?“tﬁ%efkpﬁe tmembrage donepntp] dodt gbrifwdiiage meisrdduicatsd; ehynaepal ated by

a nmenbrane gdbhenc Sfuctdre el astoneric bl ock deflectable into one of the
first or second eces es |n re po se to g&l actuatio force;, and applyi ng

an actuation for é“’??f CIRERLUPR, erf"l’lseprﬁﬁ‘ﬁ]ﬁgg?‘f'euseﬁértl on

is deflect e@bnidea elagiomesit 1@!@@ tblnﬁade a@@as&ﬁﬁ@‘[ﬁjddvﬁiéﬁtﬁ)ﬁfa&ﬁn A nfitdebrieRkd onal
preferred a%g]e E\ netic or conductive materials can be added to nake
layers of t¥fecEiPRIEPIHIM magnetic or electrical ly conducting, thus enabling
the creation of Ialdcceldasdeomit aéif’excdspectmﬁmleé inextténn, Giese isl proﬁded)tmame@fvm th a

first t Qi t h ho ||
flurd or oot Arsbingns BHERL ek CF el feRcid 60 BT haire Pty SBRR Rai ngan
el ast oneri cddaﬂ@olumddreamica:ihbrmtedqaehlstahicpmmp ng first, second and third

m crofabri cated i SEERRRSe A o BRELASLETR Ik PhemloD AR pa 0 L

m cr of abri cat ed channe aSSI ng
m cr of abri cmtcefcfable@e@isésstemgm am'tsmurbr mmpltmng fainr @astmhmbloc:bﬁommlpwiihi ve

(175t secant anti s fABEDLANES A8k SLahe, 1000n Herddf Sboficat, Dpgerber
i e nf {irdih &

2003 chann ecting irst, second and ranes into the

first chan n@asttvrner@p blpdp@ai@ﬂn@a@@qmnn@f the proesses ahen &@Inwtlwﬁpctaaﬁeﬁow of
fluid through thg £dc5§&an@é1%mes sebéhtﬁca@péc@wem&t@ns'f}fe%% PeR_EL F the

invention, there is pr ovi d
microfabricated elastomenc structure compnsmg an elastomeric block; a first channel

and a second channel separated by a separating portion of the elastomeric structure;
and a microfabricated recess in the elastomeric block adjacent to the separating portion
such that the separating portion may be actuated to deflect into the microfabricated

recess.
BRIEF DESCRIPTION OF THE DRAWINGS

Part 1 - Figs. 1 to 7A illustrate successive steps of a first method of fabricating the
present invention, as follows:

Fig.1 is an illustration of a first elastomeric layer formed on top of a
micromachined mold.
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of mcrofabricating an elastomeric structure conprising: providing a first
m crof abri cated el astoneric structure having therein at b?f)%tc rﬁbéri 095
recess; providing a second mcrofabricated elastoneric S FUCTUre Tavi ng

therein o difigds @ second recess; and bonding a surface etrilsgodiict
.elastomeric structure onto a surface of the second elastomeric structure.

I n accordance with g thi { Qfe. t | l.QF ' vicded t he
use of a deflect edﬁﬁé%{%nleiétog d (?8%tfra o%#d}év&géﬁ%u%ag%%%ogEog)fdaf%ri cated
_channel omiadmaelingimori c structure. In accordance with a fourth aspect of
the invention, therg is, proyided the use of bo&gedgteé%s oneri a @rs to
make an el ast oneri cFifedivan lysirationiof theclastemene yer - < [P e
portion. | BmHeohaalasidUnh Dosibhdd SveR HREGH of thd diftbM¥SO tdyerof Riper © 1S
provided the use of an engton%%% mat er%’g? to_rra(he a mcrofabricated
fluid &al ve havi ng Figod isantillastrationcorrdspoding todig.&; but showing tigrseeated
peristalti,c punp..ln accordance w | xth aspect of the invention, there
i's provi d%laﬂgmgﬁ? Wﬁ%ﬁqoﬁlﬁ‘?gﬁ?% %f&pﬁﬁééietas@m%@ﬁwe& conpri sing: an

el astomeric bl ock fpiplBek i ililstratofi lc@fr@§iondfizat Fig g baeshovdng i@ Msteindt h | ess
than 1000 mtherein, a portion of the ‘elastonmeric block is deflectable

i nto one wondelastemene layerghondediogetben.i on is actuated. In accordance with a
sevent h aspect of t L ELV. [ Qn... ' [ ] I rd.cat ed

el astoneric struct ufl 'é(f)grfa%ﬁhs ﬁ‘gu:o;lgﬁﬁgfﬂé)si'flol r$§¥iy(§§'(é’glclf<; Og‘ﬁﬁé rﬁfsétﬂrgthannel

and al( ecaidombeinemoRipmbaédshdyyplanacnbstedte positioddd iartsqfladehe el ast oneri c
structure; and a nmi.crofabricated recess in_ the elastoneric block adjacent

to the separating pbBig 78ss ansillugtration; coryespanding 1ok 0.y shoypn be act uat ed
to defl ecty,d : ' ' BRI EF DESCRI PTI ON OF THE
DRAW NGS %gértgﬁ@mg&E'}%ngg%&%&ﬁ\ﬁ#ﬁﬁ%%%r%gtﬁ%%gdccessi ve steps of a first
met hod of fabri cat i Fags.t7Reis apfrars sedtional drtwiconrespmding todiig. 745 showingenan
il lustration of first elastoneric layer formed on top of a m cromachined
nmol d. 6a 4" %%612003 WO 01/ 01025 PCT/ US00/ 17740 Fig. 2 is an
iI'lusgg ation of a SHEQ.”@-?G%?& DRBAtfors ANEWideQit PR b A éBAd & forming an
. Fig

m cromachi ned nol d . 3 is anillustration of the elastongeric |ayer of
Fig. 2 reslastemenic smoture having p orvmtmangforme( droana sqpssate elastomesigdayethe t op of
the el astoneric layer of Fig. 1

—~

Part II - Fig. 7H show the closing of a first flow channel by pressurizing a second
flow channel, as follows:
20 Fig. 7H corresponds to Fig. 7A, but shows a first flow channel closed by

pressurization in second flow channel.

Part I - Figs. 8 to 18 illustrate successive steps of a second method of fabricating
the present invention, as follows: '
25 Fig. 8 is an illustration of a first elastomeric layer deposited on a planar
substrate.
Fig. 9 is an illustration showing a first photoresist layer deposited on top of
the first elastomeric layer of Fig. 8.
Fig. 10 is an illustration showing the system of Fig. 9, but with a portion of
30 the first photoresist layer removed, leaving only a first line of photoresist.
Fig. 11 is an iflustration showing a second elasfomeric layer applied on top
of the first elastomeric layer over the first line of photoresist of Fig. 10, thereby encasing

the photoresist between the first and second elastomeric layers.



5 Fig. 4is an illustration corresponding-to Fig. 3, but show ng the second
el astonmeric | ayer positioned on top of the first el ast omyphscehibéesoosri 9. 5
is an illystration corresponding to Fig. 4, but showing the first and
second el ¥QYMI25: | ayers bonded together. Fig. 6 is an i | POBUSOHITH:
corresponding to Fig. 5, but showing the first 10 micronachine nold
removed and a pl anar Figub3 cemaespopdssio Fignkdd butrshows thelintegratdd mondlithic s an

illustrati | o~FlLg. .6, but showi.ng the .elastoperic
structure @5" eéﬁg@g&f@g} eaﬁlgk gg%%%f’?‘g?l@sio fgléf.gef%gﬁ‘fesbe&ni’% tagethsronal
vi ew correspondi ng tBighlYis abfillusieRiiniowihg 20REshdl PhoWrehadMAR} dephritéd &5 -
7C-7G are illsogstr.ations showi ng steps of a nethod for forrmng an

el ast oner | OPH Hirintserl glastomeris suswrekFigoi2red from a separate el astoneric
| ayer. gPart 11 - Figgjef/ | |J Sde:f | channel b )
pr essurS:Dzi ng a secog}(?jlg' Pf %vh\a}el Zﬂ%@%@gﬁg@%&{%@F #gggy?pp‘gﬂﬁﬁgg Offds to

Fig. 7A, the srpasd phdtoresist fayerrentuveddbavingosadyla batond 1ias sfphatatesion i n second
fl ow channel . 25 Pa[#. Iﬁ. - %&%@8 to 18 ilJustrate successive steps of a
second nethod of fabrfcat 5§ hop saewingia hied clagamepleyerapplighon toppf 8 i s
an il | ust riat keond bladtofieris layek 88d V& the ind SRl '
substrate. Fig. 9 is an iII)l?stration sﬁégém&ﬁgna i r{s&tr ptgj?g?gégﬁg@ clé er
deposi t ed SaRsylating the sgeorid ling ofiphwtoresistbietwden yler elastorfenic stictiire gf Fig012s an
i1l ustjpat i ] temof Fig. 9, but with a portion of 30 the

192 |0 B Ala el Per RIS

first photore l"ayer | eaving only a first |line of photoresist.

Fig. | 1is an illusRigald ctrespentisng Fig. 3600 Shows b SR d18sthB¥EE 190RE&H ON
top of the first elastoneric |ayer over the first |line of photoresist of

Fig. 10, tR&& it Hhe monolithissEreturerompeseduasithe previouslytboaded St ond
el ast oner izgd kgl Slastbnih %@i:senber 2003 WO 01/01025 PCT/USO0/ 17740 Fig. 12
corresponds to Fig. 11 é t shows the integrated nonolithic structure

produced after the fﬁig.’slﬂcmn@smﬂsnﬁlF@.as,tbinﬁﬁio“lrsaﬁeﬁﬁstbﬁd/%cbﬁ@nnwed

t oget tfsr git%'r slg I S aeﬁ illfstrat& on showi ng a second, phot oresi st | ayer

deposi t ed PORCTEEHIEHOEHEC 2R faproxTdedroqenraticulag pyeriapping, byt npf gtergepting,
flow channels passing through the integrated elastomeric structure.

Fig. 18 is an illustration showing the system of Fig. 17, but with the planar
substrate thereunder removed.

20 PartIV - Figs. 19 and 20 show further details of different flow channel cross-
sections, as follows: |
Fig. 19 shows a rectangular cross-section of a first flow channel.

Fig. 20 shows the flow channel cross section having a curved upper
surface.

25

Part V - Figs. 21 to 24 show experimental results achieved by preferred
embodiments of the present microfabricated valve:
Fig. 21 iltustrates valve opening vs. applied pressure for various flow

channels.

30 Fig. 22 illustrates time response of a 100umx100pmx10pm RTV
microvalve.



5 Fig. 14 is an illustration showing the systemof Fig. 13, but with a
portion of the second photoresist |ayer renoved, |eavi nd

| ine of photoresist. Fig. 15 is an illustration show ngn%tﬁﬁée\fn é?g@t)oner
| ayer appblog@iees top of the second el astoneric |ayer andomwesooaTm@o second
| ine of photoresist of Fig. 14, thereby encapsulating the second |ine of

Dot or eS psle DELYRER JSACt AN BiridushichthbiEadl sFuturig nedfirkd {he Lhird

i
el astoneric | ayer: . correspon 15, but shows the third
el ast onexegethaymxordingdo aspectisof the [presentiwention:t he nonolithic structure

conposed of the preyi |y bonded first and secgnd el astoner |ayers. Fig.
17 corresponds to %&%{Saﬂ@i’s : .ctvFFév?ﬁns?n?%ﬁaalé'gtond lines of 15

phot or esi st reaned:ig.caa@istapseEﬁMQ@véﬁwvﬁ)@vamguiﬁahga-zggﬁm@mm, but not
intersecting, flow channels passing through the integrated el astoneric

struclure. Fig. 18 Fig. hisiaitppschemationieshefa praistaliec ByspIagdsicTri g. 17, but
with the planar Syisiial R AefGHR SRl ATRNE diond Snb kb ol in Fif194alD and 20

show further detail NOW channe 0SS- secti on as foll ows:

Fig. 19 shows a re®gEiisargraglosowiscéiperimehtatly belistedipuapingrateseb..  Fig. 20
shows the flow channel cross section having a curved r surface. 25 Part

V - Fi gsfreguency fwa%%hp@m%?9%%?MB§BWEm£éH§tM%DE§% referred
embodi ment s of theéﬂ?%%%fsa% SO dtRiio PO SR cbfitrof Tk ackibihd kgl es val ve

opening vs. applie ressure tor various ow chan s. 30 Fig. 22
11 use r afles Enessimwtgmeossty.of a 100mx100mx10m RTV m croval ve. 8 26 Decenber

2003 WO 01/01025 PCI/ 0/ 17740 Part VI - . Fi . 23A .Show ri ous
m crof abri cat ed st gr&%‘t ,a%?%ﬂ??ﬁ]@ q‘d@%‘?ﬁ%’%i‘?ﬁ&b@#ﬁé Tg:?%gé cts of the
present invention: gy 37 id3Achématid ifRstRE0R BB A nfuliplexeddysten «dapted fo val ve.

Fig. 23B is a sectional elevation view along line 23B-23B in Fig. 23A 5
Fi g. 24 pemiit flowy throwghwaiiousshapneds. a peristaltic punping system Fig. 24B

's a sectional el eﬁé.iﬂ %iaeﬂax?bl%g.goflai il ?a@v@f gf‘% id'&r@s&ie 4&ion chamber
15  structure.
Fig. 28B is a bottom plan view of a control channel layer of an addressable
reaction chamber structure.
Fig. 28C is an exploded perspective view of the addressable reaction
chamber structure formed by bonding the control channel layer of Fig 28B to the top of
20  the flow layer of Fig 28A.
' Fig. 28D is a sectional elevation view corresponding to Fig. 28C, taken
along line 28D-28D in Fig. 28C.
Fig. 29 is a schematic of a system adapted to selectively direct fluid flow
into any of an array of reaction wells.
25 Fig. 30 is a schematic of a system adapted for selectable lateral flow
between paraliel flow channels.
Fig. 31A is a bottom plan view of first layer (i.e.: the flow channel layer)
of elastomer of a switchable flow array.
Fig. 31B is a bottom plan view of a control channel layer of a switchable
30 flow array.
Fig. 31C shows the alignment of the first layer of elastomer of Fig. 31A.
with one set of control channels in the second layer of elastomer of Fig. 31B.
Fig. 31D also shows the alignment of the first layer of elastomer of Fig.
31A with the other set of control channels in the second layer of elastomer of Fig. 31B.
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Fig. 25 is a graph show ng experinentally_ achieved punping rates vs.
frequency for an enbodi nent of the peristaltic punping .04 24.
Fig. 26Ais a t04) schematic view of one.control |ine act%é:l |gng r%??(?’pl e 10
flow | i nd¥O81/M8% aneously. Fig. 26B is a sectional el evat PERUSMT4® ong
line 26B-26B in Fig. 26A Fig. 27 is a schematic illustration of a

mul ti pl exed system E@ﬁiﬁch&chemﬂmmﬂm ihlegrateduysteghfor bidpohanerispmihedis.. Fi g.
28A is a plan view flow, | ayer addressabl e r tion chanber 15
structure. Fig. 288191’55%;1 @Hﬁﬂ%ﬁﬁmﬁw&?ﬂg& WB%FQE g‘fmq’fayer of an
addressabhﬁlﬂlésgactlon chanber structure. Fig. 28C is an expl oded

perspective view of the addressable reaction chanber structure forned by
bondi ng t he cont r ol Figh3hisem qmy@rmxotogﬁa,p@ df@Bettion ¢fa tesstrotturdlfaving f 1 ow

| ayer ¥ﬁéf l t| onal el evation view corresponding to
Fi g. Efflvgﬂ epasmﬁl% G ™ Fi g. 28C. Fig. 29 is a schematic of

a system adapt ed toF@eIm-BmlsNovdﬂfe%tépsfo&'Bhdeﬁlb@cﬁinehmfhﬁl@ﬁhoﬂffoﬁn array of
reaction gﬁl Is, 25 F| . 30 is a_schematic of a system adapted for
sel ect abl EPriggtingan rax'merﬂféﬁk@ﬁn&&mhp@llmfQSWEéMﬁBJ s. Fig. 31A is a

gf);ts?(r)nrrglragf Viae‘évvmpzlf: a f§ho?%§%@§§drbg§m EBF aékﬁ}ﬂlg%g&%ﬁ#t omcgﬂg’aa‘ar{l Vi ew of a

cont rol cﬂaarpr@bntliawhomf a switchabl e 30 flow array. Fig. 31 C shows the
alig nt of the fi er of elgstonmer of Fig. 31A wth one set of
control channels i rﬁlgh% tofo]g1s) &mw OEP%Q%R?H%’S %’Fﬁﬁ“@nngPBeSSFﬁa&?S 31D

al so shov&&a@eﬁcbmtwﬁér;hwwﬁyﬁe fefsgﬁhﬁ»%nﬁaﬁr of Fig. 3lAwth

the other set of control channels in the second |ayer of elastomer of Fig.
31B. 9 26 Decenber Big(38 Mm@mmmwnﬁmemb@fﬁmmomﬁﬁm aBirpr 32 is a

enomat | b BophR AR MR bGeet R opol yrer Fig. 34%is an

Bi opol yner Fig. 34 is an
opti cal m crograph mg 3D shetisia@erspbetivetvisil oS h vt lebOdihdtt BYa refractive

15  device in accordance with the present invention.

;:r

Fig. 40 shows a perspective view of a second embodiment of a refractive
device in accordance with the present invention.
Fig. 41 shows a perspective view of a third embodiment of a refractive
device in accordance with the present invention.
20 Figs. 42A-42] show views of one embodiment of a normally-closed valve
structure in accordance with the present invention.
Figs. 43 shows a plan view of one embodiment of a device for performing
separations in accordance with the present invention.
Figs. 44A-44D show plan views illustrating operation of one embodiment
25  ofacell pen structure in accordance with the present invention,
Figs. 45A-45B show plan and cross-sectional views illustrating operation
of one embodiment of a cell cage structure in accordance with the present invention.
Figs. 46A-46B show cross-sectional views illustrating operation of one
embodiment of a cell grinder structure in accordance with the present invention.
30 Fig. 47 shows a plan view of one embodiment of a pressure oscillator
structure in accordance with the present invention.
Figs. 48A and 48B show plan views illustrating operation of one
embodiment of a side-actuated valve structure in accordance with the present invention.
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5.seven layers of elastomer bonded together. Figs. 35A-35D show the steps
of one enbodi nent of a nethod for fabricating an el ast% debef 2dtAvi Ng a
vertical via formed therein. Fig. 36 shows one enbodi nent o a sorqm

appar at Usyd gi/aesPr dance with the present invention. 10 Fll.g_-mﬁ,ﬂﬁ-hqus an
enbodi nment o} an apparatus for flow ng process gases over a sem conductor

wafer in accordance Wt resent vention. Fi .sho ded
vi ew of one enbodl 4@?"5%‘8}%5%0 e‘é}‘?%??" t?%fc%‘ﬁﬂn m@g‘ﬁ

with the @[Mmm\@sfewsoﬁhg@nm&hom a perspective view of a fi rst
enbodi nent of a refractive 15 device in accordance with the present

I nvention. Fig. 40 shows a perspective view of a second enbodi nent of a
refractive devi ﬂ%n ' mm g. 41 shows
a perspective vi gl\?vE'gglgﬁPﬁ?r g%)’l(:icﬁ’ f] re rlg?t Ive 1Q@%vﬁce in
accordénce with theThepMiﬂmnémﬁMns%@aﬁagetyoﬁﬂcﬂdbmﬂa@de&aWemﬁ one
enbodi nent. of a n cl osed val ve tru | ccor.dance w.th.the
present i AFEGRICEW qglalﬁ@yb%? ROMREIRS ¢ RVEH Mds éﬁlg}ﬂg}}ag %"Feﬁ devi ce
for perf olfliatheric SRS ARSI Reor@ dance with the present invention. Figs.
44A- 44D show plan views 1l lustrating operation of one enbodi ment 25 of a

cell pen structure in accordance with the present invention. Figs. 45A-45B
show pl an and crosss;sectd opal viievvs i 1] ustrating operation of one

enbodi ment of a cel &?&9&@—@&1@1@ ‘Wi th the present
invenggon. Figs. 4GootREmplasymethodsofRbliéatihalthy prdentiihventibh atd jrovidear at i on
of one enbodi nent of a cel rinder structure in accordance wth the

present i howsi ilbis.to be updegsto aaresenfiinyeniion is pat lswéﬂdetﬁtf%ﬁn?@ﬁp ¥f a
pressur e 888%4@5@&; ofth %étﬁc?ds!'i{a 6 3G ale ik th g'&i’ee“t'on

Figs. 48A"an ow p an Vi ens | rating opera |on 0 enbodi ment
of a si depﬁ@éntaﬁleﬂ)sm'mdtmes Sﬁdlmhﬁgnmdﬂymgdh@p&&mtm&thﬁds tahecalpo emﬂmnplated

Young' & modul us ver EIE b BoHbsgRe arquma st o6 Hekpreped Bttt ce
SF96- 99 SitiricRify tht Pedent WidobhtcirFRAR I Thi{ e (Sed'dda fiFpEHall B! £

18 illustrate sequential steps of a second preferred method of fabricating the present

microstructure, (which also may be used as a pump or valve).
As will be explained, the preferred method of Figs. 1 to 7B involves using
pre-cured elastomer layers which are assembled and bonded. Conversely, the preferred
20  method of Figs. 8 to 18 involves curing each layer of elastomer “in place”. In the
folHowing description “channel” refers to a recess in the elastomeric structure which can

contain a flow of fluid or gas.

The First Exemplary Method:

25 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
lithography.

As can be seen, micro-machined mold 10 has a raised line or protrusion 11

30 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 21
corresponding in dimension to protrusion 11), as shown.

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

11



The present invention conprises a variety-of mcrofabricated el astoneric .
structures which may be used as punps or val ves. Mt hod9eabedeaibet ZoEIi Ng t he

preferred_ el astonmeric structures are also set forth. Mthods of .
Fabri cat i W €25 esent I nvention: 10 Two exenpl ary met hodBCBUSUIF40Cat i ng

the present invention are provided herein. It is to be understood that the
present i nis&astioniop of meld 12, w5 skawn,cutlathat g secess2Iwill nformed inhies bottogy  of

t hese net .0t her suitabl e t hods of, fabricating the present
ni cr ost ruc%turﬁ{e:%,gsﬁbl}ér%@{’%‘gﬁ%go %éﬁ?ﬁsﬁ‘a’sﬁﬁg’r éc@_n{&mat hods, are also
contenpl ated. Figs. Astsn Bbsdehliti e sahertRONEHY illBbrabPRFiH, 3anl 4! Seon
preferred qet hod.of 15 fabricating the present mcrostruéture, (which may

be used asCIZSiQMEHS lgyendd isdhen remgyed Goppmolrsl 2 and placedton tep gf st élastormenips of

a second r ' | t L.Crostructure,

liaie ey B Pl Bl O
preferre y: W B .using pre-cured el ast oner -
| ayers which are as | ed a bonded. Conyersely, the preferred 20 nethod
of Figs. 8 to 18 imsz‘g%’é?g&a |1&&,§1£d@ﬁfﬁeﬁ¥lﬁb¢ﬂdéea@iwﬁomwbymaﬁmdn the
fol | owi Ng XIQFRL UPkricQhers BERRAThS . L
structure whi g} }gan ?:%ﬁt ain agﬁ‘ﬂlkg\f/tv&g(fﬁn#ﬁjlﬁaégg%g‘ggg"qa@%b%ﬁsg{ﬁ%ceml ary
Met hod: Ref@etfedft.to Fig. 1, a first mcro-nmachined nmold 10 is provided

M cr o~ 4machi ned nol d, 10 be fabricated.hy a nber o onventi gnal

silicof processi ng ‘?ﬁa‘f%@a TSP ?ﬁﬂ“ﬁ%‘?ﬁﬁ@? q?ﬁg)st @anﬂﬁ Z‘%‘p‘aﬁt@mﬁ‘%ography,

i on- i | | i sguctareddek eiedo remobed Fond tblODF &Rl Wosithes 3A tﬁfoﬁf@ﬂnar%?sﬁ‘ﬂfmh' ned
I ng erealong. A

mold 10 has a raised |ine or grotrusion 11 30 exten
first ela pr seqnaindtig oA pad dBswhem elastpmstic soneiure@4chas beerhsenled af its st

recess Zlb\ﬁﬁ&ﬂlsgﬁaée%gﬁﬂxéﬁ?%ﬁ%%tebﬂf &%fﬂmﬁfﬁ‘gﬁﬁé‘g% orr%([i'%& | ayer 20,

(recess 21 correspon I mension 1o protr shown. As can
be seen in Fig. 2, Thegresent ¢lastomeriasioreds ks d2eRiblé Remitic 6@l S8
t hereal ong,is al so provided. A second el astoneric

ayer 150 B o i Pl DEsS: ABRITamPET o JSTBmE Aee) 5 95856 Uphtheop. of
U face Cop e e o e et b Rl Bt ot "Ceen i
t he sequeBlanaf substegte ?4 li$ gless oA darthen afvaysagedfamihgsslass écthatlass is transparent,
allowing optical interrogation of elastomer channels and reservoirs. Alternatively, the
elastomeric structure may be bonded onto a flat elastomer layer by the same method as
20 described above, forming a permanent and high-strength bond. This may prove
advantageous when higher back pressures are used.
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
the top of flow channel 30 from the bottom of flow channel 32.
25 In preferred aspects, planar substrate 14 is glass. An advantage of using
glass is that the present elastomeric structures may be peeled up, washed and reused. A
further advantage of uéing glass is that optical sensing may be employed. Altematively,
planar substrate 14 may be an elastomer itself, which may prove advantageous when
higher back pressures are used.
30 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.
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el astoneric layer 22 is then renoved fromnold 12 and placed on top of

first elastoneric 5 layer 20. As can be seen, recess 2%@@&&%@{1@@ ong
the bottom surface of second el astoneric layer 22 will forma ftlow channel

32. Ref qgéh Em&g) Fig. 5, the separate first and second elpggh®o®iirgo | ayers
20 and P Ig. 4) are then bonded together to forman integrated (i.e.:

Sequent il step of FFEERERodNG Tne SRR RRRBSRACIF B, Mg
renoved fehsinEal rHold0L 03 aR@iSed IR Grefudi®d] Déxtendihgihercabu s Bige7DA.  As
can be seen in Fig. 7A and 7B, when el astoneric structéjiﬁéégt%s been

seal ed atfirstelastomenio layer 3¢ iscastion top ghfirst migremashmed mol WGP form a

v 2y A M 150 9 10 oSSRl g

hernmeti c Ty any snoo anar su e. An advantage to
forni 8y ansebd adcbinplished byscaréfatly tingtrollhgthe owkmeofslastonaricanatenial spen peel ed
up, washed, and re-used. In preferred aspects, ,..pl.apar substrate 14 is
gl ass. A onte meid 10 Rlatiiedg thedmoya |03§§sq3§mpﬁat ealve ’tﬁng rent,

gras

allow n ' ' Al : omer channels and reservoirs.
R T s 18

Alternativ c structure may be bonded onto a f| at
el astoner |ayer by InEigsHisecmidhnidreamagitinetbmold BWpvintgaaised profupignd 3

per manent and. hi gh-strength bond, .Thi s rove 2] en hi gher
back pr eseg[ﬁngglgéﬂgre Bﬁ.‘%ﬁé"@&ﬁ“ﬁ?&- %W%?%“%%mc'}ﬂ?eg\ré\gl?% H o%wghannel s 30
and 3§ arsBedidshsiaald 3 shewiPRRE thatreckls Z83Ifemicd infie banahisarfacsi th a smal |
menbrane 25 of substrate 24 separating the top of flow channel 30 fromthe

bot t om ofcofregpandingriadhe @imengions af protREpRéd aspects, planar substrate 14 is

gl ass. An advant ag - | I LS.t t iC
structures may be S‘@ﬁ‘%‘ﬁﬂ%&&gﬁ%@‘%‘%ﬁ1%%3235’%&?‘3%@3%%%%% of

usi ng gl qﬂé?cei:l%nm%bf oiidi etatorserisiape 222y Seeordngidstymetic 1ayar@Rrinbindedlyo  pl anar
substrate 14 may be an elastqner, its I;, WhI,CI% ”i%’ rove ag.\F/Fant ageous when
hi gher bébkdﬁla@eméaw@&%gm% &latiomesig be 23@9‘#'8&6‘?“ Y%t descri bed
may Re V%k&ﬁ:&%hg@gﬂﬁ.fwm inf B \¥hé\hoBesdBebsa DS FAERO Soelpadd 11

el astoneric materi ferent than that” formng the t he channel s
of the deaisedlinelh3 will formefiowfchimmet 38 on nethod is illustrated in Figs.

7C-7G 12 26 Dece r..2003 01/ 0102 / US00Q4L 17740 LN i g. 7C,
a first nicro-mc H?'ﬁe"dg%%c?\l\a%@qﬂgﬂﬁ%af %.SP cgé 89¥%a%%t§%{°#rdqog‘g& 1?‘8 as a
rai sed |if§1da0 A0 Hritasidindric Ryéervli Bastbiiefiebloobgnd first Elagoméfit layer 20

are then bonded together to form an integrated (i.e.: monolithic) elastomeric structure 24

20  having a membrane composed of a separate elastomeric layer 222, ,
‘When elastomeric structure 24 has been sealed at its bottom surface to a
planar substrate in the manner described above in connection with FIG. 7A, the recess
formerly occupied by raised line 11 will form flow channel 30.
The variant fabrication method illustrated above in conjunction with FIGS.
25  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 because the thickness and elastic properties of the membrane play a key role in
operation of the device. Moreover, this method allows the separate elastomer layer to
readily be subjected to conditioning prior to incorporation into the elastomer structure.
30 As discussed in detail below, examples of potentially desirable condition include the
introduction of magnetic or electrically conducting species to permit actuation of the
membrane, and/or the introduction of dopant inte the membrane in order to alter its

elasticity.
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first elastonmeric layer 20 is cast on top.of first mcro-machined nold 10
such that the top of the first elastoneric |ayer 20 is 4d pedemet Hodshe top

of raisedyd protrusion 11. This 5 nmay be acconpli shed careful ly
r\]%é ?ﬁmﬁis g;abiﬁs

control | i e vol une of elastomeric material spun onto 0774 ati ve

to the known hei ght %Eﬁa‘i‘%d line 11. Alternatively, the desired shape
coul d be fornmed by i BRAPGHS TGRS is iliustrated iry connegticanvithferring seriouse d

nmol d 12 haghdjddlknisid e foHfd ot i ‘%E)% '
provi ded. ggé&rlg el ast(_)rfieg’?i [ {%«%{%hﬁ:@é&%@&@ﬁoﬁ@% s%%%n aPrmI d 12
as shown, hpresend inyentiands net limitedbw this techrignet Odrer sechhizues could be
correspondie 1 MZ]% d@en%ﬂm%ﬁg}rgtﬁﬁus' on 13. In Fi gﬂ 7F, second

el ast omeri ¢ ayé(ri oG I NI Eaétﬁﬁwnﬁrlﬁlﬁ"é“ st agsdo third
el ast oner i bohdedasgeliR?. FHEOARBIS b aBATRAReE of SYREmAR: insteBaNERNd be forkd¥drsl,

el astoneri¢ layer 20 to formintegral elastoneric block 224 using

t echni quesfaf?)r qrigigction raelding ondei wethods utiliving ¢hemical etehingand/acess, :
23 ' ' B A3 Wl f fl h | 23.
g, Rl haBEEHR Beed bR S bR Wil the SR CRERPERS o med

mol d 10 anthefiodst el astoneric |ayer 20. Elastoneric block and first
el astoneric |layer 20 are then bonded together to forman integrated (i.e.:
nonolithic) elastoneric structure 24 20 having a nenbrane conposed of a

separ ace el ast oner i CTh@SE‘Jona:ii?xen}am Blefisfg@eri ¢ structure 24 has been
sealed at its bottomsurface to | anar substrate in the manner descri bed

above in connection #isetongegmplary method of fbsicatingr amldsyormericsiivecurd which sed

line 11 w flow channel] 30. The variant fabrication nefho

i|1ustrat e%hﬁkg%iaﬁ%@mpﬂé’ vit® W}?{&:ﬁ“&e seq?%"“i“g}“?@ Frovay g lﬁ%%%ﬁ/an_t age
of permitting the nemthisagepostthemveRide ABAMRATBHS chinndE R REGdBY € | 2l
t han the e%gstomer_lc mat erial of the renainder of the structure. This is

i npor t ant Hetratemingphateresitaashe auréaceiof an elgstomerie layeror other isubstateyr ane pl ay
a key 150l 644 r: Aty . . Mbr [ hi t hod. aJ |.ows the
sepa)r/altB e g‘rglgltlg{n%lgrle‘%lg%l&tg)ofegﬁelgg?‘%")g/gdolénes%hg’]%\e/rg%ﬁetd‘g ) 'g%gﬁzwﬂgﬁe%‘%’%r ior to

i ncor por atiex, 3 second hgeraifa it isdddsd thﬁ'&weﬁﬂ:dpﬁsedbﬁiillbﬁﬁ&‘ésﬂsﬁs(iﬁ&&&lbd

" bel ow, exaﬁtlhes of ﬂa&t e&t [ alclg%/ gesi,rabl e condition jnclude the ~

-i nt r oduct i BB FeoRnd, fRYeT o elastamer deaving a yajsed ding phetorrgiss pheTeeschagnelds ni t
act uati on @kirdd1@ thif e Bfelaibifl " ' f Lo tdto the
menbrane in order t_orﬁailr?t er its érgl.@,g |g??yep%gs{/\gﬂ%¥?’(ﬂg§$@aes %sgnber 2003
PCT/ US00/ Femavedini dissolvieg #iouvef tie elastdnies withlansppmpeiateisnlvent ndtt the woitist h
form pg V%hﬂéﬁsby removal of the photoresist becoming the flow channels passing through the

substrate.

T

Referring first to Fig. 8, a planar substrate 40 is provided. A first
elastomeric layer 42 is then deposited and cured on top of planar substrate 40. Referring
to Fig. 9, a first photoresist layer 44A is then deposited over the top of elastomeric layer

25  42. Referring to Fig. 10, a portion of photoresist layer 44A is removed such that only a
first line of photoresist 44B remains as shown. Referring to Fig. 11, a second elastomeric
layer 46 is then deposited over the top of first elastomeric layer 42 and over the fitst line
of photoresist 44B as shown, thereby encasing first line of photoresist 44B between first
elastomeric layer 42 and second elastomeric layer 46. Referring to Fig. 12, elastomeric

30  layers 46 is then cured on layer 42 to bond the layers together to form a monolithic
elastomeric substrate 45.

Refenﬁlg to Fig. 13, a second photoresist layer 48A is then deposited over
elastomeric structure 45. Referring to Fig. 14, a portion of second photoresist layer 48A is
removed, leaving only a second photoresist line 48B on top of elastomeric structure 45 as

14



shaped el astoneric |layers formed by replication nolding on top of a

m cromachined nold, the present invention is not |imtegsbHeehi¥es2003

techni que. Ot her techniques could be enployed to formthe individual

| ayers otyotwied el astoneric material that are to be 5 boptiEdstoag®soher. For
exanpl e, a shaped | ayer of elastoneric material could be formed by |aser
cutting ogmimi : i ng. { 5o i

and/ or sg%drvﬁ'lqgfg?ﬁﬁg?ié% gﬁ,saggrdgl scusegiggﬁggfs?)sst?ﬁﬂggﬁggﬁ%tsipﬁ&éw k‘lﬂtghe
second exelagtbmesic stendiurd 45 (Goriprisedeof sswdndrlestpinariy layer A2 and Airst kool exenpl ary

or val ve. PastgiensAgriind RecPnf haRTaa it S41F b SSuo i tony Basdfe 2 36ediR, T PLTE
aspect of 1ihef fHAREi ASE Helvodénahdtoniic sthuctefedB aldthardeldaimeaidapsr S0U T st

patterni ng photoresist on the surface of an_elastoneric¢c |ayer (or other

substrate, 15 whi cRefeming tadiigdé, dirdelastqmasgipilayer $0and slagtampsrie SINGRET esi st

wh | [ | ' dded
her cover aaitprishedfiy diifmertHtter 42 E3AMG cRUfmGlc YA S YR 2 T0CC

e Ih as fj 0 Ims r tdgeﬁl]\ctﬂ) Iilalghan bended dogeting fcpﬂ_nﬁh%a aﬁimﬁﬂﬁmanﬁgmcﬁh l&lmmluei 49 havbrg red. A
third layer of el astoner is_deposited thereover. Fi 1 t or esi st
i s rerrozﬁllé\“tﬁ‘fr‘s‘ﬂi@émﬁﬁd ﬂ?g@gfs?raﬁt%?w@r@@#éﬁ@wvﬁ%@ﬁ% t&B‘S& riate
sol vent, %&t&éiﬁ%\é@h@ﬁ,&% SR REeMovER (TBY Slanfple, HAnRBRAE PsichithRadmsi ng

the flow thannel's passing through the substrate. "Referring first to Fig.

8, a 1 anflowshisiel 60 endifsscong flowictiennel 62 arerpgovided istheirgldce, passieg 42 is then

deposited,and,cured on top of planar substrate A40. ferds] to Fl.g. 9, a

first phott? iet"’lﬁ%ﬁ%’gfﬁﬂgtﬂﬁ %70 HWBeE‘Sg?X’ 5?1%3‘?5#0?8?%%%[8_08&%?: Sé"ﬁ %%tgne_ri c

layer 25 4@ cafiffihbiaDfrbA thé Bottob? of theR@teirafd ridnaditidit efre@ufsl | ayer 44A is

renoved such that only a first |line of f-“‘photore5| st 44B renmi ns as shown.
&

Referring to Fig. 1The metheddpsrribpdinBiga §-18 fabrgates a pattgned elasta@sbsi t ed over
the top of fi el ' . I g :

bhot or asi SPIHEh iR IR ofent 81 Blordes B Vheiilardd i b imatBliel,
bet wepsn f Howfveratheatediods icadcayiancehith itk pressanihvenhtior aremot Limiteg ¢o  46.

-~ Referring to.Fig. 12, elastoneri.c 30 |layers 46 s then cured.pn |ayer 42 to
bond t he WaNziRaphotRresiste Othgy Y Syl ASIRY Femﬂg@ggtsgﬁ@rqsgagyﬁc&lr ate 45.

“Ref erri ngpborE g b mdved SA8MHeRH MNEDufiding BlaStonttB Mdtsridleia tHepR#idded over

.. elastomeric structure 45. Referring to Fig. 14, a portion of second
phot or esi wbulagrezin 48#kin the scepmoafitic presentiimvgntion. yFer exeopiel apdescoibed st | i ne

. 48B t | ast I t 4 26 De 200 /01025
e US00; JerRbe, ot Foreeton Wit Gigt, S5 5B g3 A Rey BRSLpéLisird el e 1507 o
t hen e poRiriest sQ¥Rtonter @tilifiRg he appropriate chemical mixture.

Preferred Layer and Channel Dimensions:
Microfabricated refers to the size of features of an elastomeric structure

fabricated in accordance with an embodiment of the present invention. In general,

25  variation in at least one dimension of microfabricated structures is controlled to the
micron level, with at least one dimension being microscopic (i.e. below 1000 pm).
Microfabrication typically involves semiconductor or MEMS fabrication techniques such
as photolithography and spincoating that are designed for to produce feature dimensions
on the microscopic level, with at least some of the dimension of the microfabricated

30  structure requiring a microscope to reasonably resolve/image the structure.

In preferred aspects, flow channels 30, 32, 60 and 62 preferably have
width-to-depth ratios of about 10:1. A non-exclusive list of other ranges of width-to-
depth ratios in accordance with embodiments of the present invention is 0.1:1 to 100:1,
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el astoneric structure 45 (conprised of second el astoneric |ayer 42 and
first line of photoresist 44B) and second photoresist |bn@cddB&aSog10Wn,
t hereby encasing the second I|ine of photoresist 48B between el astoneric
struct urVOB1/AM@5 t hird el astoneric |layer 50. 5 Referring tmcisponid@e third
el astoneric |ayer 50 and el astomeric structure 45 (conprising first

el ast omer i motegyeferab® R do SEAORBrEprofdrabIR i 1Cto|2®YEran&fﬁld§9§kéfe@abl§ 2485 ﬁﬁ.fl)., IS
t hen bonded together formng a nonolithic elastoneric structure 47 having

phot or esi si apiexeEplanpaspeel, 0w charnelndp, BRep and GUbaveasiddisofabouedfte 100g t 0
Fig. 17, [ | j d.(f I b
Solvent ) <SSRl Behatkolclie o Br phBFaRES: VAT ISP ablle &Y ARienee e

are provi deith embédimientsplf doepregpns ivegtior 11000 1900 SHiOTRS, kors prafElably®.d5 as
shown. Lastlks referri n% to Figl.é( 18 | anar substrate 40 can_be renoved
from t e B8tPEXMEIrORs Wqte prsfery $49 200 mironss mopeprgfeaablyh do 4S9 kTons,

descri bed 4 | P | : . r r
G 21 g Sttty 1035200 81650 e AR AN IR olfld ¢TI € o,
material . 2 ik, SHpwe'epm, 20qumEstieds40 Amd 60 @it ®0GEn VI im! $EpRA! 96 ARL 10evVent i on

are not limted to utilizing photoresist. O her materials such as netals
coul d al sdBdlQ¢umnsl 204up, ¥30qim) 140mel Stium, 160 e, 1 Zpme 18Gpine $90 wm, 200 t he

surroundi n ejﬁsto 'b mat.er.i al ,Z@nd th thod would remain within the
scope of t"_&'%—:' A é@b:@ i“f%’ezﬁ i T, <35t dMas described in detail bel ow
in conpection with F@§ chardlsHoP32,90, dndBd ﬁhvﬂ%@%ﬁbsﬁthosl@og%m‘ﬁs to 20

RTV 615 el astonmer utilizing the appropriate c cal m xture. ferred
Layer and Aoaginerelushieniish of other ranes affdeptlisadflow claiwels it accotdanss with of

features : Eqﬂgri truct.ure ricated in accordan i th an
embodi ms\n?:En 8? fﬁeﬁ%}r esen eg?nﬁ\%vﬁpilg?ﬂs Q'ﬁflg"ek@dﬁ"%’ Wﬁfq%ff’%?}'ﬁbétml east
one di Men$00 mierbns)intdre bedferabBi®Y (S2IUBiHORS ah® nREHIBrhifIfl 1146 100 gnicldhg! On

l evel, with at | east one dinension being mcrosco (i.e. below 1000 pm .

M cr of abr RO PHEerEliyidda 20 ynicraps) apdames preferblict tor i&mm@mlamion

t echni : ' ' ' hat i gned f
o' pr aucchtiEliets {AARMOIIChIRR GO oa? BT BSUDD LI, 03 S LT (Ofe
of the di pBygiien 1hkm] hamisnahabsieatieduso1ss wp,tlgtr}g?,rlemhﬂm Bh&r oscope

to reasonably resolve/inage the structure. In pre red aspects, flow
channel s BO% 232m, 50 ranct0gampd @ frey, A5 um, HAGeum 5Ot km 1 200dep; dudr280ipms. of about

10:1. A - | usi i st.of ath f. wdth:1o: depth ti '
accor dance wi t h enbyip ReM<benel: fé gt BBHRE 1 hsshresifc dmgdon nges gy 1 15
26 Decenbexangfl€dsiVén Abve JhdmETAry'Sh Midih A Ordep :i@ agé&i fﬂtﬁgﬁ?%ﬁtfaé af FfRee0: 1,

nore preferably 2:1 to 20: 1, and nost preferab n an

exenpl@r yrequnedfo defiestthe menthsane cliscpsseday length Belowaw comjimitttion with Bigout 1 t o

1000 27. For example, extremely narrow flow channels having a width on the order of 0.01

-

pm may be useful in optical and other applications, as discussed in detail below.
Elastomeric structures which include portions having channels of even greater width than
described above are also contemplated by the present invention, and examples of

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

Elastomeric layer 22 may be cast thick for mechanical stability. In an
exemplary embodiment, layer 22 is 50 microns to several centimeters thick, and more
preferably approximately 4 mm thick. A non-exciusive list of ranges of thickness of the

30  elastomer layer in accordance with other embodiments of the present invention is
between about 0.1 micron to 10 ¢m, 1 micron to 5 cm, 10 microns to 2 cm, 100 microns

to 10 mm.
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m crons. A non-exclusive |ist of other ranges of widths of flow channels in

accordance wth enbodi ments of the present invention is0p0l iR %&%()
m crons, nore preferably 0.05 5 to 1000 m crons, nore preferciai"gryr .2 to 500

m'crons,wgﬁlﬂu seferably 1 to 250 microns, and nost pref pEpRishorifiaé 0 200
m crons. enplary channel widths include 0.1 gm 1 pm 2 pm 5 pm 10 gm

20 gm 30 gm 40 gm, 50 60 Y/ . am
120 gm 130 gm 140 AgRordiisly. mentbhine %ﬁﬁ%%‘gﬂa{%ﬁg‘v %18’8"18%%2%%%2gm
210 pm 288s HtypicdBhidkitessdF Betiten abshit D01 g1 1000 rhdceosis clhareyrbferdly 083,10 60,

and 62 have depths of about . 1 to 100 m'croné.&lﬂA non-gqu usive list of

ot her r and@@migrops H1o78 PEsferably .2 19 23R emers pre ¥ 44 80 Reemens.dndfSdi nent s of
t he prese | ' ' LG raqf o 500
i or one. - sty 2t 30 hiercls b st ieferdbiy Y050 tReneD s BER WY e % 0o
m cron$, ofrelastoment lyab?is2boui 190 timesthathickmess ofosdastomericdapdri20.5 to 10

D5 B b Wi B LG BT o D
©12.5 /a . 4
e

limted tgnd hepen, 20hh| 25 ﬁiﬂ,@(’ﬂﬁm% Lai)FOAITS pex 20PLes 150 uei) 26bpve, and
e

may vary In width in order to affect the magnitude of force 20 required to
def I'ect t A%0 peinBOGHm, 460 pins 606 puxd 730 pie and A0GRKBW i n conj unction with Fig.

27. For exanple, extre naryow fl.ow chgpnel s havin 40, on or der
of 0. 8‘5 m may be ugﬂ?ﬁiﬁﬁﬁ{ﬂf@gﬁmﬁ'ﬂ’%%&ay Fiaé)é?%le%ﬁ(g,{m%ké[w |%§:°&gsed I n
detail be to tEhOH edRIth&ricThyer Q0 83; ¥RbAd claftolriede 150 46 ety Haveiang

channel s of even greater width than describhed above are al so contenpl at ed

bydt hef lor predared; thigkmess sbout gawal sx thapotelasiemenc lgysr 26a0d dhxd elastgmerie J8%58 such
) : e : Fo: s |
B act onrer P AR ACe 8 prelndlificndds SO et i B lilibhite 1EREPDE S [UTLUT S

exenpl ary enbodi nent, layer 22 is 50 microns to several centineters thick,
and npre preferabl | mately 4 mm thick non- excl usj ve ||st of
rangels5 of thi ckness&&¥Eh SRR ~ Ay S, j AtH—ot her

- enbodi nents of the present invention is between about 0.1 mcron to 10 cm
1 mcronto5cm 10 mcrons to 2 cm 100 mcrons to 10 mm 16 26 Decenber
2003 WD 01/ 01025 PCSoftddthograptic Bouding:ngl y, nenbrane 25 of Fig. 7B

~separating flow chapnel s, .30 .and 32 . has t viiacal L hick n
about 0.01 and 1000FFATEFARHsC! E“‘"p%?%@bﬁ‘é%@%d{"%"mﬂgﬁ’eg“f%%a

‘ 50) are bonded together chemically, using chemistry that is intrinsic to the polymers

20  comprising the patterned elastomer layers. Most preferably, the bonding comprises two

component “addition cure” bonding.
In a preferred aspect, the various layers of elastomer are bound together in
a heterogenoﬁs bonding in which the layers have a different chemistry. Alternatively, a
homogenous bonding may be used in which all layers would be of the same chemistry.
25  Thirdly, the respective elastomer layers may optionally be glued together by an adhesive
instead. In a fourth aspect, the elastomeric layers may bé thermoset elastomers bonded
together by heating.
In one aspect of homogeneous bonding, the elastomeric layers are
composed of the same elastomer material, with the same chemical entity in one layer
30 reacting with the same chemical entity in the other layer to bond the layers together. In
one embodiment, bonding between polymer chains of like elastomer layers may result
from activation of a crosslinking agent due to light, heat, or chemical reaction with a

separate chemical species.
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500 microns, nore preferably 0.2 to 250, nore preferably 1 to 100 microns,

more preferably 2 to 50 microns, and nost preferably 5 t%ﬂ@céﬁ%li_g@% As
such, the thickness 5 of elastoneric |ayer 22 is about 100 tines the

t hi ckness Y0118t oneri ¢ | ayer 20. Exenpl ary nenbrane thi porasaesranc! ude
0.01 gm 0.02m 0.03m 0.05gm 0.1 m 0.2m 0.3 m O0.5pm 1m 2 m 3

m 5m 7.5 m 10 pnmmmaﬁvdymﬁhﬁer&gen%ousgdgge&%ag{)ﬁgtoﬁﬁﬁgé &gog] 30728]
m 400 m m

40 m 50 75 50 200
m g]nd 108%1“83? °§8—Eﬁﬂg%]¥ Féﬁtﬁ%m%&oﬁh ﬂcﬁggt]&yemicalzenmyim@pdam
f d i kAl : ¢ ' 0 or 22:
D eCond ol anroakPRR s39%id hERal gy il Shole BS IRPR LhriS sttt (o
that of el asneelrtheibondimgarocess usddo biid sydctist olastoinerit kiyers tofdhdrayahave a
ferred LA t | to th | ast ic | 22. 15
DLt o or PR BABRR e i 16, OB TR 13, o R, 613 e bt two-
Li t hogr aphpart Rititiérnaure BiliRbRS ADbY:. mﬁt&mﬁﬁhﬁg{aﬂas%ﬂdwﬂlﬁépﬁ% usi ng

el astoneric lfﬁ{er'ﬁ 42, 46 and 50) are bonded to er chem-c
chemi stry POHRINS Lheen hydside ¢SicH) groappoMheeenvertonadmid for RV 65 sd0ierBed

el ast omer LaMcng; e] neli conprises two . c onent
"addi tion Eyr e" a%‘§%%*89&ﬁ’§§é9%‘é?%€r"?‘§ﬁ2§g%2& eSS Wf%‘[ﬁ’é‘l’ﬁ)ﬁgg& gtger

el ast oner witk 380lB(i.¢t exretd8i-Higroups) N Baeh REerie ¢arddQBsirelyl 'Whbl 8 thhe | ayers
have awdi fllfaer ent bche I stry. Alternatively, a honpbgenous bondi ng nay be
used in whitdHs & r?'é%rgéi‘%m\%‘éﬂaﬁ36'@h?ﬁteﬂwéekaﬁ%dmtheﬂmmhr@bysjblyhe
respecti veg taq{i&ﬁo]itﬁi)ﬁ%létoﬁ?%-jc%fg'&@{{@ |y be glued together by an adhesive
instead. In a fourth aspect, the elastoneric |ayers may be thernoset

el astomers bonded tlogatewemphyy hepett ofthe presemdneaiios] el@toiei®gaRaRESare
bondi ng, t I.c | r re,..conpgsed. of the same el ast oner

materi al , %%%%ﬁ%‘gﬁjﬁﬁciﬁ %’c?ftf?ffiﬁphfﬁ'éur e diapmylates sushas (Wit h t he
same chemmalinied td))Ebedryl D20 6f 2245 6 UCB Eaadidhie | ayers together. In one
enbodi_.nent, bondi ng between pol yner chains of |ike elastoner |ayers may

resul 2 from acti vatlRoRne smbadisnent in acvordagcewithithelpresend inviegtion, thedayeror

chem cal rgagh | rate chemcal s ,es. 17 enber 2003
v 01/ 01055 TGS e R e P aaP R ot Bhe ZTE R dER ¢ ne

el ast oner ibottbmylayes vaasspinconted 2 8000 ryth Fher Ptkomrdsas 1 o, i 'Pheni%R @hi BbGomW th a
first chengical enthiFih. in one |ayer reacting with a second chem cal entity
i n anot her YeR/¥fe gureg upderitravieles lightfen 4@ minutseender niteogon ntlizigg a

process u SMGHdI BLUI 300 deR iR Sdriufsontred By FiBL it @&%Bﬁlﬁ%&gﬁg Sdsembled layers
20 were then cured for an additional 30 minutes. Reaction was catalyzed by a 0.5% vol/vol
mixture of Irgacure 500 manufactured by Ciba-Gei gy Chemicals. The resulting

elastomeric material exhibited moderate elasticity and adhesion to glass.

In another embodiment in accordance with the present inventior, two-layer
elastomeric structures were fabricated from a combination of 25% Ebe 270 / 50% Irr245
25 /25% isopropyl alcohol for a thin bottom layer, and pure acrylated Urethane Ebe 270 as a
top layer. The thin bottom layer was initially cured for 5 min, and the top layer initially
cured for 10 minutes, under ultraviolet light under nitrogen utilizing a Model ELC 500
device manufactured by Electrolite corporation. The assembled layers were then cured for
an additional 30 minutes. Reaction was catalyzed by a 0.5% vol/vol mixture of Irgacure
30 500 manufactured by Ciba-Geigy Chemicals. The resulting elastomeric material
exhibited moderate elasticity and adhered to glass.
Alternatively, other bonding methods may be used, inctuding 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
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5.conprise bonding together two | ayers of .RTV 615 silicone. RTV 615

silicone is a two- part addition-cure silicone rubber. %’PGMQ @jans
vinyl groups and catal yst; part B contains silicon hydride (S 12% gr oups.

The convex@@m@®s ratio for RTV 615 is 10A: 1B. For bondi nBCT/USMNTE#Per may
be made wth 30A: 1B (i.e. excess vinyl groups) and the other wth 3A 1B

(1.e. excpaglify toetendlpgomeriagtrs lcamPbsddofthy @chesngatidltiobey forliiprDuffget wo 10

| ayers are brought into contact and heated at el evated temperature, they
bond | rr edle Ramd Protowpinenl MicrefimiciSysiemsin Boly{dimehiavandl] cAnalytical,

exenpl ar is ] ] i Co

forxd u{g@@%(%ﬁ%ﬁdﬁ?&ﬁﬁﬁdﬁ%@%@%@ a |pgat|(%' mﬁiﬁ‘?%ﬁﬁug%rgyl at es
such as (thatexposihgipohidireethyisjlotimedPIPMS)1ayars tol oxygulplafma pausGBxifatiohofl . 15
I n one enbodi nent i.n.accor.dance with the present inventi t wo- |.ayer

ol ‘act cirer 16 SRR PR AGORPB G opae AterTRESTAGH dpe ot o izeE By e B RARE T
270. A thigk chddtom | ayer was spin coated at 8000 rpmfor 15 seconds at

170C. The top and bottom |ayers were initially cured under ultravio] et
light for 10 mi nut e¥etamdtherapproagiete bandingApgathey susgessive Ryers obelagfempris

manuf act ur ed...by .El rolite corparation. Th I I were then
~cured for"roa i g}eta}%%%%?e %pﬂ%?ﬁg’ggs&ﬁ%ggﬁgﬁe@a%}%gﬁcg Fe t; egg)‘(')' 5%

vol /vol  whckted etastdmér suak us RTY0S1 SRaghhed off 10 oy ficitkarddalgontdiietayeal s. The
resultin el astoneric naterial exhibited noderate elasticity and adhesion

to glidss. Nex, asroond puredistastomanic layerds placerhortop af the uncured clastomenic [t i on,

two-| ayer i . [ pnati on of 25%
th 270" I ThEHPRREEE S epdfHEhilatalihér i BithARUTS pHdAAGE EnfolBAR' O1 O 3
and pur e dastyhediestnidiethAleniatiecR7 Gnasedelbsimmeroparbe aphled toithe boitonoofi d ayer
was initiaglly cured for.5 nmn nd, the top layer initiall cyred fqr 10
e it o | Bt HeaRb IaYet M ARt Ao ARt 1 PIosPR e P SroaC 500
devi ce nMenpiPahitbmer RYert! Gidehk hd8R R ehlstoRibr 1R a2iss Rk fhition ver e

then cured for an additional” 30 mnutes. Reaction was catalyzed by a 0.5%
vol / Vidl nobameurolhicetagtomaers 836 manuf act ured by Ci ba- Gei gy Cheni cal s.

The resulting el ast ric material . exhib.t 4Gl and
adhered to gl ass. A AR ,onoqfr%?n %ﬂdigy%ésnﬁne%ﬁ%é&%d %@a%%ng&%%%éd,
i ncl udi ngelggtérharaitudgire iddesetibed sive it Pigdsagq 8, Hopdinpaiptasdive ¢lhaomeric

exposure, so that the el astoner |ayers/substrate will bond when placed in
cont act . 1ewrs myayhsiascoraplishsd Syponeng gpeusad plastomenoves amEevaoHsbr cesh3 WO
of the

01101025 TSROl BV HAGELAS AR R B RBGSge
M cr &0 ui elastorbyrdhyers ocourddiie/to(idtermdneiration mdrasckibn ofitied pdlymeér chains of an
uncured elastomer layer with the polymer chains of a cured elastomer layer. Subsequent
curing of the elastomeric layer will create a bond between the elastomeric layers and
create a monolithic elastomeric structure.
Referring to the first method of Figs. 1 to 7B, first elastomeric layer 20
25 may be created by spin-coating an RTV mixture on microfabricated mold 12 at 2000
rpm’'s for 30 seconds yielding a thickness of approximately 40 microns. Second
elastomeric layer 22 may be created by spin-coating an RTV mixture on microfabricated
mold 11. Both layers 20 and 22 may be separately baked or cured at about 80°C for 1.5
hours. The second elastomeric layer 22 may be bonded onto first elastomeric layer 20 at
30 about 80°C for about 1.5 hours.
Micromachined molds 10 and 12 may be patterned photoresist on silicon
wafers. In an exemplary aspect, a Shipley SIR 5740 photoresist was spun at 2000 rpm
patterned with a high resolution transparency film as a mask and then developed yielding
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Chem stry (1998), 70, 4974-4984, incorporated herein by reference. This

paper discusses that exposing pol ydi net hyl sil oxane (PDI\%) %}{ﬁr oxygen
pl asma causes oxidation of 5 the surface, with irreversi ]:e)Je on(ﬁ?za(%

In
occurri nWVHEHMShe two oxidized |ayers are placed into CBWF%P“.“W&
anot her approach to bondi ng together successive |ayers of elastomer is to
utilize theinvgtsechammehoiappraximately 10micoonsdn beight. oWhen balpduitfappraximately t hi n

I f I RTV 615 i | i ed f fi
ot eh o o2B0 D RSt Yo R GREHEE bt [
pl aced onrgi@Re®f In'giereHBE BpRehs Sha MoldEhaybd @Y£Ed with imbihytnldoélpe! ayer of

uncured el astonmer is then cured to produce a nonolithic™ elastoneric

st r uct ur e(THMICGS vaporifordbput amdinntebefoteaatio nseringaderbe praypht asthesion phsilipone om of
a firgt c%rbgg el astonmer |layer, with the first cured el astoner |ayer placed
on tOpSSofnb cond cured elastomer layer. Curing the mddle thin elastoner

| ayer agai n resul t sUsihgftee vaicue multilay@fsoft Iiwlih?(%ﬁstﬁioﬁ%h@m:@csmmct ure. .
Wher e encapsu] ation of sacrificial |layers is enployed to fabricate the
el ast omer matsrialssat orihdierrin the presend grygatorshave gxperguantaliy,gicapsded an cegtingssi ve

el ast oner | f%%( | 'llil]?n- ﬂg"éfsetﬂi QB over a
previ ousl gﬁ%ﬁ%%%?} asY0 Sregg?ﬁgydeére%gﬁ an§gglg£<§?| |§| I nntcg?ia??it?1 patterned
t her euponlayBiobeiigaboneddparthicl. i ieforaoeabld thyndevices comprising ntare than seven

el ast Biror STPRGAE iR BB PORGH CREPFTSOLH B QeTPRRO ast oner | ayer .
Subsequent curing of the elastoneric layer will create. a bond between the

el astonmeric layers and create a nonolithic elastoneric structure.
Referring to the fiBuitableEladompericMpateriplsto 7B, first el astonmeric |ayer 20

25 maybe created by | p-coating an RTV, m xt yLe Q 'ecr%éjari ed nold 12
at 2000 rpms for égggcg‘cegﬁgtsdﬂ'r' é'ffom—%-ﬁ%w L mI2 a r&?%%%e! y 40

M crons. &aaemdrs it basdrile hbBmhay eXistdy dia\teliperafutobadely i glagainsisgomn RTV
m xture on mcrofabricated nold 11. Both |layers 20 _and_ 22 nmay be

separ kY el tempgraiiere gnd ligpafertion temperatugn (Elpgpmeric maggipisexhibib elaghicprgperties

| ast ' ' - i t 30
Sbout o FEaOAEE poioyi ¥ RARKFE Aol drl mBHET IR Sty e
pat t er nedbgpitbone chairstin espaiseits aforcaatdith the backbone ehsnptaapilingstp @sfumegthBhi pl ey
SJR 5740 phot i 20Q0 tt i th i gh. | uti
r anspar cHEg SR Ite SheRREio dheIorsro A HEDaP b BECTIeR GH R TSR0 1005 26
December 2004, RSO 110 BiginhNShSEwRBRARRTbrcefis ARRIVRY! MheRlastidity

m crons in height. Wien baked at ™ approxi mately
20  exhibited by elastomeric materials may be characterized by a Young’s modulus.

Elastomeric materials having a2 Young’s modulus of between about 1 Pa— 1 TPa, more
preferably between about 10 Pa - 100 GPa, more preferably between about 20 Pa— 1
GPa, more preferably between about 50 Pa — 10 MPa, and more preferably between about
100 Pa— 1 MPa are useful in accordance with the present invention, although elastomeric
25 materials having a Young’s modulus outside of these ranges could also be utilized
depending upon the needs of a particular application.
The systems of the present invention may be fabricated from a wide
variety of elastomers. In an exemplary aspect, elastomeric layers 20, 22, 42, 46 and 50
may preferably be fabricated from silicone rubber. However, other suitable elastomers
30 may also be used.
In an exemplary aspect of the present invention, the present systems are
fabricated from an elastomeric polymer such as GE RTV 615 (formulation), a vinyl-

silane crosslinked (type) silicone elastomer (family). However, the present systems are
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200C for about 30 m nutes, the photoresist reflows and the inverse channels

beconme rounded. In preferred aspects, the nolds may be 4dBalRibeiddd
trimethylchlorosilane (TMCS) vapor for about a mnute before egiclz\% use in

order tovwgvaps adhesion of silicone 5 rubber. Using thgciasdopdsso
mul tilayer soft |ithography construction techniques and materials set

forth herei . . . . :
creating tghimhafioRbE HER forRon il SE, 8P BIPRE Riiohes WRGTHERY By,
It ﬁy ter 3 t highistomarit polyamhis s‘u&&lﬁf.hhﬁ iRporédn ué(;;u&@mpm ﬂt'oh ttmlq:relzei‘red ﬂ;dthx{chsiéeabl e

at devices. conprjsing nore n seven, 10 separate el astoneric |ayers
bonded tog&'ﬁé@rﬁ‘ﬁ]&ﬁﬁm}gﬁ?ﬂ&%@ B 18 @@@béﬁ){@%ﬂé{lg}?gh&@yﬁp ¢lasio I | cock
et al, CORSGRIRP Bl the ERL %Rl éﬁﬁ%og%gg{fﬁgy%g%%ét%& ar8lcARlgoMers in

general as polyners existing d a tenp tween their glass
t ransi &t i eeparatély andthen dbnded togaihdri Thiefchemegequirentleat stireddayei pessesser i ¢

materials_exhi bjt el asti operti because the pol r chains readily
under go ¢ SRCFITLACasYY ¢ bt tokether, Eitherthe agremay heof e supgiwe paf e | 1
response thalefsTbofdinghd thefnBsiviasihonmag B ioffwe méﬂtmg;etspmﬁs@@@ dole
prior shape in the absence of the force. In general, elastoners deform when

force i s ohbpidingto epeh othére fOthennossibilifes inelude &1 usedaladberiyabaiivesn laperst or ce
i's renove ﬁﬁgig' Y. i bited by elastonmeric naterials may be
character g%%éggfﬂé oundgs&sd%oéﬁ lUs. Elastoneric materials having a Young's
nodul 16 of between @Gbeutihdiréaendonsldivéitity oDpelympr elicpmisipicy, preduraresy about 10

Pa --100 GPa, nore preferably between_about 2Q Pa --1 GPa, nore preferably
bet ween aBBitRetigngthods;rragion copdiions ard potental aadilives thige Areafmge nugRst Py -1

VPa. ar e USELyildIAGGRALAIIEES tal BrdBe BIATE Mokt BIGHRIHAD ctadlohi2ALON

el astoneric 25 material s"having a Young s no us outside of these ranges
coul d al smidrevalvds|and dmpslepenationg infhe maté¢riaisnesed svillfmest hikelyibedriven by

applicatign. The syste of the present invention may. .he fabricated froma
Wb vy fgmgsd for BRLER patertal robirias b ol ep tspes. BT ORS ¢ | ayers 20,
22, 475  Aperpieabifify, ofR¥npefBire k@biliyy.be fabricated fromsilicone rubber.

However, other suitable elastonmers 30 may al so be used. In an exenplary
aspect of the preseRhere areanatyomany hpeppbelasiomerie pelymers: oA brighdgssHpden f r om

. | ast ' .6 _ . . ' -.gjl
cross s nicatii fasBEsotHfion s 8P ior i rasent bl SO impcriblpacgy | 21
"~ systens athat Aln2athReRendlestabdadd Vifdlhén 1aahy fhdsibilidies faOboraking ¢existt ed to this

one fornulLation, type or even this fam. ly of paqlyner; rathe nearly an
Common et o@neric polymers include polyiso%/)renc, p?olyg/utadlene, poﬁrc oropren ,y y

20  polyisobutylene, poly(styrene-butadiene-styrene), the polyurethanes, and silicones.

Polyisoprene, polybutadiene, polychloroprene:
Polyisoprene, polybutadiene, and polychloroprene are all polymerized from diene
monomers, and therefore have one double bond per monomer when polymerized.
25 This double bond allows the polymers to be converted to elastomers by
vulcanization (essentially, sulfur is used to form crosslinks between the double
bonds by heating). This would easily allow homogeneous multilayer soft
lithography by incomplete vulcanization of the layers to be bonded; photoresist
encapsulation would be possible by a similar mechanism.
30
Polyisobutylene:
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.
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el astomeric polyner is suitable. An inportant requirenent for the preferred
met hod of fabrication of the present mcrovalves is thegbidhih¥ 2dpspond

mul tiple ‘b@y f elastoners together. In the case of

l'ithograp y,‘ﬁ{ogofgrs of elastomer are cured 5 separately m/hg%ﬁ%‘ﬁded
together. This hene requires that cured, | ayers possess_ _sufficient
reactivity to biﬁ%‘sf’?fﬁ%?‘ﬂ'@mmﬁstﬂﬁ\ﬁpfﬁﬁléml %R)Jbiésb%%téwmo lyispbubdene t ype, and
are capable of bl@BdWhich diflPHRE LY GRlcafifzed y be of two different
types, and are capable of b ng toceac ﬁ)o% O her possibilities

I nclude the use an adhesive between | ayers and the use of thernoset

el ast oner @ rzg{fe trerre dous diversity of polynmer chem stries,
precursorzpoﬂ’ W?tf?elfq react ion conditions, and potenti al

addi ties, thermy(rsgrr@etmm&%ﬂene) @fprm&ﬂbi/ﬁvﬁ&%ﬁdﬁi@ﬁ %@ﬁf&!ﬁ%ut hat

could be used to make nonolithic elastoneric nicroval ves ‘and pu
Variations in t{hatathers larngnamqhmn—tmaungs@pwﬂnr@ncnoehs@yhvef’he need

for particular veni. | stanc Sti e gas
15 perneabili t)} gor éljt%hrr‘f)géng@ﬁétteﬁgfe %&FfPoﬁ&Fﬁe’?%‘ S5 e‘?&ﬁ é@%ﬁ?%f
el ast oneri c pol therpresent phbiorasfst d@&p&mlﬁﬁamﬁyst@i (Wllilﬁetﬂéﬁéwﬂpﬁéfﬂlen ylofsses of

- el astoners |s present ed here, th the intent_of show n at _even with

rel atively "st 2eactpd %%ll%ther%‘}d kysepored on top af dhe ‘E}B'ﬁblaﬁgr)em st .

Conmonjgel asto AL
pol ycFlllooropreggﬁé(ﬁn gdg?égﬁfsl% otﬂa ene, wg‘?‘%ﬁ‘f‘g’ﬁé‘*ﬂ%%’ ‘fpy%ne?Athe
pol yur et hanes, btending). I'Ihﬂnhamlstaoalyo ﬁtmﬂlmmequg;dneHWMcmlbmdﬂimeopr ene:

Al T T I T T

pol yneri zed. ZéreT.bgeaea&uﬂhlﬁlég@ﬂ@bf@iﬁh%p&th)? RS DA Ys@"tﬁer}ﬂbsaeelé‘s%]ﬂ&f’t ed to

el astomers by vul cani zation (essentially, Sulfur is used to form crosslinks

bet ween t he doma@ngﬁbﬁ@bowa nmﬁ@)lperanur@tmltsanéhmon;csalasuw(asmmdeous

mul tiljgyer sof Lnco V, nization o ers to

be bonged pho?%?féaéﬁwz C%DSUFmPI on Eﬁ%ﬂg %@g%ﬁ%mﬁyrrg ?3f¥l

mechani sm 30 Bebpnmuugqmmheaﬂug,e pol yi sobut yl ene has no doubl e bonds,

but is crosslinked to use as an elastomer by including a small anount

(-1% of isoprene in the polynerization. 21 26 Decenber 2003 WO 01/01025

PGTNS0011 paffircthghes:SOPr ene nonomers gi ve pendant doubl e bonds on the

pol yi sobut yI’'ene backbone, which may then be vul cani zed as above.
Polyurethanes are produced from di-isocyanates (A-A) and di-alcohols or di-

)

20 amines (B-B); since there are a large variety of di-isocyanates and di-
alcohols/amines, the number of different types of polyurethanes is huge. The A
vs. B nature of the polymers, however, would make them usefial for heterogeneous
multilayer soft lithography just as RTV 615 is: by using excess A-A in one layer
and excess B-B in the other layer.

25

Silicones:
Silicone polymers probably have the greatest structural variety, and aimost
certainly have the greatest number of commercially available formulations. The
vinyl-to-(Si-H) crosslinking of RTV 615 (which allows both heterogeneous
30 multilayer soft lithography and photoresist encapsulation) has already been
discussed, but this is only one of several crosslinking methods used in silicone
polymer chemistry.

22




Pol y(styrene-but adi ene-styrene): 5 Pol y(styrene-butadi ene-styrene) is
produced by living anionic polynerization (that is, therggspsc.dthraby al
chain-termnating step in the reaction), so "live" polyner ends can exi st
in the ovoedones yner. This nmakes it a natural candi date fRGT/USONETHM® esent
phot or esi st encapsul ati on system (where there will be plenty of unreacted
nonomer  idyobdGinking W gbntsdyer poured on top of the cured |layer). 10

| nconpl ete curing would all ow honogeneous nultilayer soft |ithography (A to
A bonding). The cHonilditiop tatheaise & theusulaples‘pmumém epagd aovH extra

Bﬂt Zg: 223’ %séll‘“ﬁ%%g aé"q% 8&%%3@%%2%@% rtﬁFayer SO béaﬁxﬁa?p H}%h{' SBS is

a "t her nypable®bondd HiRlcanizaten)iaf@suitable tabml\IMgmniogenwue(ﬁpmﬁl ure it nmelts

gingl ggcomfl astic t{las opposed &gﬁto el as I%)nbglrsgldugflé % t]P]egger ature
neat ng. o5l xym%ﬁﬁpagéd mtfebglbaietm&qa@ S:Bﬁlgl by B@HBlie| Ry anat es

(A-A) an am nes ( ere are a large
variety oﬁorrd:mar bemmgmpmslaammﬂblebaﬂdcmhbam‘thﬁnh@esng ap@dnuirﬂaeﬂ EOIPHATEf er ent
types of hanes i s The, A vs nat u f t he nmers,
however , shig {erograRe B}IBPlt’IlFQ{cE F%%g tpllﬁ a{f‘ygqﬁdgof t

|'th09ra%¥1pléﬂn°€ntﬁf§ ¥s Brbtadded tPMijAthPBy&scess A—A in one layer and
excess B -B'in the oTher |ayer. 25 Sili cones Silicone polynmers probably

have I0he greatest structural variety, and alnmost certainly have the
gr eat est ntiﬁé of, commercially avail able fornul ati ons. The
vi nyl -tocé‘:éfr SS| i nking of RTV 615 (which allows both heterogeneous 30

nul tilayer soft |ifhegdiibhypdltierinéarperating nevna sk bs ciﬂiorohMeablr eady been
di scussed, but this is only one of several_ crossli l&é&%@ used in
si |'i cone mqsbyly et Y'@ﬁ%?%@l?%ﬂ@@s%d%'é’ ylﬁ@@’?‘n US00/ 17740

G o o et 850, Sy1ada qgﬁhfgm 188, &\ iptiadc Bfettlahe dibAUiss suBt ae{bupo! yITer s

di scusse agents may be added. Sone agents (like the
nmonoreér s noeknitad) to) Ebderyl 27@Ionhté4i)ﬁnﬂsUC&Ch¢mma]rma3aﬂB®h9 usede suitable for

2l Lo g Romoge o eSSl ok RSB Sk ©°'
be utilized in connection with the present invention: polyisoprene, polybutadiene,
polychloroprene, polyisobutylene, poly(styrene-butadiene-styrene), the polyurethanes,
and silicone polymers; or poly(bis(flucroalkoxy)phosphazene) (PNF, Eypel-F),

20  poly(carborane-siloxanes) (Dexsil), poly(acrylonitrile-butadiene) (nitrile rubber), poly(1-
butene), poly(chlorotrifluoroethylene-vinylidene fluoride) copolymers (Kel-F), poly(ethyl
vinyl ether), poly(vinylidene ﬂuoride), poly(vinylidene fluoride — hexaflnoropropylene)
copolymer (Viton), elastomeric compositions of polyvinylchloride (PVC), polysulfone,
polycarbonate, polymethylmethacrylate (PMMA), and polytertrafluoroethylene (Teflon).

25
Doping and Dilution:

Elastomers may also be “doped” with uncrosslinkable polymer chains of
" the same class. For instance RTV 615 may be diluted with GE SF96-50 Silicone Fluid.
This serves to reduce the viscosity of the uncured elastomer and reduces the Young’s

30 modulus of the cured elastomer. Essentially, the crosslink-capable polymer chains are
spread further apart by the addition of “inert” polymer chains, so this is called “dilution™.
RTV 615 cures at up to 90% dilution, with a dramatic reduction in Young’s modulus.

Fig. 49 plots Young’s modulus versus percentage dilution with GE SF96-
50 diluent of GE RTV 615 elastomer having a ratio of 30:1 A:B. FIG. 49 shows that the
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agent is incorporated into both el astoner.layers. Conplenentary agents
(i.e. one nonomer bearing a pendant double bond, and angifglfepsddag a
pendant Si-H group) are suitable for heterogeneous (Ato B) multilayer

sof t Iith\’f&rﬂé&mﬁs In this approach conplenentary agents HE/E8AFT400

adj acent layers. 10 Gther Materials: In addition, polynmers incorporating
mat eri al s Bexdbilissotihe slasiomenmateriol, andrbertog ithe respdmyivenesanfitholvehveimerhbmase, and

pol ydi et hyl_si such.,as em cal. Corp. l,gard 182, 184 or
D06 or ™ altb s apPHE Ferh iR PoreR o pR o mtotied RHL SRvistRooriby oBRRE.« ca 1 o)
Ebecryl 270 or Irr 20the enimpledorddpifigiTlelBRned ifaferA®md§ esbindd@ef ol | owing is
a non-exclusive |ist of elastoneric materials which may be utilized in

connecti o @W@W“Pﬁé’fﬁ}eég@ﬁlﬂy pandutinenT magmetic spagics s deprisibpd i defaid helow
Pol ychlsor qRicBfifncifél ﬁtﬁ%ﬁé&ﬁwﬁé’lﬁs}%@%@ﬁaﬁéﬁﬁﬁ@&é R EISr L YERDE) Shduli§

pol yur et hanes, I cone po ‘

po: yE bi SE) fit b desiteld pdop I imhwith ﬁangliag:le(s Bf\li,al teﬁyblﬁﬁr@an i_i'llﬂex %f reﬁ-(aj,c_:tion (%iff(ere_nt e
pol y(car ane- s xanes sil), p acr nitrile-butadien nitrile
rubber), %%@@f-eﬁﬁfﬁﬂé%@m%@@%ﬁ_ﬂm‘ﬁwﬁgﬁagﬂ@m 18@@@9%%@&@5 $1uori de)
copol ymer skl foF hicerif thé Ritilive HHBY bf BE Rfidrial PO y'?]i@oiﬂﬁ%‘\ﬁ/rfuﬁ%%' de),

pol y(vinyl idene fluoride - hexafl uoropropyl ene) cdpol ymer | ton),

el ast omer ipsrtedesIvay be addeddé pandenihe glastoiner celoredPvGpaquedt yrmiddnd regliation.

pol ycapbonat | voet bhyl.net hacr.y] ate (P and.pol ytertrafl uoroet hyl ene
(Tef glbl)_. %B&g?%%c%’g‘yﬁ%eﬁﬂﬁ ‘El%é’i’gggﬁ)sddﬂﬁﬁsaﬁ% {iE’-"doped" wi t h
UanQSS| l nkapl e pol ymmy;byldp i 8fthe élmoxﬁé*ﬁﬂ@k@@iﬁc dhemidal§icfeeethbseY 615 nay
be diluted with GE SF96-50 Silicone Fluid. This serves to reduce the

vi scosi t y dgped Fhemifgh Apedienay bemigscripiat theielasiamer surfon ftssepingatiul us of
Spread fuftiar ShBarng R 1 gnther LhERBOREMAMRGEPT T2 PRV IS SO DR TS
called "diluti on".l RTV 615 cures at up to 90% di I ution, with a dramatic
ber ol agBraTIHRGH SR GPBE 50l | uent of CE RTV 615 el ast omer havi ng
PCT] US00/ 17740 11 exi By Ty e o e QP Al hisbelr molle R SRRES Ol (e

responsi vapRropriaie shape, itahaycbemeotasanydo protreat thgpmeiesal inordextto Gavilitetece, can be
of the deyice. O her exanples of doping of

- e ast orer SRR T SRS Bl Pl Fplicion

For example, one possible application for an elastomeric device in

20  accordance with the present invention is to sort biological entities such as cells or DNA.
In such an application, the hydrophobic nature of the biological entity may cause it to
adhere to the hydrophobic elastomer of the walls of the channel. Therefore, it may be
useful to pre-treat the elastomeric structure order to impart a hydrophilic character to the
channel walls. In an embodiment of the present invention utilizing the General Electric

25  RTV 615 elastomer, this can be accomplished by boiling the shaped elastomer in acid
(e.g. 0.01% HCl in water, pH 2.7, at 60°C for 40 min).

Other types of pre-treatment of elastomer material are also contemplated
by the present application. For example, certain portions of elastomer may be pre-treated |
to create anchors for surface chemistry reactions (for example in the formation of peptide

30  chains), or binding sites for antibodies, as would be advantageous in a given application.
Other examples of pre-treatment of elastomer material may include the introduction of
reflective material on the elastomer surface, as described in detail below in conjunction

with the micro-mirror array application.
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i ntroduction of electrically conducting or magnetic species, as described
in detail below 5 in conjunction with alternative nethodsg p.a58dlabhng t he
menbrane of the device. Should it be desired, doping Wlt?t ?ne part:?cl es
of mat er WO 0lMH0I5ng an i ndex of refraction di fferent thari’ft'ﬁﬁs@ﬂél‘t“orrerl c
material (i.e. silica, dianond, sapphire) is also contenplated as a system

for altering the reMahﬁdsmﬁQpaﬁﬁngthiePtrmmvmﬂoa Strongly absorbing or
opaque particles rray be pgc{jed to re der th el ast o r col red r opaque to

i nci dent radi ati on. A yosetise %@F}‘r‘ %1‘1“’ %pt ically
dd b t h |
addr essa %Wpegbﬁ%&ng glé#ﬁeﬁ@%ﬁq o 1786 (aStcit s&RhalWitW chftidgithioaghhem ca

speci es, specl es may be presented at the el astoner
surf ace, ﬂbws:hsmelr BRdn emrcspauﬂhng&go?A)s slawtmggn ppémfizst flow chamned 8P; wibni cal

d 15. P t t f Co t
A T e

necessarycAfner32;treat the materi aI | n order to faC| litate operation in
connection with a part i cul ar ap_&el cation. For exanple, one possible

application for an Refesingtefig. ﬁm@om@mﬁé@apéamd\ﬂ%chwdp}?eeem

I nvention | sort bi I uch an
appl i cat i 39 %ﬂ‘ﬁ?fé’? ﬁﬁo g‘l@?e%a uﬁéed’%#&?‘ﬁ%’uﬁ’rpm&%gr cap en lt:%i/\!ﬁr(mﬁhlé"t%aEse it
tﬁ aghersoh@dmbebotgmrm@hfmw}mﬁmen Mcfﬁﬁm ?aah,lm)méha:dnel Inisriiopen”™. .
Therefore, it may be useful to_pre-treat the e ric, st e order
to i nffart a hydr oph#¥sican brsserén Eis- mmﬁﬁmé‘f‘%ﬁ’rﬁ rLe ﬁ%{fﬁﬁg o#ft*ment
of the pr diﬂﬁ‘bﬂﬁ Hes Cﬁ:?{% ﬂﬁgt‘ngﬁmg@?% alfdet Smw&dgﬁle%\f/lﬁﬁ@hm

el ast oner, 'S can 'l ng the shaped el astoner Tn acid

(e.g. O. Odﬁfoﬂd@Fpmssngthrouglpﬂoﬁr chanmeed 3603cém~dmgnr byrv)trsmm ﬁemres;p@snof
retreat l.al _are also b aresent
gppl i cat | i‘ﬁ‘ li‘ﬂn%)@fsltqnb’ﬁ’spr%‘flﬁgp 911%'8 {)lfg “T¥ eat ed

to creat eb@aﬁéﬁe& %r Eragecpwﬁlaﬁﬁ SRBrade 2 dsQR6ikdd (Fof bt e Hirfoded ohlie

formati on of peptide 30 chains), or binding sites for antibodies, as would
be adifant ehpands30iin Fig.giGris ﬁhmm T amesily. CIOé’hE‘Pﬂ%Wh@'sth@ apf‘ﬁbt desedrent of
-el ast oner terial may include the introduction of reflective material on
t he el ast%‘lgrﬁz‘? IQ’urfa as described in detail belowin conjunction wth

“the micro-mrror ar Itaytmpinueﬁtdoﬁnhataﬂacﬂ@tﬁlemmdmlvezmmmmeaiﬂ%
PCT/ US00/ 17740 Met hods of Operatl ng the Pr eig% I nvention: Figs. 7B and 7H
t oget her BIgERds pan kg arhigved withflow ¢hapnels 6028¢8%4mel by pressurizing a second

LSS s B Nt Bl enigoel || o
30; v h moving membrane 25) valves and pumps produced by tlus technique have a truly zero

dead volume, and switching valves made by this technique have a dead volume

approximately equal to the active volume of the valve, for example about 100 x 100 x 10

pum = 100pL. Such dead volumes and areas consumed by the moving membrane are

approximately two orders of magnitude smaller than known conventional microvalves.

25  Smualler and larger valves and switching valves are contemplated in the present invention,
and a non-exclusive list of ranges of dead volume includes 1 al to 1 uL, 100 aL to 100
nL, 1 fL to 10 L, 100 fL to 1 nL, and 1 pL to 100 pL

The extremely small volumes capable of being delivered by pumps and

valves in accordance with the present invention represent a substantial advantage.

30  Specifically, the smallest known volumes of fluid capable of being manually metered is
around 0.1 pl. The smallest known volumes capable of being metered by automated
systems is about ten-times larger (1 ). Utilizing pumps and valves in accordance with

the present invention, volumes of liquid of 10 nl or smaller can routinely be metered and
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5 Fig. 7H showing first flow channel 30 cl.osed by pressurization of the |
second flow channel 32. Referring to Fig. 7B, first flo ggF_ﬁl nd
second fl Quh el 32 are shown. Menbrane 25 separat e\géff]?e g&vég%ﬁnnel S,
forming the top of first flow channel 30 and the bottom off TN ow
n.pe seen, flow channel 30 is "open". 10 As can be seen in

channel 32.,.As c )
Fig. 7H, pldé?grffﬁ?'z § YTURHE MElGHNg R4 sREImey smallivedymes of flujd epabled loyithe

I nt r oduced pkdagii Shvehti har eby

pi nchi ng gff_fl_ow %Sﬁgggang t %&&%%gﬁaiﬁ%n@@gﬁ%g%%ggl y, by

varyi ng t happlicatiens; mcludingatiagnostic @3ts andlassagar | y actuabl e val ving systemis
provi ded such that flow.channel 30 can, be opened or closed hy noving
menbrane 25 as desir 64 200R rre?’iefﬂ’g‘f gg{ghtl}hs ﬁ%&gé&a gtical modglginel 30 in
Fig. 7Gi sdsftetion bfa Rectafipsibd, YinedrOekaskic, Rd¥obicHlate 'R UbfH lﬂﬁ&ﬂﬁﬂsg byha ¥

cl osed" position). It is to be understood that exactly the sane val ve
openi ng an8PRUEGEIETenet hods can be achieved with flow channel s 60 and 62.
Si nce such val ves are actuated by noving the roof of the channels

t hensel ves (i.e.: 20 noving nenbrane 25) val ves and punps produced by this
techni que Gldve a truwy )/(Blidae/heed:ume, and switching val ves made by this
techni que have a dead_val ne approximately equal to the active vol une of

t he vaLG\ée, for exanpyée ?)t&?POEG.P %00 x 10 gm= 1 OOpL. Such dead vol unmes
and arBhs consuped bY “ihepereefinientddencadentaipen length ysi widtteand supporvofier s of
magni t ude 388% PERlattlian known conventional nicroval ves. 25 Snaller and

| arger val ves and svif Fehplieg predsues are contenpl ated in the present

i nvention, and a nd=pletd wiithe |i st of ranges of dead volune includes 1 alL
to 1 uL, 100 alL to I8 Youhg’s rhdddi@s;kddnL, 100 IL to | nL, and 1 pL to 100
pL ThelSextrenely snal+ plgt wiBesapabl e of being delivered by punps and

val ves in accordance with the present invention represent a substanti al
advant age. 30 Specifically, the smallest known volumes of fluid capable of

bei ng man | § 1L.1l. The l.l est. kn vol] unes, capabl e
of being urrgt%dg)ré‘éﬁﬁﬁl gg%‘%‘?r“ﬁ?lg5%%%&@“?3510%8%%?%9&%@%&?@&@@‘?’??
Utilizing ipuespensariala pedsses wild baadanctuncer: whé Rength) &i@heSe  thidkas@rdriaan.

vol umes of |iquid ofﬂé&jgl q(;: smal | er can routinely be netered and 25 WO
01/ 01025 JACTERIERS: ik ty e mearyrancAXpugs srreduns), abtheapphied astunsionr i ng
of extanensghitesBetdusdy &4 | lavent ton woul d
be extremely val uabl e °?h@§°?gféémrﬁﬁggﬁﬂg%@ﬁe%¢?§ﬂ&ﬁgg‘%ﬁ6%&‘f‘o ll,

i ncl udi ng dameRsaNs and physical composiiemySa particular elastomeric device in accordance

with the present invention, a wide range of membrane thicknesses and elasticities,

channel widths, and actuation forces are contemplated by the present invention.
It should be understood that the formula just presented is only an

25  approximation, since in general the membrane does not have wmiform thickness, the
membrane thickness is not necessarily small compared to the length and width, and the
deflection is not necessarily small compared to length, width, or thickness of the
membrane. Nevertheless, the equation serves as a useful guide for adjusting variable
parameters to achieve a desired response of deflection versus applied force.

30 Figs. 21a and 21b illustrate valve opening vs. applied pressure for a 100
pum wide first flow channel 30 and a 50 pm wide second flow channel 32. The membrane
of this device was formed by a layer of General Electric Silicones RTV 615 having a
thickness of approximately 30um and a Young’s modulus of approximately 750 kPa.
Figs. 21a and 21b show the extent of opening of the valve to be substantially linear over
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Equation 1 represents a highly sinplified.mthematical nodel of 5
deflection of a rectangular, linear, elastic, isotropic §fBt&ntfer ¥6tsf or m
thi ckness by an applied pressure: (1) w = (BPb4)/(Eh3), w%ere: elrw =
defl ecti wo@foig¥sate; 10 B = shape coefficient (dependent weqrise@iEkd VS-
wi dth and support of edges of plate); P = applied pressure; b = plate

width E = @Uf%esraﬂg 1 -0l | G T n Lp this
ext renel ym§| nplifie 92}%‘(@3&2 ?geﬁ,s]}rgse'?w‘ehtl:l{ait%é S%Qéﬁ&@ﬁﬁé‘% 8?7%%?’5%@'5%@& e in
response lineanagiuativsubehaviot, lenrbadiméntnof the imvehtioh kénska hgtdy, Wi dt h, and
t hi ckness of the nbrane, the flexibility of the nenhrane (Yqung's
modul us), and the %HIH‘%%WW@WW%@G%@EE@%%@GWW?Wa
par amet er ) v ibngffiede Mplhik thSRERMYING ot BB a3 0057 LBFRRICA15 2 25

a particular e

physi cal conposition o astoneric device in accordance wth
t he priesemm pipsecofistainlessested] dypodenyis tubingewith ameutehdietnetes ©€6.025Yand an

el asticitj . chann L, At RS nd actuatian force cont enpl at by the
present i]r?\g?grn ?%%%r ?’fd'g#puIﬂn%gl%mﬁj‘_@?%ﬁ%%ﬁPWa?o%gwa%ﬁhﬁﬂtﬁog&mﬁ? ent ed
is only ajsdoriags el eltdridtic SbEER 4 dir@E0R notmAale EHHANEnMa8S Aipt have
uni form t hi ckness, the nenbrane thickness is not necessarily snmall

conpar ed PrssErsavasapplind ko ihe hypedermigmbingdrom an|extarnal A HRA mejniatwe essar i | v
smal | conpalk Q&%fg‘ Wi‘ﬁ h[ t hi ckness of the nenbrane.

Nevert hel essn,gfat*agvée%ua |%n se veese%aos‘ a useful guide for adjusting variable
paranBi ers to achi dlenrectiesof ahvestikpahsicrofluidéd deddds o ay extetnal £hp fiowd

force. 30 Figs. 2la and_21b illysirate val ve opening vs. applied pressure
for a 100P08 Wﬂz@efﬂ? qub%?mw*e fhe s3teanal cahBguration et desered. (s

channel  3gich §RBldik RS B%%ﬁ’%of‘ it c%ﬂéc@iﬁn%’(‘@&hftﬂé ?SﬁngVerﬁriﬂoﬁ%%ﬁt. of Ceneral

Electric Silicones RTV 6 aving a thickness of approximtely 30mand a
Young' s nimteifigaliy conygmtioralmaiced Suidis dekiRes are Bogpos@ilef imnd] ifléxible nmvertate

ext ent of eni t he.val.ve tq he sybstantially |Iinear over 26 26
becenber SUBToTBGORD 1Y BIEE GytEne HORis Copheq s 1 ARGl etmsie nas
pr essiy eshe juthed eThégiditg of e donvemidraNmanerl &xehtes Sifdificnt gHySicall srdedt
actuati on ‘behavi or, enbodi nents of the invention <insert here> Air

pressur e RIS akfsmiach with small andedelicate muivme ibing, renderingppeventioidugh a 10 cm
lt ong glse(iﬁicfgﬂuf’di@ﬁ&ﬁﬁestﬁgﬁé‘% HAAInd TeRHEEL: HEA TGt Sinf; 025" connected

By contrast, the elastomer of the present invention is flexible and can be

easily penetrated for external connection by a tube composed a hard material. For
20 example, in an elastomer structure fabricated utilizing the method shown in Figs. 1-7B, a
hole extending from the exterior surface of the structure into the control channel can be
made by penetrating the elastomer with metal hypodermic tubing after the upper
elastomer piece has been removed from the mold (as shown in Fig. 3) and before this
piece has been bonded to the lower elastomer piece (as shown in Fig. 4).' Between these
25  steps, the roof of the control channel is exposed to the user’s view and is accessible to
insertion and proper positioning of the hole. Following completion of fabrication of the
deﬁ'ce, the metal hypodermic tubing is inserted into the hole to complete the fluid
connection. ‘
Moreover, the elastomer of the present invention will flex in response to
30 physical strain at the point of contact with an extemal connection, rendering the external
physical connection more robust, This flexibility substantially reduces the chance of
leakage or fracture of the present device.
Another disadvantage of conventional microfiuidic devices is the difficulty
in establishing an effective seal between the device and its external links. Because of the
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5 nm pi-ece of stainless steel hypodermic tubing with an outer dianeter of.
0. 025" and an inner dianeter of 0.013". This tubing was | cont act
W th thev&@ﬂfiﬁﬁ#s channel by insertion into the el astone%%g%ﬁygﬁ&@r? a
direction notrnaf-to the control channel. Air pressure waSCIHRNATF4o t he

hypoder m c_t ubi {}E froman external LHDA mniature solenoid valve
manuf act urSHERgl Rary, diamgtarof thechpanelsef thespudsvioes suen moderatelratiesiof fluisl/i ces

to an ext ' I voi ded t he

xt o nal o nedlflo bkiholy B reislie Mot IR BUR B Rt Sn By e ¢

of their clsniceand extemal tonrtehtorehay reanlt. cHyveos e flexibBe of fhie@idstomer of
convent i Ol{ﬁ| m craofl.uidjic devices are conposed of hard, inflexible

materi al s Y B ﬁs‘“g? F1588+§,m P¥eTGpming legksge relating taprrgswe Bvpaticwanteeti on .

t o ext gr ndlextti€o@stbfnefid atdrral PBxdstb BERFormh ounadhsey tlﬁfm% SrEQT Fo 2 nﬁl

material creatés significant physical stress at points contact wt
smal | and Pissugaedstanttseglhal t ubi ng, rendering conventional microfluidic

devi ces prone to fr n akage at the contac oi.nts. .B contrast,-
the el astomer of the p ég%%oqpkglgﬁﬁ%ﬂ??#@ﬁiﬁfﬁg@%%e@ﬂﬁ@ f”éé%e_ﬂly

penet r at edefovibedutitizing lapplisd e préaBurdyotBer MdEs SSUNP S Bstd2 FORE Sht gl . For
20 exanmple, in a,& el astonmer structure fabricated utilizing the nethod shown

in Figs. fompressibleyandthusexprmieneesisemefimie dslaydehuvecendle time of application of uct ur e

into e rating the.el ast.oner, . with
net al i?y pggag%]?ne (E:Jyt u ﬁl ngll“%f %ﬂaﬁ‘éﬁg{;%ﬁ%ﬁ%&% Pg“rsé%fs I SRPeRETFd Yoy ed
from the s meribsnghbvan alterfatiye efjbodimerhof tiepredensinvaitRmeplasurdesild pended
to the | ower,. elastoner, piece gls shown in Fig. 4). Between these 25 steps,
the roof 8?P1{eﬁ °&%ﬁPPHEP‘HiaWH t"i%“%‘%?ﬁﬁ@é?fﬂb% shwi spchess' veater; as\hydrpalic s

i bl 6il$, PesultRHahtd Rfar- RATITT | '
accessi &E,@esﬂﬁ@hdﬁ&ﬂrﬁﬁ%n%@@@ﬁﬁﬂ?ér%&‘%ﬁ& mﬂt}gefﬁﬂé% lﬁemﬁﬁk:é ow ng

conpl etion of fabrication of the device, ypoderm ¢ tubing is
i nsert ed Hewsvemif thedisplaged volpine of thetval¥d isilatge opthe eontraichalvtel ssmagrow,t he

el ast r1,:Qf nt invention will.flex jn response 30 physi cal
str ai fn%ngt ;‘%‘I‘g%?%{‘%? agg?]t{o\aiﬁmé\ﬂaﬁ cgﬂmgyieetp,dgﬁy&gﬁﬁquo e Hﬁﬁli ng the
ext er nal megisincflr nansfenfig SressUR Will btefire dbpér Upof P driiditarSippit Al al | v
reduces the, chance of I_eaka%e or fracture of the present device. Another
di sadvant e conyenTtgRAndhod: gaspeisand lignid mediajate eantermploted bylthy i n
est abl i shinRenifyy, ef fective seal between the device and its external Iinks.
Because. of the 27 WD 01/01025 26 Decenber 2003 PCT/ US0O0/ 17740 extrenely
narrow di aneter of Widleodxzernallappliéd pressuee aeddscibed Dueshasbien apsliddtyes of
flui 0 flow can. require ex r_errelxrehiguqapressures. Unwant ed | eakage at the
j unctton %lglll]a{g%gﬁ Sy§jem through a pressare regulator and external miniatare valve, other
methods of applying external pressure are also contemplated in the present invention,

including gas tanks, compressors, piston systems, and columns of liquid. Also

contemplated is the use of naturally occurring pressure sources such as may be found
inside living organisms, such as blood pressure, gastric pressure, the pressure present in
25  the cerebro-spinal fluid, pressure present in the.intra~ocular space, and the pressure
exerted by muscles during normal flexure. Other methods of regulating external pressure
are also contemplated, such as miniature valves, pumps, macroscopic peristaltic pumps,
pinch valves, and other types of fluid regulating equipment sich as is known in the art.
As can be seen, the response of valves in accordance with embodiments of
30  the present invention have been experimentally shown to be almost perfectly linear over a
large portion of its range of travel, with minimal hysteresis. Accordingly, the present
valves are ideally suited for microfluidic metering and fluid control. The linearity of the
valve response demonstrates that the individual valves are well modeled as Hooke’s Law
springs. Furthermore, high pressures in the flow channel (i.e.: back pressure) can be
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- to pressure. In particular, the 5 flexible elastonmeric materi al

devi ce and external connections may result. However, the flexibility of the
el astomer of the present device also aids in overconingmigg&ﬁgﬁ¥F@¢pting

' exes to
conf orm YQGHM®Rhserted tubing in order to forma pressuPETUSHVEI7TaMt seal .
While control of the flow of material through the device has so far been
descr bed cotiteredistgphyrhyl inerdaspipsthp actastivneprestuRe Exbbriheftaly thélpgentsed. For
exanple, air is .co ess| bl.e, and thus experiences sone finite delay
bet ween t H%vepi% hs‘fe%vpi&elmﬂowe ¥obask prassires ofy 70 ke, byt highesipresshisnoi d
valve and aidyisd bdfReBted! The MRIGRAAL' S dohefRtiiVd f1) 68 Preddre HAgSE DM ane. I
an alternative enbodi nent of the present 1 nvention, pressure& could be
appl i ed f eoeompassed by thelpresentrireention:al®Bae 2fivifes $00Pe - 10 Mish, 3 kPl -dsMPaf er or

hydraukic A nesulting.in.a n =i ns neous transfer of applied
pressu#e tlﬁaﬁgogﬁgkgbgomﬂ‘ﬁgﬁafﬁm@%&’spl aced volunme of the valve is
| arge or the controlWhiléwieds dnd pliabt @¥notlreqhitditiar Y8Aa1M th ¥pei afd SB8E, " O!

fluid may contribute to delay in actuation. The optinal nediumfor
t r ansf er r HREATFPEOYER dossjallpw (vRkyes foomereapibine uned as misteripgdevices. akn auepl i cat i on

and devi ce £ ' 0 S nd. | iaguid @ ar

cont empl ar 2o bP e ihenB O AENTE NG et Lo TP Ao by

descr i bedbeingyertizlly domated appkhedhn bygree oPflogueTllifcapalvy séeaidmakeita

pr essrl(;le rﬁgsgéjrl ator and external mniature valve, other nethods of applying

ext er 40 detegnune fhe;nowsy of aptnatio Jorcg reqarep teeles the yolva te aiesired

el udi NgaggiSe bALlSure C ARBIESEAGR: ofliRbOR Rk Wihat M0 forbOteiiBa Pr Y I

Al'so contenplated Is naturally occurring pre € sources such
as may beadtoetih may be dasilyidefermined frani thepressure i ths flomocicinpele I8 actaatiopast ri ¢

ressure, .t he pressure present 1n 25 the cerebro-spjnal  fluid, pressure
Bresent i Fioga FW??%.HS%%F@P@’&M%Q&W%?W&&@%@%&%Wes
duri ng nopresduré (forse er ukk hek) @RAOAMSE] porieh bAteRaIveXxt er nal pressure are

al so contenpl ated, such as mniature valves, punps, nmacroscopic peristaltic
punpst? pinch val veddnegrity aftarvaiverdependson the struectyrepompositigneand petad ofuch as

i's known |

with enbotithpdtibe vl ifinRE BERRak e RhERR RIGHS s B T nanial 1y

- -shown t o deradtenistic ipavhivedeyends be dic pHtation. ThefordMdth tile®lfy drddndnange of

travel, w.th mniml hysteresis. Accordingly, the present _valves are
i deal |y siinqaghy achiatableyalyes grepanteraplated iy ths piesentinvention: 3ndi the PrRSSWEneari ty

. of the v &6&?%%@@%&&3;@% 1e%fv&gﬁééiﬁ:i%§géec‘{ﬁé&ﬁﬁo pel |

- nodel ed as oke's Law springs. t hernore, sures 1n e flow
chand (i.e.: backFjg. 22 diustrites timelvespdBself.e Delosurb of vZI00 3s ¥\Euittiod b fitne

PCT/ US00/17740 count ered si JY.by ingreasing the actuati on _pressure.
Exper i mertPdFfRPDS 102 g"eﬁ‘t a%ghgd plyessure o%a loogmxIOOpmxIOpm RTVPm?crovalve

with 10-cm-long air tubing connected from the chip to a pneumatic valve as described
above.
Two periods of digital control signal, actual air pressure at the end of the
25  tubing and valve opening are shown in Fig. 22. The pressure applied on the control line
is 100 kPa, which is substantially higher than the ~40 kPa required to close the valve.
Thus, when closing, the valve is pushed closed with a pressure 60 kPa greater than
required. When opening, however, the valve is driven back to its rest position only by its
own spring force (< 40 kPa). Thus, Tciese is expected to be smaller than Tope;. There is
30  also a lag between the control signal and control pressure response, due to the limitations
of the miniature valve used to control the pressure. Calling such lags t and the 1/e time
constants <, the values are: typen = 3.63 mS, Topen = 1.88 ms, tyose = 2.15 ms, Tejose = 0.51
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I nventors have achi eved val ve cl osure at back pressures of 70 kPa, but )
hi gher pressures are also contenplated. The follow ng i Mﬂﬁég i ve
list of %&%%ranges enconpassed by the present inven%ﬁéﬁj % g - 25
MPa; 100 Fa't Mpa, 1 kPa - 1 MPa, 5 1 kPa - 300 kPa, 5P %Pa, and
15 kPa - 100 kPa. Wile valves and punps do not requife |linear actuation to
open and &Sdé3T eachpsepliowed foreneningeandnlosing, e vade mps eombortably at75d8z used
as neteri ' odi nent of the invention, the opening of

t he val ve%gﬂgigtgg%ﬁ%h%gﬁ‘fqgg?mﬁﬁ%w rate by being partially actuated to a

known degree of cl odfisie.ustd adltier wotuitor fiettid viliicirgidasotistifféOfr 6@ Dpetiing O
det er m ne tge a,m)gnt qof actuation force required to close the valve to a
desired @BYrlosingfag fus valee wopld e At sz Nete alsa bat thyspriag rostantcamhat t he.

force SGQBE%&ﬁstfe@BstﬁJm#%ﬁgtﬁgﬂéﬁb% HRES; BaSdlows iPheibnof BB Flke
pressure in the flow clhiannel. actuation Is I nedr, 1 ncreased pressure
in the fl operihgoniast clesing) Thespring cambtang cavldiatng bichadjwstedcbypclemgingahé f or ce per -

it to. tuat ed ' f the val ve.. Lj it f a.val
opends ahabfkitvdoReh B RirdunBh b Taebrin a¥ Fnosiibiedy mpaieied dipasl e ©
val ve str {Heliéfibratiel bf BPaHTRAEE) 2 difRENE ElabioRRAcichMterial t8 s6198 ak #1e! fBembrane

characteristic in a valve depends on the application. Therefore, both
li nearly €descrihed-abpyeimponjumettion witabigs. ¥6t7T63 are contenplated in the

prese i nvention, the. ore e ran over which a lve i,s Linearly
et il o i || “var SRS AN Rerd PR i e oPotite By skt fn bled: s
tinme respdhasd 22, tRe valed ofening vds niédsufedas, Budredtehde) nOfhebd Efperinfenfseponse to

a change i.n applied pressure) of a 100mx 10Qnmx 10m RTV microvalve wth
10-cm | onéo‘éﬁcgmwi% filghwith g salution of diweresegip isothiacyanatefETTE) indmffer (i

descri bed Il | ] l. . sLgn RE

or essur o 56 f e SbResBilch 873 sclar o bBLup Bl b oa bR SEbEBherilel it -
22. The pmesaiowed oapplepBfludrtsckie® Mmidpéseope Withe: phvtokbfltisRer tubbinéth 4 10 kHz

subst ntigll .hi gh@r5 than the -40 kPa required to close the valve. Thus,
when ©l os 4@?‘/’”‘{1 e 15 PYeEsYre wgs meaHorsd yeily a Wheatsionsrlridge nressura dsuser eat er
than requy g@@g@ﬂa%& DGuriR0 % Ve | i ‘ jts rest
posi ti onq((-)snelhegj%y Its o spri ng‘é‘%@(@aéne%tiﬁy %g@n%}ldiéﬁ%ﬁﬁ#g&%l pect ed
to be sneidentical hpeunatisconnethiense i s 30 al so a | ag between the control signal
and control pressure response, due to the limtations of the mniature
val ve used to control the pressure. Calling such lags t and the 1/e tine-
constants z, the vafFuesCiamgel ¢ Sectian®3 N5, ,r.. = 1.88 ns, tti = 2.15 ns,
rclose = 0.51 29 WO cenber 2003 PCT/US00/17740 ms. If 3r
each 2} e all owed f ofbofiewichapngls@fdhapresent inventionmay aptiosaliobs desigiisly at 75

He with different cross sectional sizes and shapes, offering different advantages, depending

{uD]

upon their desired application. For example, the cross sectional shape of the lower flow

channel may have a curved upper surface, either along its entire length or in the region

disposed under an upper cross channel). Such a curved upper surface facilitates vaive
25  sealing, as follows.

Referring to Fig. 19, a cross sectional view {similar to that of Fig. 7B)
through flow channels 30 and 32 is shown. As can be seen, flow channel 30 is rectangular
in cross sectional shape. In an altemnate preferred aspect of the invention, as shown in
Fig. 20, the cross-section of a flow channel 30 instead has an upper curved surface.

30 Referring first to Fig. 19, when flow channel 32 is pressurized, the
membrane portion 25 of elastomeric block 24 separating flow channels 30 and 32 will
move downwardly to the successive positions shown by the dotted lines 25A, 25B, 25C,
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. -375 Hz. Note also that the spring constant can 5 be adjuste

when filled with agqueous solution. If one.used another actuation nethod
which did not suffer fromopening and closing lag, this G/Eleé@?ﬁ@?gb run at
by changi ng
the menbr W08 kness; this allows optinization for eithePCrASN0/MIPENI Ng Or
fast closing.” The spring constant could al so be adjusted- by changi ng the.

el asti ci t y23Nowd@SE. dschahbs seat, indompieterbeaiing maspdssibp ik kethby¥ddes bf oduci ng
dopant int t rane or. by utilizing a different elastonmeric materi al
to serve a§°¥’ﬁ§§%§"ﬁ%¢§ﬁ§“ﬂ B]@E%‘r%“h%at‘_éﬂ‘gve in conjunction with Figs. '
7C-TH) 10 When expeftie adthit preTatH bfodifint dt 14 .%,%Bﬁﬁﬁg@%gem

illustrated in Figs. 21 and 22, the val ve openi ng was mneasur
f | uor escengved ypperwald 284p Vheroflow chaime! 32 isqwesshrinadt imembrahé poreion 26 thila

| ut | N lsot hi oc: FLTQ) 4 n.buff H 8) and th
;‘5 Ioulcj)ﬁ g?;egélg{’%ﬁ a s%u rg&%ﬁ%?b%%}é%%@%ﬁaﬁf Fpé’v%'ell??fng‘?#edlﬁé‘?ségé% i?ésséﬁganelt ies
moni t or ed ad 2 Sepithlelipop@sionnethe nidnaisaAPRong Tirst RAPIHMOW dlahid! t ube

wth a 10etkﬁiz é(g bandw dt h. The pressure was nmonitored with a
Wheat st onePlPVEGRY opduembrane rertions. Asadvgnipmadimeng sushaswved apper surface

si mul t ane Biddel stAhR t | [ . | dent, ca n tic
cl)nnect i o?s!.%ieéll_ ow Chan.néFER %’I(ﬁ)él]se Cég@?ﬁ%%éﬁ“ggb%ﬁg&w%qlv\'ngﬁléhh\glcba%ﬁf % |
pr etS_ent :rpféﬂwm ﬁn?ﬁﬁmﬂwﬂw} l]gppebwaﬂe;cf;cﬂmmf fmﬂﬂe' ; 191‘3 fvifiﬂliﬁﬂﬁdddlz[ @¥hfinuous
sectigpal si and shapes, 0 rin erent advant ages, _dependin upon
t hei r clQes F?’Eégé‘tﬁﬁng&&? Plaggr S@?&&ﬁ% ﬂi therebyavgading the Tigland” wapf@ctcsgm he
| over 11 oetsedvawgl 298 dhéidin S MYALHAAREIS0 L, ©f ther along its

er a

entire length or in the region disposed un upper cross channel).

Such a curved upper Angtlicggdvantagel dfthaving acirvesl upiper flowsd dhagnel aarficelat ows.

Ref erring L. ; ectional view.(sim.lar to that of Fig. 7B)

t hr ough flr%é\?vnﬂérhlgenzn%ﬁ?lss t@%ﬁéﬁ% T3E <& JhRTe r"ﬁ\sﬁ’ ésﬁghgms@etﬁ? shapsRpd velkmel 30

i s rect angfitlerflow channelda réspondedaknaisnes édﬁ@dﬂﬁ%@f&@%&r@gﬂaﬁﬂﬁd aspect
ﬂe cross-section of a flow channel

~of the.invention, as shown in Fig. 20, t C
30 i nd? ealbfrRel §mRlAYER. e eyl Rericierd2x flowremenel height; plus thedlom ghamad,  when
--f | oW chanRghthPukid L] Lon 2 fy el gstoneric
bl ock 24 sepa?ati nﬁﬁgévﬂghgﬁ%?%t&wﬁ %\?\?‘ﬁ?ﬁ&ﬁo r%\"’?n & the
successi visesos smalerpesinetan off matdrial ¢aily ek demicsrcafd ardeB porRss) niet 15
Decenber g(g)rgS V\f) '8‘1%%%@5@%USOO 1774%61211%2@ and 25E. As can be seen,
i nconpl et elinm e s ymanuet the caagrisesdess change wipsrimeter 30
~adj acent  fraidfuatién/aft is MPefbfl more responsive to an applied actuation force to block the
20 flow channel |
In an alternate aspect, (not illustrated), the bottom of flow channel 30 is
rounded such that its curved surface mates with the curved upper wall 25A as seen in Fig.
20 described above.
In summary, the actual conformational change experienced by the
25  membrane upon actuation will depend upon the configuration of the particular
elastomeric structure. Specifically, the conformational change will depend upon the
length, width, and thickness profiie of the membrane, its attachment to the remainder of
the structure, and the height, width, and shape of the flow and control channels and the
material properties of the elastomer used. The conformational change may also depend
30  upon the method of actuation, as actuation of the membrane in response to an applied
pressure will vary somewhat from actuation in response to a magnetic or electrostatic
force.
Moreover, the desired conformational change in the membrane will also
vary depending upon the particular application for the elastomeric structure. In the
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curved upper wall 25A. Wen flow channel 32 is pressuri zefpedsaiber 2003
portion 25 will 5 nove downwardly to the successive positions shown by ‘
dotted | iWMOIPHRS 25A3 25A4 and 25A5, with edge porti orRCTHSHMB40renbr ane
moving first into the flow channel, followed by top nmenbrane portions. An
advant age sifnpiest embodinintsad esoribeichbopg dhe wdlvd may eitiedr beopai artosedAvikls t hat a

T T T e e
cont i nuoUSmhY be dBirdblé fRalREaR: EFd Hthe RlcABRMne S }Pﬁtﬂéﬁob»@éhmhagﬁsﬁég%vm di ng
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act uat i on. mSmbrdnkishaisloff o @pRraentags bathe Woas thidualy tHSfieW aRsRkL hethqhP! oyed,
the entire g_eri meter (2x f]ow channel height, plus the flow channel wi dth)

nust be fd® %@W%QfQQ%]_’]IOFEW inRensitve to Hovapplied ygfeationdercer ched f1ow channel
ot on mist e - f oy Hibdibrol, aBHEL] BbrilR Bhd AN ERARH cLL s oL ° e

portion) must be force 'S manner, r ane
requires |eatemplatedbyithe presentdtresntiof,ancladihy édctamgundrapszdiditrodlcalag, nor e

responsi ve .f.o an.appl.ied actuatjon force to blogk the 20 flow channel In
an al PI rna?‘ﬁpsgé%écffa?akoﬁ'ﬁt ﬁlm S gRdRplyse apBet gRsentions el the phavasharss. | s
rounded sugdrd fiples ErdéélBé/&ﬁnﬂhrhfaﬁ&?mféﬁtag&é’\érﬁﬁbdﬁj%l SR BRRIdisded2 oA

as seen in Fig. 20 described above. In sumary, e actual confornmational
change exparnediately abpve nrean embadinenbyingamcadtiesinitbnflow chantel erechlsopon t he
configurat] [ rticular | astonmeric structure. Specifically, the
confornatidg%gﬁn%:lﬁtﬁgg ?ﬁesﬁgb%vﬁ&%ﬁ%on the Ilength, wdth, and thickness
profile of the nmenbrane, its attachnment to the renai nder of the structure,
and ttlg hei ght, w dth, and shape of the flow and control channels and the
mat er i*dl properti es LFNRE VIFGOEH SeeNAREgs conf or mati onal change may

-4 & Y 1 Ol d B
al so depend 30 upon ﬁ’o[nm {J . | Q h rane
in response to an ap%l%gg prg)g‘g%?%%dc\%wg%&n%%%ﬁégi (égﬁ?on in
response telecirostatio ebd magnetid snteationtsgétems afealsocontdnipiated; fas folfoersdesi r ed
conformational chan in the nenbrane wll also vary depending upon the
particular applicati GitaliqActuaton can e peco *ﬁdthyet;_énpwgtoﬁgosggly ember

2003 VO 0b@4B35 GETFAPIchATAGRlcr Bl BouRFAES FRBhfpERGEARES #BRUEL the

val ve_may either open or closed, wt
20 ° them) directly into the monolithic elastomeric structure. For example, referring to Fig.

a3t

7B, an optional first electrode 70 (shown in phantom) can be positioned on (or in)
membrane 25 and an optional second electrode 72 (also shown in phantom) can be
positioned on (or in) planar substrate 14. When electrodes 70 and 72 are charged with
opposite polarities, an attractive force between the two electrodes will cause membrane
25 25 to deflect downwardly, thereby closing the “valve” (i.e.: closing flow channel 30).

For the membrane electrode to be sufficiently conductive to support
electrostatic actuation, but not so mechanically stiff so as to impede the valve’s motion, a
sufficiently flexible electrode must be provided in or over membrane 25. Such an
electrode may be provided by a thin metallization layer, doping the polymer with

30  conductive material, or making the surface layer out of a conductive material.

In an exemplary aspect, the electrode present at the deflecting membrane
can be provided by a thin metallization layer which can be provided, for example, by
sputtering a thin layer of metal such as 20 nm of gold. In addition to the formation of a
metallized membrane by sputtering, other metallization approaches such as chemical
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nmetering to control the degree of closure.-of the valve. In other

enbodi nents however, it may be desirable to alter the shaps.aivet 603
menbrane and/ or the flow channel in order to achieve nore conplex flow
regul at i wotfeee2si nst ance, the flow channel could be provi #BUSOKIT40 r ai sed
protrusions beneath the menbrane portion, such that upon actuation the .

menbrane ghiuhy, labofiiol, dedRpfEREAER Qéctidisss piditgldE AygbvdilaBle! PRysichannel

with the percentage of flow bl ocked insensitive to the applied-actuation

force. :vanwésfgmfraﬁnetal layetn dlassupfaos of éls_wlgfkrdwabhaﬁﬂbbl%f%%a@ﬂ@tbwnz ?r e
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sections efastofifRr Me\Be el &5d pediap ehemenl 6F ol sutsBatel onal shapes, such as
t he enmbodi nent with protrusions discussed_ imedi ately abgye or, an

enbodi frent havi ng céneadnetieeslecroda dOmay alenbaframeddy deppsiing apodisnkat ed
by the pr ‘ﬁ.se‘? E,‘tabétWﬁ@%gggﬁﬁg%%%ﬂﬁ%ﬁerm&,?%%%@@i%%b@%%ﬁdw&é}

addition t0 pressure t1on systens ‘descri ove, | onal
el ect r ost at by exgdingahe elastomar foupduspensiomsdfarasbar lack ma sobvenewhichcaubes as

follows. Electrgstatic actuation n.be acconpl.i shed b L. Ng oppositel
char ged ef"‘@E‘ﬁP&H @ea&aﬂw 'SF?h%ﬁ?yﬁﬁﬁég%ﬁim?@%n?a \F/)gl t age g
different hﬂerdaﬁvﬁ?ﬂ!hb eRcirfde APmh gmfo:‘ﬁiétﬂﬂ édbsj[;rgétg;gtthé eﬁﬂé@@d}‘ﬁi‘b@ﬁm of

el astoneric structure. For exanp referring ig. 7B, an optional

first 1@l eckstoner depedstitiveoniductivemateripl Gancdrbopblack pofinely dividadimeta))

nb 25 . ' | | de 7 | h i_n.phant
e posi t PRHES oY stofer Arafictydng ek Sl baBind S W pkReb 0 0™,
are char ggepositioh, ori3PPetenticaldbakibh iR prétucad £4rB6h. kfexpefimentd ebiketedtye t wo

el ectrodes w |l cause nenbrane 25 25 to deflect downwardly, thereby closing
t he "val viie presegt inventers @@dﬂ%wc\ﬁmmwcrwwmm e electrode to

be suffi ci [ )3 r bk ogt 1 afy Lon, . ot so
mechani caP Py ER R 20 F 07 B BB S 162 ROLA DAGIoRe Bt a2 bhicl)
flexibfe nlimetdgaiied Bmbveendy u/dithetla compliasietéctrodelas dawriBéd atidve/oran

el ectrode may be provided by a thin netallization |ayer, dopi ngot he POl ymer

~ with 30 ceenvestionateleptreds sirh apevaparaterdigelfca metal plate, o pdopesd semypongducto

-~-4"éonductivgleg@g rial. In an exenplary aspect, the el ectrode present at the

.defl ecting nenbrane can be provided by a thin metallization | ayer which

" can be provided, foAlenatiptly, mhgnetispotuation ofthe fidw chimylsrcanbe agtieteddych as

20 nm of | d..In addition to the for tign of a,,netallized r’rlertbr ne by
otil%ﬁﬁ YE9

sput t er i nipbrigatinghe membrane seperating, the anniglswith amagne cenber
2003 3P Oﬂa%%cﬁgﬁbﬁo&ryﬂéﬂlanenﬂy magnetized material such as polarized NdFeB. In

experiments conducted by the present inventors, magnetic silicone was created by the
addition of iron powder (about 1 um particle size), up to 20% iron by weight.
Where the membrane is fabricated with a magnetically polarizable
material, the membrane can be actuated by attraction in response to an applied magnetic
25 field Where the membrane is fabricated with a material capable of maintaining
permanent magnetization, the material can first be magnetized by exposure to a
sufficiently high magnetic field, and then actuated either by attraction or repulsion in
response to the polarity of an applied inhomogenous magnetic field.
The magnetic field causing actuation of the membrane can be generated in
30 avariety of ways. In one embodiment, the magnetic field is generated by an extremely
small inductive coil formed in or proximate to the elastomer membrane. The actuation
effect of such a magnetic coil would be localized, allowing actuation of individual pump
and/or valve structures. Alternatively, the magnetic field could be generated by a larger,
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epitaxy, evaporation, electroplating, and-electroless plating are also
avai | abl e. Physi cal transfer of a netal layer to the sudpegnifer OGS

el ast oner avai |l abl e, for exanple by evaporating

flat subs gra{e (?;9 which it adheres poorly, and then pl aci ﬁ’ﬁﬁ@oﬂg?@storrer
onto the netal an eeling the nmetal off of the substrate. A conducti ve
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25 fig ate th, a J al e of

mai nt a‘f’nl ng pelffgrlgﬁ%ni rralgn%'lihgg?g‘%ol @%%@4%@&?"@% &’P%@f’ gf%%ﬁﬂfjsnet i zed by
exposur e tpoesant aui)f)osite&mﬂ.k yf the gbntiGIBheknet woukl shplyadipotédiil dfffdreieqdrakt her

by attract|o§51 repul sion_in response to the polarity of an applied

i nhorogendB€laslglyts present & the copol chapnal; Migratipg of ehasgedppseiesxthen of t he

" menbrane ofes\ di nent, the
magneti c 1(‘& ?éealtrgsmgﬁggﬁg&g&ﬂge g%/e%g-n ex‘%ﬁlgﬁ%% BEGSW@-B?SH%U%&?VEH@SH for rred I n

or proxi mat eI to theﬁhdb&ﬂnealsmrpuﬂsﬂﬂem ac‘ﬁhaieﬂxetdembbbylcauslﬁ@a:ﬂuﬂfﬂmhh a

magnekj C | |.d be | ocalize al .l owi n ctuation of, |nd|V|dua purrp

ool ot < fifoontfPl iR ¢ ADRHGpHOR REieraal priays sitberby thered

gener at ed eRyanion@dr $9'prodireti¥foP 240 Tiqall. ERAARG cheffb3l reactions gencratmg

gaseous products may produce an increase in pressure sufficient for membrane actuation.

Networked Systems:
25 Figs. 23A and 23B show a views of a single on/off valve, identical to the

systems set forth above, (for example in Fig. 7A). Figs. 24A and 24B shows a peristaltic
pumping system comprised of a plurality of the single addressable on/off valves as seen
in Fig. 23, but networked together. Fig. 25 is a graph showing experimentally achieved
pumping rates vs. frequency for the peristaltic pumping system of Fig. 24. Figs. 26A and
30  26B show a schematic view of a plurality of flow channels which are controllable by a
single control line. This system is also comprised of a plurality of the single addressable
on/off valves of Fig. 23, multiplexed together, but in a different arrangement than that of
Fig. 23, Fig. 27 is a schematic illustration of a multiplexing system adapted to permit
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PCT/ USOQ' 17740 nore powerful source, in which case actuation would be
gl obal and would actuate nultiple punp and/or valve strighliBdhefbo®ne
time. It is further possible to conbine pressure actuation wt

el ect r ostypbipfrofps nMagnetic actuation. Specifically, a bel lpewfudphsmasure in
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pot enti al X r 1 resent 4n trol channel .
N or at | on*aPaiet s 868 B80ER T bhafin o, Pl 22628 4LtV BCHER. Ve

el ect 1@deaddressabiegialvesiaresjoinied ofngtn@sicad t6gethdrfi v &fdusakrangdnietits 16, prbdudes al so
possi bl e to actuat eiF'fqge devi.ce by causing a fluid flowin 20 the control

channel bBY®Es:£383P repAlticRmRing omdiatear faidielagicpplisatiansr by t her mal
expansi on or by pro‘iwférﬁﬂgtd)fi gﬁf%gﬁc?ﬂﬂ!'a"éysggndfﬁt @bty uﬁlg jgal

reactions generating gas ousgpro ucts nay an Irntreas€’in pressure
suf fi ci enprovidedpasipdloms. Adlomathiaonel 3Bdiaswa phealitPps peresallyparilicl Slowidhanaelsl 23B

h i f i ff .. identi to the . systeng,.set forth
Shover (1 B antr Bhdi A P lng 3 Nsking ort Batsrel aaing COREOGIN 1|
puUNMi 18 SIZA LAdW PRI AN B03S shut off urddBemeinBEing 23 At BSmkirctm Of f

val ves as seen _in Fig. 23, but networked together. Fig. 25 is a graph

" showi ng_ estRantikfinaBRé aad Howabanne) 3pSinglarly: Gut nos showa); by presswising he

<% peristalt | S [ Fi o Biags, .2 nd_30_26B

Dohenat | c St B 3mo Y Hihfueh By Gknndl e bt AM-IRABRRE 23 H e, 1y

si ngl e coinkersdetibh o€ corftfildine BB aml iffowedtané@opebsed of a plurality of the

si ngl e addressabl e A=‘é(i}r;:éo]{f val ves of Fig. 23, nultiplexed together, but in
gend 3

a different arrange of ¢oRErol kngs 334, 3 C isseparatoly; addeesiabltanat i ¢
i |l usig atq ' ' \ er 2003
1] ussg 10;@&%?@%%?5@&@@ Y HRAJRRLAG 0BG IA dffa $5C R,

followed by 32A, followed by 32A and 32B together, followed by 32B, followed by 32B

and C together, etc. This corresponds to a successive “101, 100, 110, 010, 011, 001”
pattem, where “0” indicates “valve open” and “1” indicates “valve closed.” This

d

peristaltic pattern is also known as a 120° pattern (referring to the phase angle of

25  actuation between three valves). Other peristaltic patterns are equally possible, including
60° and 90° patterns.

In experiments performed by the inventors, a pumping rate of 2.35 nL/s

was measured by measuring the distance traveled by a column of water in thin (0.5 mm
i.d.) tubing; with 100x100x10 pm valves under an actuation pressure of 40 kPa. The

30  pumping rate increased with actuation frequency until approximately 75 Hz, and then was
nearly constant until above 200 Hz. The valves and pumps are also quite durable and the
elastomer membrane, control channels, or bond have never been observed to fail. In

experiments performed by the inventors, none of the valves in the peristaltic pump
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fluid flow through sel ected channels, conprised of a plurality of the )
single on/off valves of Fig. 23, joined or networked togehbembeReb®E ri ng
first to i 3A and 23B, a schematic of flow channels 30 and 32 is

woRluas ) 200 preferably has a fluid (or gas) fl oBCHUSHEIT4g

shown. Flow C
t her et hr ough. tﬁﬁ% Fl ow channel, 32, (which crosses over flow channel 30, as
was al reaa%s‘t:‘& Herrdy shasy anysign pkwearos datigue afes more thandt million aoteativs. In
separ at i NCadditfonlth MHICHRRG ssed il & 8#1 flo

channel 30, shutting off tﬁh@ﬂégé@%‘gs‘e %Hﬂ% %‘w@ﬁ%‘r’%@'@lﬁ ,p%{sth Been
expl ai ned.channel gadhtested fonvighitityrsbbive®a 9% suavival faes.ref erred to as a "control
line" which actuat ingle,valve in flow channel 30. In Figs. 23 to 26,
a plurality of suchﬁ%’%ﬁ?&?&@ﬁgwwgw FieAgVest PHBPIAS FRETVS: oget her
i n var Sousrepuemyforhetpsrittaltip pasipafy sy@{é{ﬁ)&p‘ig‘aﬁﬁm e of peristaltic punping,

and other fluidic | cl)__]gi c _applications. Referring to Fig. 24A and 24B, a
system for peri st al tHgs B@E@ﬁé@sﬂmia@eﬂiﬂu’aybéasmling\afpﬂmlitgmﬁldmel 30 .

has a pl urgl f I fl qw_channel i .e.. cqn . l.1Ines
325, 3bb o xaBRESE Rl 41 AicBioRly s P el B anicth 0 R0,
flow F t hrod§oCateprovidad fiéw 3Banre] @leutcontrbl iy 82 paBEh HahEovep Acrdts fidie

32A and flow channel 30. Simlarly, (but not

I ntersectign f,~GO ol [l

shown) , bﬁ%@é&% gbﬁgaﬂdéng#‘mssméoagﬁpomwnﬁ 3@ simulignepugyshitisofiel 30
i's shup offfowd FIEF2 BRAP At ' i trol.line 32B and
fl ow channel 30, 2etc. %ggﬁqﬁ?éﬁl?r OFF"PF%%?’Q%’%’ aglgégbalﬁ%ﬁgéatpg separately
S S e T et e A OO 54111 She
actuating an ether, . owe Ql | owe an

t oget her, fol | owed %&%g%a$%%%ﬂiuﬁwfy%&%@%§mm péed tphij s

cor r esponseledtively pentitdusd toelow Bloughlecltcibnalids, 4 Jf&]ic[nQQ ]1313' d&%ﬁg}@ , where

"0" indi ca;ﬁﬁs ."valve open" and "1""indicates "valve cl osed.
peri st al t FelissPR af membrages sepriating thesrespertive fawtchanndls fbar a comgrdl dinthe phase

angl e of ' r al ) he r.istalf]j terns are
caval 1S PR A0, G UESHHIE Wa bRt S0, 2H, 380 2BE in Bt o0 R SBEbEL e
by the i ndepends sronglympunitrgmemibeane diBemforl /AccorBagl] Var9thgthe WRABYSS N
t_he di st agce %rav%edogéga%ﬁol um of water in thin (0.5 nin 7i.d.) tubing;
with 100x'1O8L 1RSI0y HRe 3m Behigs 204c a2 9B it is messibledo bavelgcomeol litke 30

B thon hago AeRAGERON Handclh, {7} P dchBSER Kol BRRP SR Rie 2 o1
al so qui t&7 Wystesese sohematieof sichsisstem, aefolibase, control channels, or bond
vertore none of ARGTY BEpSelie e chalelsAt OB ARCIB BB E: 2003
WO 01/ 01Q2é péiitiondd@tér/aglfrality of parallel control lines 324, 32B, 32C, 32D, 32E and
32F. Control channels 324, 32B, 32C, 32D, 32E and 32F are adapted to shut off fluid
flows F1, F2, F3, F4, F5 and F6 passing through parailel flow channels 30A, 30B, 30C,
30D, 30E and 30F using any of the valving systems described above, with the following
25 modification, ' ,
Each of control lines 324, 32B, 32C, 32D, 32E and 32F have both wide
and narrow portions. For example, control line 32A is wide in locations disposed over
flow channels 30A, 30C and 30E. Similarly, control line 32B is wide in locations
disposed over flow channels 30B, 30D and 30F, and control line 32C is wide in locations
30  disposed over flow channels 30A, 30B, 30E and 30F.
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 where the respective control line is narrow, membrane (25)
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descri bed herein show any sign of wear or-fatigue after nore than 4 mllion
actuations. In addition to their durability, they are d&Degeatiet 2003A
solution of E. Coli punped through a channel and tested for viability
showed awo4uomasvi val rate. Fig. 25 is a graph show ng exPEIUSHVITHOl v

achi eved punping rates vs. 5 frequency for the peristaltic punping system
of Fig. 2gill i6ciSe natlhy. 3RcbordiByly! ﬂh@%&ﬁz@‘d@% Mg%ammyioﬁmas&Mt g a
plurality of the addressable valves of Fig. 21. Specifically, a plurality
of par al | membrage ) hecrsning Gepressed irBo theflowThannal £330 Therglate, féld)msgmnnm

(i.e.: co | i S thereover across flow channels 30A, 30B,
and 30C. @%‘rggé%efwg%'f’éﬁe%isa%ghtrol | ine 32 sinmultaneously shuts off 10
flows FlI, F2 and F3FdrexaaplepahénéhnimliihaB2a ig pressitiddd, il Bck floeadd at
the intersections of control line 32 and flow channels A, B, and 30C.
Flg. 37 |5 UMY ShaprsaDratiomne P08 SRIRFE BRPRGORABR 203Dt od 1o

sel ect | v lrksdfthdl It will otk s FAUFDES UAI'FS B B thafiRdIE BOAS3 0B 0B OVs.  The

downwar d lon o ranés Separating the respective flow channel s
from a codil: dis chn heagseqiated,i mare ey axbmwatro] line caxbnpitestedatthe samastiR8A, 25B,

and 25C in Figs., 26A. a 2 ds ,strongl. on .t he nbr.an

di mensi on‘g‘?r °§%€B¢W&P§ﬂ“§&%ﬁﬁ?%bwf8ﬁ§&8& qﬁ%ﬁ%@nﬁ?ﬁ“@% rol
l'ine 32 imﬁmwexaaﬁmﬁﬁ@t&blbémﬁgmpmhﬁ&Fszc@m@bnmmgm,oﬁz,lﬁsrm pass
over nultiple flow'channels, yet only actuate (i.e.: seal) desired flow

chann® s F@ig. 27 illustrates a schematic of such a system as follows. 20
A plurality of paraghlel f. ow channel s 3 are
posi ti oned under aa%(fﬁl%ﬁuiv pﬁmbré?%gf%? %n@ggpﬁﬁgﬁeégg%%a%@y% 32D,

32E and +Adibus Seikrioet, acgreqtdepee o2 AnidAGw cdrGol cidBe dhfeved.MI2bvaayley adapt ed

to shut off fluid flows FI, F2, F3, F4, F5 and F6 pas in&éﬁrougg}agarallel
flow chamm;pmtsmtom&%WMﬁ%Pwn&ﬁﬁ [T i ng

syst ens | ' fw%é}iﬁ ' hEi | el of

contr ol ?@Eﬁéd@géi%%%bﬂf%%%% amoégtﬁbe{i\%g g{(.)ith%%\&/l\nﬂggld and narrow
por t i18ns. regions efkthepdmrol tines, vely dompdex8aid Sowicdatrolsystwomtmaynts fabkeadekd over
fl ow channel s 3

, .30C and 30FE, .Siml trol |i 2B | ] '
| ooat | onHOPERIhe SIS 5 AL AED s tors BboaR 95 0% HIPLBHAT 1 /'ne

7 32C s Wi fliSy Eihon OIS Hithhdy 236s.H) sditst tineyer flow channel's 30A, 30B, 30E and
- 30F. At the locations where the respective control line is wide, its

pressurization wi |Thejaventors havenswebeedied iv fbricaing mieroflyidinaruciuses wHannel
and the cont..0 ' Q L stand fi. ' he flow channel,
t her eby b‘f ':'%F%%H%geviﬁ%&ﬁ%dg@géﬁm. @F&lﬁgg%ge#hﬁ nl\,E/'er sely, in the
| ocatdgons where the respective control line is narrow, nenbrane (25) 36 26
Decenber 2003 ) . )
Selectively Addressable Reaction Chambers Along Flow Lines:
In a further embodiment of the invention, illustrated in Figs. 28A, 28B,
28C and 28D, a system for selectively directing fluid flow into one more of a plurality of
reaction chambers disposed along a flow line is provided.
25 Fig. 28A shows a top view of a flow channel 30 having a plurality of
reaction chambers 80A and 80B disposed therealong. Preferably flow channel 30 and

reaction chambers 80A and 80B are formed together as recesses into the bottom surface

of a first layer 100 of elastomer.
Fig. 28B shows a bottom plan view of another elastomeric layer 110 with
30  two control lines 32A and 32B each being generally narrow, but having wide extending
portions 33A and 33B formed as recesses therein.
As seen in the exploded view of Fig. 28C, and assembled view of Fig.
28D, elastomeric layer 110 is placed over elastomeric layer 100. Layers 100 and 110 are
then bonded together, and the integrated system operates to selectively direct fluid flow F
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WO 01/01025 PCTIUSOO 17740 will al so be narrow. Accordingly, the sanme
degree of pressurization will not result in nenbrane (2&phesder N3
depressed into the fl ow channel (30). Therefore, fluid passage thereunder
wi || not we dikasdsed. For exanple, when control |ine 32A i sppresmaridpcd, it
will -block flows F 1, 5 F3 and F5 in flow channels 30A, 30C and 30E.

Vil bl ool hannel s 30 08
P2, Fo and e Eh P uand DTS e or BRAST abA G cndglc dda B0, s 01

appr eci at ei¢pllomsr Bresswsimationcofwontrobling 32#e wilhcause theahembrene 28 (itchehesthire ti me.
For exanpl . i nes n can, be, pressurj.zed sinultaneously to
bl ock al | f?‘?rf‘ﬁﬁgg%%%W&&@Xﬁ%ﬁ%%ﬁ?ﬁgg‘lﬁwg@gipﬁﬂl% iﬁF@‘ GF 881008 g 32C

bl ocki ng F82A bPreabiforpéHAmbEP80A) to Bi¢ome!depreisid) therBbP SRiinZoMRutd fidwer ent .
control_ lines (32) both together and in " various sequences, a great degree

of fluPd fRESTRECIRTePnsERA, Eeativalysealing macton/ehambiy 80 Eemefini phannkl3(es ent
temt f i . : |Sa(3 { f
Shral el - S B¥YBel BRI icition s A IEWE Bl eSS iler RSB 2L o

narrow 15 Aegiohnpresduriziiiorcalidonal lind135A wik iyt reSiin@snirdlUind 324088 EENT6R/

syst ens ma% be f%bricat ed. A property of such systenms is that it 1Is
possi ble t #%n any one flow channel out of n flow channels with only

2(1 og2n) control |ingscann ?#pgg &E&r&th%qjogggfd%?ﬂggéﬂ#%%gu Bl 3 be

mcrofluidic structures wt ensities of greater
densi 1Pes aghatesiotiogoa When Ikh Sentesltlines BYA Andl B2B ardyressReiast togeth&h sarinsie S

Al Fl oy Lj nes: | t nbadi nept of the | t] illustrated i
F oo Dty oy dhahel 38 bt en T e o toaltion EmbRS ROARIB | ng 11 ui 0 f1 ow
into one nore of a piiy @t &Eeleéﬁ@l?%ﬁﬂolﬁﬁ@ﬂhﬁl}[iﬁg&?&ﬁ@ﬁﬁﬁo%ﬁ&% a flow

line is provided. 25 Fig. 28A shows a top viéw of a flow channel 30 having
a pl ur al i @gdessablersastionrhambatatispasedalongia Sow lifiedBigse2B)ichr be apwhigped

Pr ef er abl y,; s rs_ 80A and 80 .e fornmed
Foget nor  ath SeEp A etecelBn oo HF TR B ARIONE} S B ye APty

el ast drer pafligl 188 Bineh (@ig. 27)ho yieddm pyem W thichla MAGEdBSle of amisleRsinbd ayer
110 with 30 _two control |ines 32A and_32B each bei ng generally narrow, but

havi ng wi 82 B%5eH &0 Ay PHtFHantractonchamben s asray o repstion chamahess- Makr ei n.  As

ol oot oer L RHE ARG ¥ bR e e HEIGE00. AR ohel bt Lol 52800 g
110 are BRBrandd2dcwith extending portivahs BUall showgr iatphdnteys selartivebyr ditees flid
sel ecti velgoflifiels 19 it Stady ¥hd asdy of reaction wells 804, 80B, 80C or 80D as
20  explained above; while pressurization of control lines 32C and 32D selectively shuts off
flows F2 and F1, respectively.

In yet another novel embodiment, fluid passage between parallel flow
channels is possible. Referring to Fig. 30, either or both of control lines 32A or 32D can
be depressurized such that fluid flow through lateral passageways 35 (between parallel

25  flow channels 30A and 30B) is permitted. In this aspect of the invention, pressurization of
control lines 32C and 32D would shut flow channel 30A between 35A and 35B, and
would also shut lateral passageways 35B. As such, flow entering as flow F1 would
sequentially travel through 30A, 35A and Ieave 30B as flow F4.

30 Switchable Flow Arrays
In yet another novel embodiment, fluid passage can be selectively directed

to flow in either of two perpendicular directions. An example of such a “switchable flow
array” system is provided in Figs. 31A to 31D. Fig. 31A shows a bottom view of a first
layer of elastomer 90, (or any other suitable substrate), having a bottom surface with a
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26 Decenber 2003 WD 01/01025 PCT/ USOQ 17740 (through fl ow channel 30) into
either or both of reaction chanbers 80A and 80B, as fol3@®Wscember 2003
Pressurization of control line 32A will cause the nmenbrane 25 (i1.e.: the

thin por W/3825¢| ast oner | ayer 100 | ocated bel ow ext endi rer/psootiroe 33A

and over regions 82A of reaction chanber 80A) to becone depressed, thereby

shut ting opitteih uf fbcédsesirmRRSS A6 chﬂmeg%'wa@ﬁn%aﬁy aflab8¢ bf ¥otdposGab! Bk

reaction chanber 80 from fl ow channel . As cah al so be seen, extendi ng
portion 337avieg fpyehapnelspasyiag theredrounds of control |ine 32A.  As such,

pressurization of co ' b Ln conirol, li.ne 32A
sealing flow channepig%%erlfgmg%n %%?@%ﬁ %’gﬁyeiﬁ%?l%o%&tﬂ%m@ont rol
lines 32A smfhc8aBlayen9®suchifatdhiidifiowdatbe seletivelidirected tdmooaEitilr id | nes 32A

and 32 ar(ﬁé&%es%&ri zed together, sanple_.flow in flow channel 30 w |
enter reit BF 't e YR STBIR . o Fig e is Fhettem yieypet the batieract abl y

control li mﬂ&yb%@%g&ﬂqﬁ&g@d%@lgyﬁ g%g ‘Zeg%géﬁ%ﬂ%ﬁ{tﬁg%uﬁ%fc hanber s

di sposed along a flow lin€e (Figs. I'ne oncept of

~ sel ect abl yeltconating|“vemigal’ contollings 96 hnd tyirizontel”wontrok lines D4 £ Vertical? contrall 15

paral |l el f [ Fig. 2% ovield.as emin which a fluid sanple or
sanpl es can %egkh@ﬁ%ﬁ%esaglgﬁ”f’dﬁb{hﬁﬁ‘?éoﬁ%rﬂqe&%gﬁo‘?@&@i'Eﬂ?“@hgﬁﬁeq‘”‘r‘%‘fean array
of reacti ciitetdntinB@rie afdnarfow poitIRngfas Sitvth,a systemis provided in Fig. 29,
in which parallel control channels 32A, 32B and 32C with extending

porti dfs 34 (all shoastomernaienh] isnosisionsd evey tagi ofcmlastdmericdaydri99waclEl and
F2 into any.Q ’ I L on. wells 80 0B, 80C ot. 800D as. 20
expl ai ned qg%toi\‘/’ee{ﬁa\%nﬁo;eﬁélr]géess ugr% ?agél ?fl)}hon ogcgrﬂoﬁtg |9§|afﬁlé%w%§%51§ma1?§%

sel ect i vel*poshumital” obfitrolf lirew$4 ket pusiliohdd with ireCkidégloytions Bediien pBSE beragovel
enbodi ment, flui q:g?igge bet ween parallel flow channels is possible.
Ref er ri ng SPBVEBIY FiZ3 1%t her or both of control |ines 32A or 32D can be

depressuri zed such tmgﬁﬂé&e@nm%3%%’%6%%??&%2&?%?@%335 (bet ween

paral [ el 25 flow channels 30A an pect of the
i nventdlfon prisserizeds theantmbrans of themitegratet istrastu® FormaetthyBdBelastohdris lager f | ow

350, s oot Pifanahefilien i g S5 foutns B e aflepictastimatdbougn
30A, 35A awer theaway 30 Bodchihils &ith (R4 ASW ih GHALILE fdl A AV AGY dirbdtiopgtz anot her

novel enbaodi nent, fluid passage can be selectively directed to flowin
ei t her of (t-%veﬁmqé%oﬁwbpw- directions. An exanple of such a "sw tchable

o 2 oSt eTAS e, Kl 6y b0 ol R AGHRS, ¢
subst 2@t epreshmizedgthe nigmibirane 6fthé aaegrifed Btracture formed by the elastomeric layer
initially positioned between layers 90 and 95 in regions 99 will be deflected downwardly
over the array of flow channels, (but only in the regions where they are widest), such that
flow in only able to pass in flow direction F1 (i..: horizontally), as shown.
The design illustrated in Figs. 31 allows a switchable flow array to be
25  constructed from only two elastomeric layers, with no vertical vias passing between
control lines in different elastomeric layers required. If all vertical flow control lines 94

are connected, they may be pressurized from one input. The same is true for all horizontal

flow control lines 96.
30 Biopojymer Synthesis

The present elastomeric valving structures can also be used in biopolymer
synthesis, for example, in synthesizing oligonucleotides, proteins, peptides, DNA, etc. In
a preferred aspect, such biopolymer synthesis systems may comprise an integrated system

comprising an array of reservoirs, fluidic logic (according to the present invention) for
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38 26 Decenber 2003 WO 01/01025 PGI/ USOQO 17740 pattern of recesses formng
a flow channel grid defined by an array of solid posts %De@@ther!a@()ei ng

fl ow charnpelgso@@ssi ng therearound. In preferred aspects, W}l? [ila| :
| ayer of elastonmer is bound to the top surface of |ayer suc at fluid

fl ow can ' | rected to.nmove either in.5 directiqn E1, or
per pendi c % lzfréﬁlllof ﬁ%\’g}[ﬁﬁ%ﬂn a gé&gﬁaﬁffﬁew%’i’ @ﬁyﬁgf’f’?ﬂﬂeﬁ W VIR D Beehy m
surface ofsynthesis sqendnhed; and AhidR) 18gicqaB6 aSlrdiRf b e préseftmOentdy imd in the
shape of ical" control lines 96 and "horizontal"™ control

daI ternatjng BJ(\%Sr
li nes 94. delEmpppginto which cagnnelsithpseleptedygogent fowsadn eupmiple of secheasystegn

wher eas " Q@Diigm&@dtédﬁﬂé r9 .l 94 have alternating w de and narrow
portions, as shown. 10 Fast’ggn%rﬂ??:vs'l ayer 95 is positioned over top of

el ast offeri ¢ | ayer 90Foymmkervoinal50Ayd50BLE0C ArtI0D hiveRseOh, @ Eapd&i t i oned '
over posts_ 92 as,shown ip Fi.g. 31C and "horizontal" control lines 94 are
posi t i one&"'%e‘%%"elf'h‘@m“ﬁﬁﬁ B’gf aF g‘lﬂ’fé“ %@W\E@W cﬁ%%%S 304, 308, 306w 3P e g.

31D. As Cebnietedeereskivols 35081 568, R and 850D Fur csaP&lfo'res n%%&g?}z]?%éﬁ e 15

pressurized, the nmenbrane of the Integrated structure
el ast oner pad B2k &shownring phantom)aoxdispased thepescmss withagonire] Tifie 304 pBfmitting” egi ons

98 will b r dl over the ray, of fl nnel uch that
flow in oﬁgpid%fwgfgﬁ%ﬂ?@% é'ier‘ éﬁ%ﬁﬁ%ghﬁqe 28)%@8&*‘8 I3§P§’, as
shown10 As whan ctisiral éing 32A iFpessugizéd. SMAAMY, kehid M IB faRtilsHow bRgS 94 are
20 pressurlzeg, t he, nenprane of the integrated structure fornmed Dy the

el ast oner FEO w channe! 308 yhenpressugiged) Assugldhe selgetive 19essamicatio ofn r egi ons
99 will b ; t , h t |
' the r o RGP SO0 99 hd 3219 ¥k NII A, £hedisf SO B 0 T a0 B, Das

in flow diromct desired-tes¢ivor. 15001 S0B) N56C loy | S0BSTIfivid. thdhpass@sh@ughflowst r at ed
in Figs. 31 all a sw t.chab fl array to be 25 constructed fromonly
two. e st GERHd A Gg @ SmulipleRed Grapneth i onfrollr 125 fneiidges dercrracinle ey
linesi§ n gistehesesbowal AFAMBSA fo 3%&5 St ffect huﬁi.ho%gt lofi@lor fd@¥or

control lines 94 are connected, they nmay pressurized Tromone 1 nput.
The sane #Blurglifeof symthgsis channelsomichimbérs Q2 A0H2Ry| 1220422219 6r 1ZIE Ri whichy ner

b1 opol yres e BBt s S MRl o] 1 0T CaT 2 g ol | gonuel eot i dos,
~proteins, peptides,Fig\d8 siffns.a firfther extension of this system on which a plurality of
reservoirs R1 to R13 (which may contain bases A, T, C and G, or any other reactants,
20  such as would be used in combinatorial chemistry), are connected to systems 200 as set
forth in Figs. 32. Systems 200 are connected to a multiplexed channel flow controller
125, (including, for example, any system as shown in Figs. 26A to 31D) which is in turn
connected to a switchable flow array (for example as shown in Figs. 31). An advantage of
this system is that both of multiplexed channel flow controllers 125 and fluid selection
25  systems 200 can be controlled by the same pressure inputs 170 and 172 , provided a

“close horizontal” and a “close vertical” control lines (160 and 162, in phantom) are also
provided.

In further alternate aspects of the invention, a plurality of mulﬁple#cd
channel flow controllers (such as 125) may be used, with each flow controller initially
30 positioned stacked above one another on a different elastomeric layer, with vertical vias
or interconnects between the elastomer layers (which may be created by lithographically
patterning an etch resistant layer on top of a elastomer layer, then etching the elastomer
and finally removing the etch resist before adding the last layer of elastomer).
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i ntegrated system conprising an array of reservoirs, fl448:Gnb@0603
(according to the present invention) for 39 WO 01/01025 26 Decenber 2003
PCTI JSQ&&M&SseI ecting flow froma particular reservoifp of#ay Of
channel s or reservoirs in which synthesis is perforned, aﬁg IU|d|chIogic
(al so according to e present invention or determning i.n | C ’
channel s the sel ect 8f?’@&@iﬁ?vﬂ%ﬁgﬁamﬂﬁﬁﬁfﬁb’wgﬁyegﬁ%nb%&svséﬁﬁ%agi s

i 11 ustrat gtholdiownlonts 4 raisdl Hrel on®Vfhicrémhified AR, ¥fd béndihDthe ntROByer 5&HC and
150D have bases A, C, T and G_respectively disposed therein, as shown.

Four fl owthahashamel passes oyoghattmds. @ﬁp%gtefthﬁdnmadmpgwﬂ%@@ﬁhﬂﬁlﬁrs 150A,
150B, 150C. ] i . . 32D i
phant om g?@%ﬁflélp%g@e%ﬂ:@ﬂ@%g% %%én%f{lﬁ?g%ﬁﬁﬂg&z ﬁsnleﬁgsﬁ\ﬂg'er m tti(flgom?l IO\r/]v

only through fl ow clThebendimdf diccesive f@td sfmbkiedvelaltaniee ke fodB mEKiC and
30D), 10 when control . Iine 32A_is pressurized, Simlar contr | i ne 32B

§ |y, |
permits. flayGF Yiciure 135hgwg an Flgoda-CHBIAR &8 ansenticalmrTograpa of & seefion L2 &5k h, t he
sel ective ' ' |
sequent i afﬁ@%@?géégﬁgge?el aégélﬁé%%%a%ﬁf ?ggn@éggﬁegm r Teservoir
150A, 150B, 150C or Ohb@Methotfer fabricatirighanelpsiemeslaytirteviyy the eerticalhannel 120
into a nultiplexed channel, flow controller 125  (includin f anpl e,
any 15 syéqa@waeh%qédmwhﬁ)@sswa%swmﬁ&#?ﬁ-fﬂ#-n%@@r@@}gﬁq%i d
flow ito ; | WAYE ' : ers
120a 10 oo fHHELR of Elléézt%ﬁ%rrla%%g? %"%‘?“gﬁ“ b ﬁ%@sﬁ%ﬁ Jﬁ‘gglg . %ég?ﬁige
carried oB%02aFi g. 33 shows a further extension of this systemon which a
plurality of reseryoirs.Rl to_ R13 (whi.ch nt.ai n, bas T, Cand G
or any other react aﬁf@',%BZ%‘O?ﬁé‘W M&W@%ﬁf}c@ﬂg@gﬁﬁ$@a¢%ﬂf al
chem st ryglastdfner E?&M?ﬁllbﬁe&ﬁ?%ﬁ%ﬁ@n?ﬁi}j toreSist Madl3 F060sver &éh Syst ens

0

200 are connected to a nultipl exed channe w controller 125,

(i ncl udi nblockiag layenAPito cavsr masked ragiens3FOfand deawe gxposed Anmaskedmegiops ch | s

intu ' e fl 3 am . in

Fi gs. U3111) g%qggﬁg%{:%‘gw%ﬂe%ﬁ%g}es?ﬁ) &ﬁ%ﬁéﬁf&ﬁﬁﬁ% éo r?u%??%@égxe\%mchannel
f 1 ow cont inokdnedsked pionndsf0.ui d sel ection 25 systenms 200 can be controll ed
by the sanme pressure_in

uts 170 and 172, provided a "close horizontal™ and
a "close vertical" EB#HPDS Wﬁé@?ﬁ%@f%%ﬂegipgoﬂﬁ%m%@g%ﬁl SO
provi ded. : ' iR ErtnaMeAtrb 8i0ns 851U téfimh t Y Of
mul ti pl ex?ﬁe{%ﬁ%&n@%@ﬁé@%ﬁﬁ ers&(%&ghﬂgghlﬁ) rﬁ%ynsbe used, with each
f I ow cont vestitalivia 36 12i SubseqBentieaposuro el cinaaiea pemainmgeeteinblobking tayer
di T ep@nt 3 SR OIRLY Soptcat 3508 Middlivi®) Heirol@Rg elastomer 3500 and mold 3502.

This elastomer layer may then be incorporated into an elastomer structure by multilayer

soft lithography.

This series of steps can be repeated as necessary to form a multi-layered
structure having the desired number and orientation of vertical vias between channels of

25  successive elastomer layers.

The inventors of the present invention have succeeded in etching vias
through GE RTV 615 layers using a solution of Tetrabutylammonium fluoride in organic
solvent. Gold serves as the etch blocking material, with gold removed selective to GE
RTV 615 utilizing a KI/I,/H,O mixture.

30 Alternatively, vertical vias between channels in successive elastomer
layers could be formed utilizing a negative mask technique. In this approach, a negative
mask of 2 metal foil is patterned, and subsequent formation of an etch blocking layer is

 inhibited where the metal foil is present. Once the etch blocking material is pattered, the
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or interconnects between the elastomer |ayers (which may be created by
| ithographically patterning an etch resistant |ayer on 4PB.QRr 8h@st omer
| ayer, then etching the elastomer and finally renoving the etch resist ‘
bef ore adWOH/HHE [ast |ayer of elastomer). 40 26 Decenber PEHYS00A491/ 01025
PCl YOS00117740 For exanmple, a vertical via in an el astoner |ayer can be - .
created bynegadye mgtal foihwpsk igsemoved, pemnittigseldctiveiclung af i clastomianed nol d,
and bondin | ayer such that a channel passes over that hole. In
this aspec&%ﬁ% He ]i;'tr’fvent ion, nultiple synthesis wth a plurality of

mul ti pl exed channel Inl yetassthérapipkauch, ierBical 9iap @68l bk Fornfed then BREMntg Of
successi vle_jfil ayers ol %ed elastomer to forma nmulti- |ayer structure is
shown in &‘)’“ﬁﬁl,g o of glagiomes material threvghanphination of radiafionsfiomfans t est
struct ure FRAPPERE whapseven | ayers of el astoner. The scale bar of Fig. 34
Is 200 m e nethod for fabricating an el astoner |ayer having the vertical
via feature utilizeWhilnthe abovt appmgeh isslesaribed irecomestivovwith thefslyfiBiesi86A- 35D. -

FI G 35A sho 10 for.mati.on.of el astoner. | ayer 3500 over m cronachi ned

ol d 3502 TARRP A ation jsie: Sadulo Bie epnliauon n hepretsm R FBHRAD I o
etch bl oclgigaofuhéid! in35Piic e}uﬁé?(; oF lcAsbaiiRdridl BldhicA Y RhediOhpYRMeDY the
patterni ng of photoresist mask 3506 over etch bl ocking 1ayer 3504 to cover
masked regi ons 3508 and | eave exposed unmasked regi ons 15 3510. FIG 35C
shows ;hhe exposure %gmégéé@ﬂ%gﬁgéph renoves etch blocking layer 3504 in
unmasked regi ons 3510. *hows renoval of the patterned photoresist,
fol l owed by subsequediantizedisipplitatiohd of thel presefit Mshslithic nefabiritatsanmasked
regi ons 32%% to for vertical via 3512. Subsequent exposure to sol vent

renoves r ERSIITRGTE @lves 2B¢ Bueps arq nypesrous Acnordinglythe peasent duyention 3508

sel ective j ' st omer
ayer may PG thany RUERAL Aptaoh OFfe 00k T pedThrdt R o RIBMIS O
soft |it hogesgmidyapplitdtions forithsprtestiepntionarcrenteepdatdd as necessary to form
a mul igl ayered structure having the desired nunber and orientation of
vertical vias between channels of 25 successive el astoner |ayers. The

I nventors of the prqsmﬂmmggm have succeeded in etching vias through
GE RTV 615 |l ayers using a solution of Tetrabutylamoni um fluoride in

organic sol vent. GJihg psesentanicgeflnidis pmays apt velvies gamadscebd wded imiflol gol d
d ' . tihl.izi .a KL/1.2/HO n xtur.e. , 30
AR N SRR N

extremely useful in many technical fields.

20 - For example, many assays in biology require determination of the size of
molecular-sized entities. Of particular importance is the measurement of iength
distribution of DNA molecules in a heterogeneous solution. This is commonly done
using gel electrophoresis, in which the molecules are separated by their differing mobility
in a gel matrix in an applied electric field, and their positions detected by absorption or

25  emission of radiation. The lengths of the DNA molecules are then inferred from their
mobility.

While powerful, electrophoretic methods pose disadvantages. For medium
to large DNA molecules, resolution, i.e. the minimum length difference at which different
molecular lengths may be distinguished, is limited to approximately 10% of the total

30  length. For extremely large DNA molecules, the conventional sorting procedure is not
workable. Moreover, gel electrophoresis is a relatively lengthy procedure, and may
require on the order of hours or days to perform. |

The sorting of cellular-sized entities is also an important task.
Conventional flow cell sorters are designed to have a flow chamber with a nozzle and are
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| ayers coul d be fornmed utilizing a negative mask technique. In this
approach, a negative nask of a netal foil is patterned, @ngsibR digent
formati on of an etch blocking layer is inhibited where the metaf oil is
present . wOms1a2e etch bl ocking material is patterned, thepCHUs@®A7RABCenber
2003 WO 01/01025 PCT/ USO0/ 17740 .negative netal foil mask is renoved, |
per mi t ti nigase@ bR Gid princile bir AgdRldyhdific Tocusing With shathGRVE. MBGGoARABnall N Vet

anot her approach, vertical vias could be Tornmed in an_elastoner |ayer
usi ng abl ¢al} sateBrcombing thedechnelagyiofipiazhreleatic drpp Beramtionandfelectiastatid on from

an 5 appl } . ' . | S [ |

connecti O%%b@ﬁ%%%&#%ﬁgﬁ%%&?@g?ﬁgé I ﬁ\%ﬁf#btﬁﬁggb‘%ﬁhl imted
to this agfférs sethe dnportdne dipadsitigesNOne disadvadtige 6 that the complkitgRizeard W de
variety of conbéf\r}_gt ori.al .chem cal synthesis approaches. 10 15 O her

Appl i Cat | FREnsehFansores devigs pequings gk bereusaile By rderio heghsiraftientive.

m cr of abry iPhfS i ss | ARG 59*‘?%5%&“’?9& I ngly,

t he preserr{lflﬁi%%suention 'S nngbY |mﬁfﬂelg&?dg any pglrlé??cu rapp |cée}1£?(|§tgn or use
t her eof . sampieseindrtvirbtlent fuid Sowt he fol | owi ng uses and applications for the

resent invention cont | ated. 1. Cel|/DNA Sarting The presen
Ir[1)1'crofl ui dic purrpsatﬁ e@’é‘?ﬁﬁ&dﬁﬁﬂﬁ?@ﬂ%@é&ﬁ% 1%&%&%@&8 Yfor cell
sorting aapréN soriih@devis©whidheRés 1§Joh Wd BedtRaREl ¢H2001 6f Afld fow r@itkf €Mel y

useful in many technical fields. 20 For exanple, many assays in biol ogy
requilfe dbarppanrliectaeal dnteractions between thephricld and the saduteent i ti es. Of
particul ar inporta i SUr epent lenath .distribution.of. DNA

nol ecul es in a het gflb(;ggﬁeshggsrss%?% 8%&%&;%%“%)&%%% 1§/13 4 |ﬁ‘g"h%el

el ect r ophpreseat myventioniBotting devie® B6Gis gsrmrddrode b swittBidle ilve b@hdtudickdatsd Ng
mobility _in e#tmatrix in an applied electric field, and their positions
dot ect et TR shadielsaresenbin anclasipmens hlogk. Seasifigeilyntlovrichannsh3t03ds & t he DNA
mol ecul eg $R Rt %%f{hg atd dofmihy w

el ectrophg?ﬁe%c rre% hoggé%ae(;‘gfeﬁ%‘?sa vairlég)éreﬂs?hhiidor me |S%'n€°to %IrnéeleDNA

ol ed@l egeseredindafid eamtaining sorthblerentifien 3606 efidifferahit types danaed by shabe ch

appr oxi iR SV OB . e ket oY Fhma g0 a5l

y

- ol ecul egondriicHRior With Rastk réRi¥IINTh03! RGHH Bighch 36028 of flow channel 3602 is

in communication with collection reservoir 3610.
Control channels 3612a, 3612b, and 3612¢ overlie and are separated from

20 stem 3602a of flow channel 3602 by elastomeric membrane portions 3614a, 3614b, and
3614c respectively. Together, stem 3602a of flow channel 3602 and control channels
3612a, 3612b, and 3612c form first peristaltic pump structure 3616 similar to that
described at length above in connection with FIG. 24a.

Control channel 3612d overlies and is separated from right branch 3602¢

25  of flow channel 3602 by elastomeric membrane portion 3614d. Together, right branch
3602c¢ of flow channel 3602 and control channels 3612d forms first valve structure 3618a.
Contro] channel 3612¢ overlies and is separated from left branch 3602¢ of flow channel
3602 by elastomeric membrane portion 3614e. Together, left branch 3602¢ of flow
channel 3602 and control channel 3612e forms second valve structure 3618b.

30 As shown in FIG. 36, stem 3602a of flow channel 3602 narrows
considerably as it approaches detection widow 3620 adjacent to the junction of stem
3602a, right branch 3602b, and left branch 3602c. Detection window 3620 is of
sufficient width to allow for uniform illumination of this region. In one embodiment, the
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wor kabl e. Moreover, gel electrophoresis is a relatively | engthy procedure,

and may require on the order of hours or days to perforﬁBDI&‘?an%??f)ﬂ)fg of
cel lul ar- %géed entities is also an inportant task. Conventiona ow cel |
r

sorters a 8‘3@1" ed to have a flow chanber with a nozzl e BAHUSHATIN 26
Decenber 2003 WO 01/ 01025 PCT/ US00/ 17740 based on the pr.inciple of

hydr ody nanivddtho tiss stgn\mamblwsﬁemt 100funot 5 (Mesdt teddetedtonialow C The vﬁ&h@ s
conbi ne the!E echn é\?g\é o el ectric dr(ép generation and el ectrostatic
def | ecti on “t94B WF’%‘B{) @‘é’rﬁ’é‘i‘ﬁ??@ﬁmﬁlﬂf m%u%ﬁﬁﬂlﬁﬁgﬂb&%aPMVer
this appro btoreaisfa{ SR R Rl e \@@%}%{P&ﬁ van

that the c%ﬁrrpl exity, &IS)I ze, and S{Iexp(e,l(fysl@?eg e SOx’EI n@elg 3‘2 é&%ﬁ

that it be m@mpémmﬂdmdwﬁeh@mﬁy&ﬁemrwde Reuse can in turn Iead
to probtens with res erj. aI causin ont ani nati on of sarrpl es and
t ur bul e%t fluid f|owU%‘$'% ?‘é?% Grfes g With qngembodiment of thg np| e,
| nexpensi vpresandn\&ﬂﬁoﬁisas?deQat ed sorting device which relies upon the
mechani cal control of fluid flowrather 10 than upon el ectrical

i nteractions between Thgmple isidhuisddnd leviebsusbithatenlyFa SngleGorttidwentitye

enbodi nment C ance th th sen nvention.
Sorti Ing de‘\’/@gléﬁ) %Qeggédtéwtfo :?e}%g?érl%nﬂ{%a eg‘?ﬁ%f’ ‘@A %gf‘é)uﬁ {EPé’QPe:j
from channéﬂﬁ lplaemamd byﬂmghﬂ&t cbh@éll@haﬁi&ﬁ»él'z%f& Asmesérli}%d channel
3602 i t em 3602a of ow channel 3602 in ui

conmun cat? F&Webhm? M@W%@?@WYG%Wééﬁﬂ&bm%eébVMgﬁmdt|es
Cort branch SEoamcARRRE IOIRE A% sEABRET hd BBl pofibd Sl FerdtdliCRng: | )

Left branch 3602b of flow c tur th
waste res Gﬂ&an Moclﬂal@muomoﬁmbn&ﬁﬂﬂﬁéiw myuﬂmmmsaﬁﬁﬂefe%ewbﬂ

t | ect 3610. trol _ch | s 3612
S012b, anc? SR Biohdh Bfeohidoy 8L tedle rerrron S800s Bemmaos et | ow
channel 3Girowingbfstiéra 3604, SonEHIDERIMRs PREI R Samp %‘1‘@9 gér?é 04 Oﬁ%f‘rc

respe t|ve (iagret her,, stem 3602a of flow channel con
channdPs Togplarghne fowaene ate time, ﬂmmlfdet@mOpemnémmBﬁ%: purrp structure

3616 simlar to that r t n e.in con .on with FIG
24a. Control channel g?’ove;&fnl%esgl"% %%Q% égfl egd“tf" I?Eﬁ?n Manch
3602c 25 3620f Mhiyispassitdd dRAO Theyansindesive Hes emyrfm@éaaﬁo fié iriferP14d.

' branch . 36Q2c..of fl ow channel 3602 and control channel s

Toget her,rélljsg

3612d for TREOR of Sfssion MW%QQ&SOT@ﬁ@W%ﬂémﬂﬂéﬂmdeerI i es
and i s seprtRiededqsom |l eft branch 3602c of flow channel 3602 by

el astoneri c nenbrane portion 3614e. Together, left branch 3602c of flow

channéP 3602 and codf sastableteatityc36086 wathirf dstentionevindeh B6RY & istended ik 3618b.

segregated and collected by sorting device 3600, first valve 3618a is activated and second
valve 3618b is deactivated. This has the effect of drawing sortable entity 3606a into
collection reservoir 3610, and at the same time transferring second sortable entity 3606b
into detection window 3620. If second sortable entity 3602b is also identified for

25  collection, peristaltic pump 3616 continues to flow fluid through right branch 3602¢ of
flow channel 3602 into collection reservoir 3610. HoWever, if second entity 3606b is not
to be collected, first valve 3618a opens and second valve 3618b closes, and first

peristaltie pump 3616 resumes pumping liquid through left branch 3602b of fiow channel
3602 into waste reservoir 3608.

30 While one specific embodiment of a sorting device and a method for
operation thereof is described in connection with FIG. 36, the present invention is not
limited to this embodiment. For example, fluid need not be flowed through the flow
channels using the peristaltic pump structure, but could instead be flowed under pressure



considerably as it approaches detection w dow 3620 adj acghedetbicheodzuncti on
of stem 3602a, right branch 3602b, and | eft branch 3602c. %etect?%n wi.ndow

3620 is Qfoosmédsi cient width to allow for uniformillum ne¢crroseerfr74ohi s
region. In one enbodi nent, the 43 26 Decenber 2003 WD 01/01025
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abrication_ techni qyes descri bed extengively above, . epen

upon t he W@WIEWORW%M@EW IW%PW&%P@n of sorting

devi ce ir&eﬁﬁe&f Eg‘eméﬁ‘@ﬁ&fmgk Of the present invention is as
iTuted to evel

follows. The sanple is € such that only a single sortable
entityy woul d be exdfersouet, & bighdhnonglyan method:dfsontingeouldbe empleyod.at any

time. Peristaltic pu 616.4 S, activated .oy fl ow fd uj h

cont rol c‘ﬁé‘ﬁﬁ@lascof:;ﬁﬂ"gpém ﬁ@wa%qi’éiﬁpﬂ%ﬁ s%plgifs é’%@?‘if‘%t}%%{é&#oﬁ& addi tion,
second Vauu&iontinteGhéwastd fck&roirds mheaaedonifl laf ehiity ihtendel for kolewgiondont r ol
channel 3612e. As a result_of the punping action of peristaltic pu 3616
and the bieteskadip thecwindewoUpsadsisatiomelan entitgto bergallegied; thedireetinn ‘gféﬂ%le

thee
reservoir t ' | &Qﬁﬁ; voi r 3608.
Because ogovﬁﬁgéem#ﬁgﬁéﬁgé@%?%%ﬁgﬁgtgnt It .%%ﬁg?‘giﬁéﬁ in sanpl e
reserMpi rpadfiddé bavkehmagh thrduintioh Sntb hhscollegtibraresévoird Ih Hrisunanmer, the sertingne,
t hrough detection wi.,ndow, 3620Q. Radi atjiqn 40 from source 3642 i .
i nt r oduc FVIKER M?%M&%Wtesmawﬁg r@g&%@%wﬁma Siged qntity
transm ssj ) 2f IRt SSHHAE kéhniqueRefdle 3Bd Wheg N SSi ON
of radi aﬁgﬁﬁg%@?ﬁtﬁﬁgggﬁtﬁi ty %ﬂég% 'S Fhe_n dqet ected by detGector
3644. 20 thé emtity taabé eollented igrads @aditheintehd ro bhsktrack imfreaperdow 3620 is i nt ended

to be segregated d.col |l ected by .sortin evi ce. e al ve 3618a
i s activated and s%ﬁﬁgw&a@gﬁﬁl%pﬂ%ﬂ ?V%%@gl@gﬂﬁébﬁgtsm{he effect of
dr awiy3g SRéddeiteyes OF bdning G8fiAng BérvenSondl eRbirekine@sAowpiuch 36 bibbland at the
sane tinme transferring second sortable entity 3606b 1nto detection w ndow

7' 3620. |f forodinn, asrengsicperdenre of o magniudy arid diersHoR PR GEMPOSHIANAL ect i on,
o Per Stal Ug sl A AEONHMISS, difectd, @idiarthetha hilboig brdi Mhtntdi@Rd 3602¢. Of

- flow chan 0 COo ONn TEeServolr 3 wever, 1f second entity

w 3606b is speties, and Becrexed eiabitity of livisg orahismsih fikemobidemednudi.second val ve

3618b cl oses, and first peristaltic punp 3616 resunmes punping |iquid
t hrough | eft branch 3602b of flow channel 3602 into waste reservoir 3608.

20 2. Semiconductor Processing
Systems for semiconductor gas flow control, (particularly for epitaxial
applications in which small quantities of gases are accurately metered), are also
contemplated by the present invention. For example, during fabrication of semiconductor
devices solid material is deposited on top of a semiconductor substrate utilizing chemical
25  vapor deposition (CVD). This is accomplished by exposing the substrate to a mixture of
gas precursor materials, such that these gases react and the resulting product crystallizes
on top of the substrate.
' | During such CVD processes, conditions must be carefully controlled to
ensure uniform deposition of material free of defects that could degrade the operation of
30 the electrical device. One possible source of nonuniformity is variation in the flow rate of
reactant gases to the region over the substrate. Poor control of the gas flow rate can also
lead to variations in the layer thicknesses from run to run, which is another source of
error. Unfortunately, there has been a significant problem in controlling the amount of
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30 Wil e one specific enbodi mrent of a sorting device and a nethod for
operation thereof is described in connection with FIG 3% pLth&wRfssent
i nventiogvgegedis |imted to this enbodiment. For exanple,p n‘i‘)‘i@d not
be fl owed through the flow channels using the peristaltic punp Structure,
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subst r at ecterdanceiwithuthe paéseniasentioncsahberused iccpriedibely nididprodeas gisise gases
react and the resultié‘agiéig’rodgq(h:?;tfI crystallizes on top of the substrate.
During such CVD pr g8 n te therhemiical vapendepasitign progesses desaribest abewe.t o
ensurR® Ufhd retint RRBSIqkL udBRiISL | r gr ade
t he operatigl;\ of g%iqﬁlﬁg%é ectri ?gl %{:/%%Sﬂ&&%e%%%ﬁs@g%g@é&%%g%&ggﬁ
nonuni f obeamyepitaxyand rgadtive ipmetchimgf | ow rat e of

3. Micro Mirror Arrays
7 While the embodiments of the present invention described thus far relate
25  to operation of a structure compoé.ed entirely of elastomeric material, the present
invention is not limited to this type of structure. Specifically, it is within the scope of the
present invention to combine an elastomeric structure with a conventional, silicon-based
semiconductor structure.
| For example, further contemplated uses of the present microfabricated
30  pumps and valves are in optical displays in which the membrane in an elastomeric
structure reflects light either as a flat planar or as a curved surface depending upon
whether the membrane is activated. As such, the membrane acts as a switchable pixel.
An array of such switchable pixels, with appropriate control circuitry, could be employed
as a digital or analog micro mirror array. | |
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reactant gases to the region over the substrate. Poor control of the gas

flowrate can also lead to variations in the layer thi %ff’ﬁ&%ﬁ-ﬁ)&%&ﬁ”“n to
run, which is another source of error. Unfortunately, there has been a

signific lemin-controlling the ambunt of 45 26 DeggiRRbe WO
%ﬁ% Eanber ,ﬁg%g

01/ 01025 00117740 gas flowed into the processing c

mai nt ai ni ng stabl e f| ow . ates..jn nvent i onal as deliver st ens.
Accordingly, FIG 3%&021'%‘}5&3’,37&@ éﬁ(ﬁjlbwsr@n‘?xpqucfl%b%?g%g Oﬁﬁiéﬁ i on
adapt ed t embedinRYt ofd mikirs shifret 1 dcebrdaiieriti 8¢ préefSinvétioaessi ng gas

over the surface of 5 a sem conductor wafer during a CVD process.
Specifically, seni cbﬁgmmmormﬁmﬁwm@sﬁ&ﬂammla)'ﬁb%&eﬁ‘@rlmappért

3702 | ocated wiihl er. E ' ¢ ining a
arge nonbgrtd 8ol iy iteadIRERFbicol e BB B Sy s IRER' 01 0.
t he su§ f ag806f Surfiice B3GHISE seristmducioy steictyre GB@SBeazas phiralite of blevtealicat
carefully _controlled rates from 10 reservoirs 3708a and,h 3708b, thiough flow

channel s~ P&l Bisgtdes P810,ars dndiyidyally addyessahle dhrough cqndugtingssagpand colume o g ) ¢t
of the pr g@ééﬁ%]%oﬁlﬁ'ﬂerﬂbﬁ%foh@}%@' QE8A%n Bieses above wafer 3700, solid
10 y uni gjo

mat eri al avi ng an extrene rmstruct l:ll"e i s deposited. Precise
met eri ng of react anFirsfeedastémeric layers38iRiihdludesg phadality efiivtersectingwghanisls uct ur es

of the pr t jnvention is possible for _several reasons.,First..gases can
be 15 f | onihs e B aleriroatli soniucting, teflFciing dfisiorric embEine PStH app) i e
act uaj@ onN3PERS FirsEelaRSmeriS 195 T03SI8 AligRA\GVet SecbAd BRSbhRAC Myeh3806amd 21A and

21B. Alternatively or in addition to "netering of gas flow usi n?& val ves,

t he predi sadeslyingisendedndnctor desiemn3804r sueh thabpoints of da chpenels 32 pr esent
i nvention precisely nmeter process gas flow In addition to
the chem 8§$ﬁ%§%%¢!§%gagg?'tion processes descri bed above, 20 the present

techni que is al so ubefnd erhittodimehitofla :gahod bHabticationdh aceprdémes with ths
nol ecul ar beam epi,t axy and reactjve ion etching. M.cro Mryor Arrays
Wi | e t hePTSREhEIVeRteD fizst W%?r&bﬁ%rigﬁamywaaeiw FRIBCQaHNg elaslpmcEs oi o

25 10y PPehAterAlomb adncil Téﬁﬁx%iiﬁ%@%&@h&ﬁbﬂs!&hﬁggﬁ% SLaSAREh6vilE iR/ | 3l

, to this ty ruct ur e.
Speci f i caslaped elastomendroini the tiodd, sand prtraducingelecteadly condupkimg tdopant info conbi ne

Zan elastoneric structure w th. a conventional, Si,icons:based .sem.conductor
oot or ostthst rezanch the Shaped Aladtofiel, Allsraigely of descEPed fE Sopneetiify Wit

m cr of abr kieal Rl 7GHobé TSt ddiforieid RFer3822 nlayi fofibd Hofiiv@Yiayérfofhi ch the

~ nmenbrane in an elastomeric structuire reflects light either as a flat

pl anar orelasiomerchy inserting elastometispnatarial gnig;gonold containing intersecting channels
20  such that the elastomeric material is flush with the height of the channel walls, and then
bonding a separate doped elastomer layer to the existing elastomeric material to form a
membrane on the top surface.

Alternatively, the first elastomeric layer 3802 may be produced from

electrically conductive elastomer, where the electrical conductivity is due either to doping
25  or to the intrinsic properties of the elastomer material.

During operation of reflecting structure 3800, electrical signals are
communicated along a selected row line and column line to electrode 3810a. Application
of voltage to electrode 3810a generates an attractive force between electrode 3810a and
overlying membrane 3802a. This attractive force actuates a portion of membrane 3802a,

30 causing this membrane portion to flex downward into the cavity resulting from
intersection of the channels 3822. As a result of distortion of membrane 38022 from
planar to concave, light is reflected differently at this point in the surface of elastomer
structure 3802 than from the surrounding planar membrane surface. A pixel image is
thereby created.
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whet her the nenbrane is activated. As such, the nenbrane acts as a

swi tchabl e pixel. An array of such switchable pixels, wé¢pheaLpoHAt €
control circuitry, could be enployed as a digital or analog mcro mrror
array. 48vQe1@é2enber 2003 WO 01/ 01025 PCT/ US00117740 Acc®CaTusgpyI74¢-| G 38
shows -an expl oded view of a portion of one enbodinment of a mcro mrror.
array in accordance Thd dppedigncRiof #ESpixelneipeiiovariddle; bad fial belcontrsitad 53800
includes first elastoner |ayer 3802 oqverlying and separated from and
under | yi n¢lSERE Eyde gﬁ%@gﬁm@émwl%cg@éﬁdwwdmgq applied tostizg 06,

Sur f 3894 %r0 ' I |

ol'ect r odos \SBDE: WA EArOSEME ffpc i ide bR Sorfofl BB RELRE
conduct i nglistonzoans! its shapen A Ibweeegltags applidddo tie: dechde twillaleereade the di nar y
kKill gnt t . Fi el ast ic ] 3802 i, d | | i f
oL 8D, i 3 ARk o3 O bAoA, Bl

3802 is aligned over second elaStoneric layer 3806 and underlying
sem conduct or devi ceA Igdeble muerotrhizmor pray stouagtire as desoribed cowd befus els

3822 over)j: I t . In one emhodi nen a_ net hod of
fabricati yﬁh ?tg%gggélg%gﬁ%sé%\ﬁf%ﬁngthgm%ﬁagsogbﬁ?ggﬁvé‘*ﬂog‘%%’apﬁﬁﬁgpnﬁraast oneric
| ayer 382atizble bsicloanitidl alyy Sthichee it adtBrdinas vithRhietnbodmdi bE tHePreeit 0 a
nold featuring intersecting channels, curi ngi t he el astoner, renoving the

shape#0 e|. 4&¥eg 4 35 High eppagisicswitely 198 a dibet oRriics COPIMUINGaOBS SRR, ng

dopant i Nt Skh HRGE ' ,ﬂﬂg {:}%‘gg ) | as
descri bedkﬁn conhect?%‘%g%%?ﬁﬂé [ gl.lé - %oﬂ:‘ ove, |rr°£télcéﬁl?§§%dr$\\eﬁ?%}é | ayer
3822 may lmridant bgbt figratn t wo | ayers of el astomer by inserting el astoneric

material into a nold containing intersecting channels 20 such that the
el astoneric material is flush with the height of the channel walls, and

then bonding a sep®, gritaRgdialcdplesmer |ayer to the existing elastoneric
material to forma nenbrane on the top surface. Alternatively, the first

el astbheric |ayer 3302 migsp-1pisrqyandy swacthregnst dssaihed iconiiroly reftastion of ve

el ast oner; i cal conductivity. J.s.d ei thet to-dopin 25 or
Co the niacidet el O, heReseh MG obt iy o fortedfnd SR e ™
ref | ecti ngnothersthibodimSR@F theqdréwht invaitichl @ables iy erdi@oNphecisy cmtrel ong a
selected row line_and colum line to el ectrode 3810a. Application of

vol tage t BefEaction PBH’@‘@B@@%“ &bﬁ@ﬁra‘@ﬁeaéﬁ@&ﬁ ?ﬂ‘&@i’fm bet ween el ectrode
port 1 on of menbr ano” 100Satey] oiE SEBedile? of IERELY AnloE T, AELIRLES °
downviély d wmthahe¢ presentinteptiore sRéfractiye trasture 3900 includes first elastomeric layer
3902 and second elastomeric layer 3904 composed of elastomeric material capable of
transmitting incident light 3906.
First elastomeric layer 3902 has convex portion 3902a which may be

refl ecti ngrehcas bR Wﬂmiﬁ{léeapﬁ%ﬁc‘é%ftﬂ@m&ﬁﬁﬁ%gixﬁi f¥dgee! astoneric layer |

- created by curing elastomeric material formed over a micromachined mold having a

25 concave portion. Second elastomeric layer 3904 has a flow channel 3905 and may be

created from a micromachined mold having a raised line as discussed extensively above.
First elastomer layer 3902 is bonded to second elastomer layer 3904 such

that convex portion 3902a is positioned above flow channel 3905. This structure can
serve a variety of purposes.

30 For example, light incident to elastomeric structure 3900 would be focused
into the underlying fiow channel, allowing the possible conduction of light through the
flow channel. Alternatively, in one embodiment of an elastomeric device in accordance

with the present invention, fluorescent or phosphorescent liquid could be flowed through
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I ntersection of the channels 3822. As a result of distortion of nenbrane
3802a from planar to concave, light is reflected differ h-S poi nt
in the surface of elastoner structure 3802 than fromth%@fghge%ﬁgw?’;

pl anar magblopofoesur f ace. A pixel image is thereby creategperioSeg®rigcenber
2003 WO 01/01025 PCT/ USO0/ 17740 The appearance of this pixel inmage is

vari abl e, Waﬂfe c‘%&; I «hyre Al ' ' qﬁlé gg )
appl i ed ‘tg%tlﬁg el ec rl’o e. &%rhﬁ%@h%@%@@%&@&ﬁ&?@bﬁ&%@e& ro egvvi |
i ncrease tibwm atdispdayt i ve force on the nenbrane portion, causing further
distortion in its shape. | ower voltage, appljed_to.the el ectrode wl|

oG 6@@%‘7’%@%@ S} af e GHUER 1AGETAREE 1 it s

decrease the 5 attrac
shape fr ot e PrABRY invéaitol® 'Reﬁ%ti\?ék%gﬂ%nﬁé‘m%a%ﬂh‘ila?érfoﬁﬁéalfu}&ﬁl BREgar ance
of the resulting pixel inmage. A variable mcro mrror” arfay structure as
descr i bed upow edr¢saclicnsidésigna Speaifically, refractive stiracture 4660 isicomipostidaf folre

di splay of_| not her a L Calnl, 0 or riab m,CronM rror array
st uet ur o SHorSRaTEstpsthe e 02 o s indtook Hionde B, CTEE darGE, 1 o
woul d be garfacesiof bachadfairt yeo%nﬂ,tahhtﬁmelastbmbﬂhy@@%@? 400413HA 406 benS

system wth each pixel capable of affecting the reflection and transfer

of a conpdpHpxm serrations A0LG reaptarly; spaeeddiypdistancs X thet isanuchiargex thaa ther es 15
The m cr oz . €qj ' I [ of
e dent - FEvbleREh Y inbidbliiatc” sEilond30H i o SOOI fholdehtjil 10

cont rbe | i neryrbefformed througkiaise ofia diiboimachined imokhis dekcrited epteasiesly abonwent i on
enabl es the exercise o[_ F‘:‘@%iose control over refraction of _incident |ight

in order Féskresns e &y eBy 40021 4108s2nde4005 famption g5 krespd leBdi nent
of a re”ﬁ&%ﬁﬁlﬁ&d&%ﬁ%ﬁdfbm@%ﬁ%{ Slal M 4 the present invention.
ude

Refractive structure 3900 I ncl s first elastoneric layer 3902 and second
el astoneric | ayer 3%0urthelastometicdéyeri40688 beaes wdfaret serratidnsd@pabheng &

transm tting, incident lLight 3906. First elastoneric |ayer 3902 has vex
por 11 on. 3809 SR te g e sEpafonsptife elb s Telutaidbiae setrion 46 nec
over B M SieQi@Cspab@laped iy Maivich mallerdfist&ife CRihan B seir@ilons O @ Wlefllingt OMeri ¢
| ayer 3904 has a fl ow channel 3905 and nay be created froma m cronmachi ned

mol d havi plgstamesr dasers, Wit B ondhe endsselthe wiauelength pfingidentdight ek thab| ast oner

| ayer 39021 -aner. E%g_’ 3904 such that convex
portion 3@8??1“?@% sf%ﬁ%ﬁ%@%%?ltw%ﬂ% Ke®3905. This structure can
serve a variety of FiGpdsitlustraes &mwembudimehtof d refthdtive stuctartinkecoedagtoneri c

structure 3900 woul d_be focu xe ) ) } . .
Wlt?l tge present invention w. ec utilizes difference in material refractive index to

D

20  primarily accomplish diffraction. Refractive structure 4100 includes lower elastomeric
portion 4102 covered by upper elastomeric portion 4104. Both lower elastomeric portion
4102 and upper elastomeric portion 4104 are composed of material transmitting incident
light 4106. Lower elastomeric portion 4102 includes a plurality of serpentine flow
channels 4108 separated by elastomeric lands 4110. Flow channels 4108 include fluid

25 4112 having a different refractive index than the elastomeric material making up lands
4110. Fluid 4112 is pumped through serpentine flow channels 4108 by the operation of
pump structure 4114 made up of paralie] control channels 4116a and 4116b overlying and
separated from inlet portion 41082 of flow channe} 4108 by moveable membrane 4118.

Light 4106 incident to refractive structure 4100 encounters a series of

30  uniformly-spaced fluid-filled flow channels 4108 separated by elastomeric lands 4110.
As aresult of the differing optical properties of material present in these respective
fiuid/elastomer regions, portions of the incident light are not uniformly refracted and
interact to form an interference pattern. A stack of refractive structures of the manner just

described can accomplish even more complex and specialized refraction of incident light.
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< 4112 having a different refractive |

into the underlying flow channel, allow ng the possible conduction of I|ight
through the flow channel. Alternatively, in one enbodi nEfbhe&ntRA2003

el ast onmer wooRMOZe i n accordance w th the present inventipor/ukdoagigscent
or phosphorescent liquid could be flowed through 48 26 Decenber 2003 WO

01/ 01025 PCTI USQO 17140 rdfRtifd Q | [ m t he
fluid refracted by the (r:urved sﬁ&r@g%g@tﬁguc%%]m d&g?rg&?gaﬁ'ﬁggga%L% £
anot her enBBWiostshtFop txample fthadastoment stucture eonild aelmscarﬁitame optidal hwitdﬂﬁto

present in | fractive-..st.r.u 000 is,a | t. | train
based 5 upégd&s%rwetgdr?g' %t}%hsacg%? jflen (%ég%tc }fA[?rSﬁYﬁfr F%%F %IFE’ eg gﬁl?re 4000
i s conposestradtut euild b%&éﬁ@l?&djt@teﬂ'd@ﬁ&ﬂi@hﬂoﬂ%ﬁeeﬂ@@?a?%%m afiRatigid
4008, -bonded toget her. The upper surfaces of each of Tirst, second, and

third el astoner | ayeFer exgmple, fwmompesition oW hsaes refmntiveindeef flnid fowed 010

regul arl n t = wavel engt h
of gt he i%c?ggﬁ@% ﬂ@éﬂgﬁr %&%é%&%ﬁe%&&ﬁ%%% Bﬁtgmiaﬁ X"e‘?{tml | ggt

and 10 mycméuﬂminnmdﬂtdhmm@mwéemﬁyaﬁﬂbﬂhmw&ﬂ@daﬂcmpﬁaﬁﬁgl bed

ext ensi vel abo ﬁ irs %cond. iand thjrd el astoner. | ayers 4002, 4004,

and 4006 f ﬁ °‘5§E1"‘—‘Pé ff@n be presisely coutroller dpring fabrnation o8 thestrugtves isy

ordi nary SBtdlefto' Eraf A dpticAIQRtEEfEr W ni form
serrations 4012 %%vi ng adp nmuch smgﬁ r si zedvﬁéat%}é'?ﬁsel@ceﬁ%ra%?%%%%&of t he
over|ylthg el astoneric layers. Serrations 4012 15 are al so spaced apart by

a nmuch small er di sta@cng tﬁg_?:l g‘\ﬁ\'ﬁﬁ ons of the overlying elastoneric

| ayers, with Y on the ﬁ of incident light such that

el astoneric |ayer 400&4d. W%ﬂmeaeﬁbﬁiﬁﬁﬁéétﬁi&nﬂﬁﬁiwwh thd &astfrheric
illustrates an enbodi ment of a refractive structure in accordance wth the

present i nPERPIAR ISAPYeRbletTom 2 disstaplrkest pasisionita asaand; astuatedipositionie i ndex to
20 pri mar iy B GeOfiRly bﬁé?mgl'lts&%%géd Oﬁowg%f rtﬁgh eggntSt [t %’%?ﬁg oﬁmﬁ {)ﬂgﬁdzim

| ower el astoneric por covere pper
Bot h |1dwerparticdaroabreiconfigurhiimn 4102 and upper el astorrerl c portion 4104 are

conposed of materi al 1 tting incident _light 4106, Lower el astoneric
portion 4102 i ncl ude@@ﬁigﬁéﬁﬁlﬂ%éf"a@@yﬁgﬁl‘a‘%@ ﬁlW&%ﬁh&?‘%"ﬂ‘i@S
separ at ed gmc@}@ﬁt‘mhﬁeh@myﬁgn?ﬁéx FORABE e[#;%lrgﬁ&%pﬁag did 25

astoneri eri al

maki ng up dlegkdeg a lowgharmelitel 2 4dcbadiastuptedpesitioh imwhichdke fiewichamel isopen,

channel s 8. er on of punp structure 4114 nmade up of parall el
D A3 Ranibl

-control chanhne s %ver | ying and separated frominlet

porti @e 4108a of flmmmwﬁpﬁn%memhmmﬁﬁm@%ﬁé&mmwwﬂl%

incident to refractive structure 4100 encounters a series of

uni f or m y-Xongding 42Bot2B s pf nesmaily-slpsed valve #2004ince mp@n@d@@tﬂayFleWMr ic
l'ands 411Q202 and control channel 4204 are formed in elastomeric block 4206 overlying substrate

4205. Flow channel 4202 includes a first portion 4202a and a second portion 4202b
separated by separating portion 4208. Control channel 4204 overlies separating portion
25  4208. Asshown in FIG. 42B, in its relaxed, unactuated position, separating portion 4008

remains positioned between flow channel portions 4202a and 4202b, interrupting flow
channe] 4202,

FIG. 42C shows a cross-sectional view of valve 4200 wherein separating
portion 4208 is in an actuated position. When the pressure within control channel 4204 is
30  reduced to below the pressure in the flow channel (for example by vacuum purnp),
separating portion 4208 experiences an actuating force drawing it into control channel
4204, As a result of this actuation force membrane 4208 projects into control channel
4204, thereby removing the obstacle to a flow of material through flow channel 4202 and
creating a passageway 4203. Upoﬁ elevation of pressure within control channel 4204,
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As a result of the differing optical properties of material present in

t hese respective fluid/elastoner regions, portions of tf@?éé&ﬂﬂ?ﬁéoﬁ I ght
are not uniformy refracted and interact to forman interference pattern.

A stack ovownefreasti ve structures of the manner just descrrdiIegsi0am40
acconplish even nore conplex and specialized refraction of incident |ight.-

49 26 DecepRbHRORGttioN R ORh LA PEFMSIb ISR riliink HabB b ¥5q © ast oner i ¢

o _
structures just described can fulfill a variety of purposes. For exanple,
t he el ast orhsirnetingtfiaycchanpel4202.d act as a filter or optical switch to block

sel ect ed wavel ength %f ehgci d‘f{% I i@lﬁt. Mor eover,. the eﬁra tive ghopert I es

of the structure co cP V1PES qrye F&gﬂmﬁafﬂac O 1E° HaL gt of a

. particul archmhll?;?:arﬁgg tHeQkidexaETiR Gverlyhi coatrBP&idoen A@i&?djﬁgﬁ,CFIGﬁmeCt ive
owe

i ndex) of fluid t hrough the flow channel s coul d be changed to
af f ect odi f42tbshopopian apd epseatertaal views of an altanptiveeembodimentofaroimaty- t he

Identity ' oued ' . q .adi fh
channel s %g%s galfglﬁ:g%?’lsi‘ézl y coﬁ?%ff%ﬁ%@zdgggﬁ?@%gp?% ofﬁﬁ%&)‘s‘f § u%vt ure in
order to genind208amschown dh ciops-erfimratwizersRig t43BF adorgilinet 42E 421 of Rilg.

characteristi¢cs. 10 6. Normal|ly-C osed Val ye Strucijure FIGS . 7B and 7H
above depi@b,ﬁe‘i?&f%ﬁgsqraﬁa@fsf/ 'RMGHF Rptenabisgequirehiorheamoyed drmge | s

moveabl e faeRiiich, fthd Kludidh FxednRRS! 'metagpﬁeéﬁqe&&cact uated position in
' I , t

whi ch the flow channel 1s bl ocked. "Howev e present invention is not
linmtd@® to this 15KElEbt42Gand Hebdw e comsafseefional views alon@3ine0G-40G° ehiow a

i ety of..vi f |.Ly-cl osed val tyuct i n_whi
of ast over i o 18 SapRSiaR e i YalFe o R SppBrn 510 BBk ng a
fl ow chaniG, 421 siowehaddned prkafe Wahin withr tontdlichBnidl 9267 AayeRaanel is

open, utilizing a negative control pressure. 20 FIG 42A shows a pl an

vi ew, and CEIan coytORs havethe yaw, ¢ffnetpf pulling vaderlgng elastonep420®' | of
normal | y-. Vv ' w channel 4202 and
control c%g%iga% gﬁ:%tréég dl}ﬁﬁg@}icné%ﬁgs%@g%%}alﬁ%a{ﬁ%ggi 206 overlying
substlate 4205. Fl dwcakiaphgFigl20Pshons|aiasview!, and d2pacidsptectiddbviend a
~second porfion 4 ,separated _by separating portion_4208. Control channel
4204 overla'{"é‘ghgéégf'gg r?g }%2&1’85" Beweﬂcﬁ% FYpidy SR@E‘@W its
rel axed, yaGbAREoPRR 4208 WitSARMiRh RO ELdeBi enf A0 HcllAHibd Oned

between fl ow chiannel portions 4202a and 4202b, "interrupting flow " channel

© "4202. F| GSepapatinglpovitonaA2080 ds-shewn iroFigl 423, everoinden howatéd 0onditionsthe

\?M.ef ﬁlr ﬁt Lgﬂﬁgﬂo'&?ﬁ%%ﬁg? Oo%ziﬁsfo‘ingol%ﬂaﬁ%%i H%«’F pedggessl \ie %acu\l\!']ee Poréehgn fleossure
20  underlying elastomer materia! 4206, thereby preventing this elastomer material from
being drawn away from substrate 4205 and creating an undesirable void. _
While a normally-closed valve structure actuated in response to pressure is
shown in Figs. 42A-42], a normally-closed valve in accordance with the present invention
_ is not limited to this configuration. For example, the separating portion obstructing the
25  flow channel could alternatively be manipulated by electric or magnetic fields, as

described extensively above.

7. Separation of Materials
In a further application of the present invention, an elastomeric structure
30  canbe utilized to perform separation of materials. Fig. 43 shows one embodiment of
such a device.
Separation device 4300 features an elastomeric block 4301 including fiuid
reservoir 4302 in communication with flow channel 4304. Fluid is pumped from fluid
reservoir 4306 through fiow channel 4308 by peristaltic pump structure 4310 formed by
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30 reduced to below the pressure in the flow channel (for exanple by vacuum

punp), separating portion 4208 experiences an actuating JOhSRuALAWPBY 1t
into contgal 5 nel 4204. As a result of this actuation force nmenbrane
Whiouo1 e

4208 proj o control channel 4204, thereby renovi ngPFEHESWHITTHCI e to

a flow of material through flow channel 4202 and creating a passageway
4203. Uporcastrel ghangels 48 13 puerbying:flowichannel ¢304,qis habbeengrevi@dly desorindl at

Decenber y 5 7740 separati.n ortion,4208 wil |
rosume | ¢ oonep AU b b Rerl b iR SRR Goo0isap S Hith Rikcpretsty
channel 42@gentichlisuitiets grovide siffieidhe Biiepessube, TREPHOE A reRridh fesititalkl on

force may be. cﬁ}aqn ed by . varying the width of the overlying control
channel . A4SidY g“’? ?w%e@mmmsmmummdwpm elagtorperisdevigsattilisinglanvi ews -

of an &l t ekxfghil 1bodi ment of a normally closed valve 4201 in which
control channel "4207 is substantially w der than separating portion 4208.
As shown in cross-sddpwahahnel 4304 leriigto stphrafion lcolugnn 4318 it Bic-féiof 8T Fi 0.

42D, becauge _a,l arger .area of. el asto jc material is required to be noved

during actAms Bﬁ?k%ﬁﬁ‘@ﬁ’a%%%&’%ﬂl% ‘gﬁ%@é’é‘iaﬁw E1t4d 18, A issviell knovayiireed.

10 FI GS. 4B&ummasf Moﬁiagagr@ r ' ' f

Fig. 40D. ]n corr%ari son vmh?hﬁ?%g&gﬁglg?ﬂg&ﬁg vgi vg&g%%ﬁfg@g%%g%%? I n

FIG 426G thepatpresst32eho wateriels torhechgpandtedranddhe partictlai chromakoprapht ol

Ui 1180 uncror Y clibified, I oPhbpterdc bR RRs frectiieis sBblEdbse gt by

creating wadetyiof shiomategraphe ledhnifBes escdidihg 8hynotfindted4s kelskenBion, Qéflan vi ew,
0

and 42J a cross-sectional view along |ine 42J-42J" of Fig. 421, val ve
st r uct ur e PABBRANGR, 10R exchange revarse phase) hywrenhobicaategaction, affinity ol | i ne 4204

with a m g d@r&ﬁ R)}!m‘ﬁ i separaling
portion 4%08. As s %\Rn%?ﬁ |gﬁq§@%%t§%§¥ﬁ%¢ﬁ§@e%ﬁ8gﬂ#9f% t he

nar rover pressuwe diquidi chworitogmphy PLORNTRE hitRGessedds atlizddfor HPLCagdy ve force
on the:.20_underlyin | ast oner terial 4206, thereby preventing this

el ast g?rer fcﬂ&%fsﬂ?%‘fseg’fe&ﬁ?iﬁwﬁﬁygga frs o othen elastemer sombimationand cr eating
an undesi rabl e voi dSafidstrainOfiRdd iiroheIRY YOG kb SUBRHIS BRLHALAG 11
response tq _pressure iS shown in Figs. 42A-42J, a nor y-cl osed val ve in
accor dancBtilifing laad chpnnel 4319.i beadrhaone! 4339 megeives fluidpimped firomm sample

fi | : ti ti t ti t 25 fl
channal " clsPioiz 2330 BT Fumb 152 CPRGR bbBinp Ot kel S ¢S4 ang Chitaliu of BuPel o
as descr#43gi] samplerisiluwed frohDMed cHannSEAST Pint®RoR chMbleb 430, STHe Sampldist her

appl ig@ti n %f t he, present invention, an el astoneric structure
en flowed through separation column 4314 by the action of pump structure 4312, Asa

result of differential mobility of the various sample components in separation matrix

4

4316, these sample components become separated and are eluted from column 4314 at
different times.
Upon elution from separaﬁon column 4314, the various sample

25  components pass into detection region 4324. As is well known in the art of
chromatography, the identity of materials eluted into detection region 4324 can be
determined utilizing a variety of techniques, including but not limited to fluorescence,
UV/visible/IR spectroscopy, radioactive labeling, amperometric detection, mass
spectroscopy, and nuclear magnetic resonance (NMR).

30 A separation device in accordance with the present invention offers the
advantage of extremely small size, such that only small volumes of fluid and sample are
consumed during the separation. In addition, the device offers the advantage of increased
sensitivity. In conventional separation devices, the size of the sample loop will prolong

the injection of the sample onto the column, causing width of the eluted peaks to
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30 can be utilized to performseparation of materials. Fig. 43 shows one
enbodi ment of such a device. Separation device 4300 feajgiHeSndr 2003

el astonmeric block 4301 including fluid reservoir 4302 in conmuni cation
with fl owooiidnessl 4304. Fluid is punped fromfluid reser P6TAUSABIEY hr ough
fl ow channel 4308 by peristaltic punp stricture 4310 formed by 51 26
Decenber pii@RiallOveliNAIR onéaiathiG0 arhé ktremelyt snadll sitvcemdedapacity f theviead yi ng

fl ow channel 4304, as has been prevjgusly described at .I|ength i

Al t er nat i‘iPéP‘}eﬁ %W@%@P&@W@N&dﬁgw@egm% emﬂ}%%“&ﬂdgﬂ@sﬂw th the
present invention ; &ﬁ%v' | Qi konlf SeSemitsbdithérdt d
froma reservoir poﬁ%#&g&%@%m eéh?ﬁrg%igfggs?% r?%ﬁgt Pﬁ:ture may be
punped i nifeutha devies tandether steotines are ¢antenaplated hy the prrsent maentamador Fl ow

h | 4304 t r.at i 4314 | h f h I
backed wi GBI, PRI eRBAHPR RRTR OLER A4 HbPLA BPY et dbadicof LS
known in sega@ti@i Eol@fan GieRI¥A 9 8 5P plahd) ¢his HRAFeduired befthé presce fivemtidnon

matri x 4316 depends, upon the nature of t32ehe materials to be separated
and the pame ¢omprgrofthe widressreginghe spmple Fseryol, theflow ehannginthe doaddoomer i ¢
Separation £ | ' ' yRf00r aphi c

t echni que@?ﬁ%ﬁ%ﬁﬁﬁ cglgfnﬂz héoc}%)c} ﬁ%gﬁé%ggg%@%@%ﬁ tﬁ?ﬁ%ﬁ%\%&%{aﬂ%r neat i on,

i on exchajiag; ofithy elastomptia amterhy dfiligihg vicstrueheesewhdsefornadtionris dgscribed at
chromat ography, fast protein_|liguid chromatography (FPLC) and all formats
of hilgh lpnaihabeve inicgpnestion mathi8g3 MM (HPLC). The high pressures utilized
for HPLC may 15 require the use of urethane, dicycl opentadi ene or other

el astomer conbi nations. Sanples are introduced into the flow of fluid into
separati on col um 481€ell ReniCell Gagd/Call Gafimderel 4319. Load channel 4319

receives fluid pu d fram.sanpl.e .reservoir 4320 throu unp .4321. Upon
openi ng of val ve Zgégegﬁﬁmﬁﬁg?ﬁm}caﬂogpﬁﬁwwsea ?ntggng?gﬁaﬁg&%x%md from
| oad chanmgbtufPddh Botitizbd RYmaRipaRed orgdlidms b BtheABRdEidad miteriah eFigh.| 4aned

t hrough separation colum 4314 by the action of punp_ structure 4312. As a

resulld of44dd shost plae Viewsrafiong empodiment of ¢ sell persstalehe in aaploneswith the
separatiqn .r;/énﬁ04316, t hese sanpl e conponents becone separated and are
‘el uted f B Corur 4314 at different tines. Upon el ution from separation

.colum 4314, the vaTélbpen FAyi400 febtursszpananos ophsgonaily-oricktddbiwon regi on
4324. As is well known in the art of chromat;graphty, t he ifd ntity of
‘mat er i al Shamals4p02,wihapealarges), neag sEurcture AA04 2h thedntepestion § $izing a

Nani ety Qlow BERALELYatve 206 EboHiONEA At Phe trtiihbihd i dfRERBGPARRIIe
pectroscopy, radioactive |abeling, anperonetric detection,
mass 20 4404, Peristaltic pump structures 4408 are positioned on each horizontal flow channel
and on the vertical flow channels lacking a cell pen structure.
Cell pen array 4400 of Fig. 44 A has been loaded with cells A-H that have
been previously sorted, perhaps by a sorting structure as described above in conjunction
with Fig. 36. Figs. 44B-44C show the accessing and removal of individually stored cell C
25 by 1) opening valves 4406 on either side of adjacent pens 4404a and 4404b, 2) pumping
horizontal flow channe! 4402a to displace cells C and G, and then 3) pumping vertical
flow channel 4402b to remove cell C. Fig. 44D 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.
30 The cell pen array 4404 described above is capable of storing materials

within a selected, addressable position for ready access. However, living organisms such

as cells may require a continuous intake of foods and expulsion of wastes in order to

remain viable. Accordingly, Figs. 45A and 45B show plan and cross-sectional views
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spectroscopy, and nucl ear magnetic resonance (N R). 30 A separation device
in accordance with the present invention offers the advagnbhagef65dremely
smal | si zgo sifibhst N2t only small vol unes of fluid and sa gr,%@mg&nsumad
during the separation. In addition, the device offers the advantage of

I ncr eased ensit ti Al An conventipnal separatian vices, the.size of the
sanpl e Ioo@%gl epﬁ\sﬁ%%helsﬂ@ Vﬁl}ve 9%ﬁ%°aﬁ@t§§ﬁﬁ%icﬁﬁﬁw 8l um,

causi ng Wﬁcbr@ﬁcéhﬁhﬁwr@génpﬁa&ﬁiohp 52 26 Decenber 2003 WO 01/01025

PCT/ US00117740 potentially overlap with one another. The extrenely snall

si ze and capacity of Celeaged30 ixfonmerbes anendasgest portion 4500s of 2 ivw chanicl

di ffusion Wels ] ' r em T e td Str ure shown
n Fig.  as it a8 cles BB SRAE At b bt b bR Gl O S e

st ruct ur essiailar womtindividubbet]Ipen b degeribedabove iy Bigls] ¢ -4BDN elcepkthiabtils Whi | e
t he separa&éﬁg&g&vgﬁﬁ%%f Ei g. 43 features a flow channel, |ead |oop, and
separ at i on 4 1csH cage 4000dediob complstely enclaseiinteripf regiomA308a by t he
present i ' t f. 11 WY .

P ecarvor 1 e Piis 45008 whl 4900 81 Bhec 436 ke fofink €575 (Rirktiey dr e Epifars
coul d be o#302ntPéliarp45Q2-may bepat of omembrane striwurecfty mrmiatiyichesed phisne of t he

el ast omer | terial wtilizing via structur whase. fornmation is described
2t 10 | errREEpEAeabed srfraor ey Doy tn copacenon xith Figs. 488 H2bony Cel |

Cage/ Gol | Grinder | nspepificllf, Wbhi§iichamtl 4S04 bRTi&¥ pillhkg 4808S Wilenith¥eNt i 0N, an
el astoneric structure can be utilized to mani pulate organi sns or ot her

bi ol ogi cal PrAEr R gputredchannch 4304 is sedneel, stastomerigpillars w0 aregirewn upwdidrent  of

I st i th t £ tion, Cell
oy ahoqniicoHEbHafinhl B65 3 GBH raliabaia 008 bP il kage AN ahd Rttt 0,
wi th an erdefintgenter. fgpdn elevation of predd9d irddontroBolianhel 4594} pillarsofs0altiak nat i ng

fl ow channgls. Valve 4406 is positioned at the entrance and exit of each
pen str uctcﬁ?"é”"fé‘i agaipst syhsrateda0f prd prevent ayell drose exiting 682e4 % 0si t i oned on

each hgrizontal fl ovggd ; Vet - Cal - 1 . King a
cell pen structure.\q%g‘;l glgénpqal%?g?ggﬁg&ﬁ.&ﬁﬁ%%ﬁigxaﬁggﬁ%ﬁﬁ*%%g%g W th
cel | s A- Hméoremenhoka cdibant of cagei 4508) but abso timddudengaph 4568 hich allowt thedlost ofict ur e
as descri bhed.above in caonjungtion ith Fig. 3 Fi gs, ,44B- 44C sh t he
accessing eﬂ&/%ﬁgebtﬁe‘%‘%ﬂ%bbﬂﬁ’a?‘\ﬁ%@%ﬁﬂ °8§(Sps geélsthﬁvl"_t) ‘ﬁﬁ’@rﬁ%\r% Oal ves
4406 on eidppesiteend @500c adisaeibRly AR BéReatc8AR dbhtral chMHBP UBES 1o

hori zont al | ow channel 4402a to displace cells C and G and then 3)

punpi ng vderny gpening afithe Gagerrnd ramod of thercelimsdesizdd. C. Fig. 44D shows t hat
secondpcell Gis no l.0to Lts prior POgiti Ln_cell. n _array 4400
by reggrsi'ng t he direc e?gﬁ%&ﬁmcﬁbway% esmgl%to @ng}msrgﬁceﬂsor

other biological materials in order to access component pieces.

b

Accordingly, Figs. 46A and 46B show plan and cross sectional views
(along line 46B-46B’) respectively; of one embodiment of cell grinder structure 4600 in
accordance with the present invention. Cell grinder 4600 includes a system of
25  interdigitated posts 4602 within flow channel 4604 which close together upon actuation
of integral membrane 4606 by overlying control channel 4608. By closing together, posts
4602 crush material present between them.
Posts 4602 may be spaced at intervals appropriate to disrupt entities (cells)
of a given size. For disruption of cellular material, spacing of posts 4602 at an interval of
30  about 2 um is appropriate. In alternative embodiments of a cell grinding structure in
accordance with the present invention, posts 4602 may be located entirely on the above-
lying membrane, or entirely on the floor of the control channel.
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t hrough horizontal flow channel 4402a. 30.The cell pen array 4404 descri bed
above is capable of storing materials wthin a select edﬁ? ﬁ&gﬁﬁ)@f?&jf
position for ready access. However, |iving organi snms suc as celTs may
requi re awomigasious i ntake of foods and expul sion of wastEI/Wso0anT®r to
remai n viable. Accordingly, Figs. 45A and 45B show pl an and cross-sectional
views 53 26 Decenberg, 28Qgur¥BsBiltafd#025 PCT/ US00/ 17740 (along |ine 45B-45B')
respectively, of one enbodinment of a cell cage structure in accordance
with the present i nJeyetsofurthadpplicatipe of §&present tventiom en glastomezicged porti on

4500a of a,fl . 01 in an el ast ric block 4503 in centact with
aubstr at e JpatHe GRERYzed Gatedd's P Nell i strypuP dhaloinise o ERIRE,, B
descri bed ciegivefréquelilgempigdd tkhe fieki@FRlectrbiits. Figs47 Sidba plag vikweEord cel |
cage 4500 dq not conpletely enclose interior region 4500a. Rather, ends

4500a &nd cmhodinet of sk amersurgascillgfer@motirea plurality of retractable
il 4502. Pill : :
pillars | | PrSestraQRcillBbr %0‘1%%@&3%& &EIP:E:@HS bgatcyég A Caifing

normal | y-cl osed val ve structure as cribed extensrv ove I'n
connect i orflom ¢hanfel @504 4@ tned AereihO Fiwe chdnnelad 704 incoddsranl initiabparéion 43042

overlies pill.ars 4502. When th ressure . in contr an 4504 i s
o uced. DRORRGEIP PESSE poHtes 4016, R aspaRe aevi 104 A dta ISR nne!
4504, therggliye am!mma@?&ﬁaéqemm i&@dﬂm&%ﬁﬁﬁ&@%ﬁﬁcﬁﬁﬂ%ﬁﬁdﬂ&ﬁ%ﬂ cell to

enter. Upon elevation of pressure I n control channel 4504, pillars 4502

r el ax 10dowrithagontrabelianael 4310 fonmet én dlsgomaric block 4202 abovedht ldvebof Bowt i ng cage
4500. 15 ast I c.pidlars 4502.are of a sufficie Lze a unber .to
orevent . GOORLATA AR Tobioh 56 gisBl ol mBemi s S Lo bAE RN OB el o6
whi ch al | eRarineP4710asvetlies afd iy depithed fidhPf6R Ghainid 2T70Pby 45 eRstohierier der to

sustain cell(s) stored therein. Pillars 4502 on opposite end 4500c are
simlarl y@ﬂ%ﬂ%ﬂ@ﬁ@éﬁ@@ﬂﬂ@b’é&ﬂw aoprevignsly desembed4506 to pernit opening
of the cage and renpya . ' -]

ci rcunstances, it may Elggggélﬁgtgﬁﬁtdcpgégf@;%éegﬂg%%pﬁﬂggs] gﬁg%ﬁy&r SeSIrlr ©

bi ol ogb calourat 4706girevidas preshare alongfiew charmehP7iveaid quinerobshanAelcdi1di thodugh

Figs. 46A an 6B show pl.an and. cross sectiopal vi al ong |ine,
46B- 46B') %%ﬁgcﬁwsg of e sswsn%%sg\aw OVBPE%EFi/“'gd&nB SWEE fLIOPEF B 4600 i n
-accor danc gegibd 47048%s BERBERY wWilhRY LioRnel@1b. MevaR474808epRGkides a system

of 25 interdigitated posts 4602 wthin flow channel 46b4_ whi ch cl ose
t oget her diffsmense between serpertinerflay channelmopticm4704boadmyedyimg|cphtrgl channelo|

borwoon ¢ ALIY PbuBY Sads IdHsirabins DA, 41308 £ K0 Mot o BEBREMe, Ly
entitpes @e® dhannel portion 4704b, closing valve 4712. Owing to the continued operation of

pressure source 4706 however, pressure begins to build up in serpentine flow channel

portion 4704b behind closed valve 4712. Eventually the pressure equalizes between

control channel 4710 and serpentine flow channel portion 4704b, and valve 4712 opens.

Given the continuos operation of the pressure source, the above-described
25  build up and reiease of pressure will continue indefinitely, resulting in a regular
oscillation of pressure. Such a pressure oscillation device may perform any number of
possible functions, including but not limited to timing.

9. Side-Actuated Valve
30 While the above description has focused upon microfabricated elastomeric
valve structures in which a control channel is positioned above and separated by an
intervening elastomeric membrane from an underlying flow channel, the present
invention is not limited to this configuration. Figs. 48A and 48B show plan views of one
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of a given size. For disruption of cellular material, spacing of posts 4602

at an interval of 30 about 2 pmis appropriate. In alteﬁg\ ?g@gl ment s
of a cell 8&@%@9 structure in accordance with the presentﬁgée\ﬁ?oe? L on

post s 460% | ocated entirely. on the above- |ying menb /17740

entirely on the flogr of the control channel. 54 26 Decemnber 2003 WD
01/ 01025 FERhadBogntpfasiiesqctuaedplyastrustyre imhacsordancy withpne gmbpdimenppf theat | on

of the presgdht in¥aRH on. an el astonmeric structure can be utilized to
create a pressure oscll| at or structure anal ogous to oscillator «circuits
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4708 in fl C ni ¢ t|o h.co nnel, 4710.f i,n
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nmor e di st&hclfoE@ﬂbWroﬁsm&%WcF&nﬁ%ﬂﬁuﬁnhaMSO@ 4708, control channel 4710
overlies and is separated fromfl|ow channel 4704 by an el astoneric

menbrane, thereby fJi&i4E WW@W%@W@W@%W@QQ@%W@W&%

osci | gt or & e 15
'sourcéa47(}%§és§)ow gégbéglgg Q’?E{-&"E‘%g‘;ﬁ ow c 62%%41{%364 éﬂn cont channel
. 4710 thr o@formsuﬁomschammse lﬂbclhhgﬂsmqianh&lntsosﬂap@ releatd m‘ﬁ/preé%armel

j;(igb A{)res.ﬁ}}%e IS I&%lmregl on ‘Z%(é q(;}ilgconp j W th f{ow chla nel

channel pahl bpéh AdW4Radflagyer | yi ng control channel 4710 eventual |y causes
the nmenbrane of valve 4712 to project dowward into serpentine 20 fl ow

channel portion 4704161111@:11 &dﬁagm@ﬂm@lwmch@wwawdmtwpmmm pregiroiger at i on

of SS ver begins _to bui i n_serpentine
flow c anlr%é glglﬁi% H% % q?dgc&’%gfgﬁﬁ\‘fﬁpg%cc& ce Bk FT?tt he
pressure @anentiba Bnob timied fo HEOHS NIy efdthplefiiil ehRfdaftciniémbranyy
channel portion 4704b, and _ val ve 12 opens. G ven the continuos operation

of the pr®eEigndo %@ﬁ«‘a‘%we%@eabwégé@cmdo@mﬁshwk@w dsmatigelsdse of
pressure Winipuifl bP UectASe tdhbd teldl SRUekdtbd dhidhslvEfitngle 0SCl 11 atton of

pressure. a pressurée OScl evice nay per m any nunber of
possi bl e functions, including but not limted to timng. 30 9.
Si de- Act ated Val ve

| de- gt u V€ 10. Additional Applications

The following represent futher aspects of the present invention: present

u::

valves and pumps can be used for drug delivery (for example, in an implantable drug
delivery device); and for sampling of biological fluids (for example, by storing samples
sequentially in a column with plugs of spacer fluid therebetween, wherein the samples
25  can be shunted into different storage reservoirs, or passed directly to appropriate
sensor(s). Such a fluid sampling device could aiso be implanted in the patient’s body.
The present systems can also be used for devices which relieve over-
pressure in vivo using a micro-valve or pump. For example, an implantable bio-
compatible micro-valve can be used to relieve over-pressures in the eye which result from
30 glaucoma. Other contemplated uses of the present switchable micro-valves include
implantation in the spermatic duct or fallopian tube allowing reversible long-term or
short-term birth control without the use of drugs.
Further uses of the present invention include DNA sequencing whereby

the DNA to be sequenced is provided with a polymerase and a primer, and is then
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" bio- conphemisals, espesiglly gligenuclgotides, ydueh mgy os may\not baverbesp €k

Wii | e the above description has focused upon mcrofabricated el astoneric
val ve structures in which a control channel is positi on%{5 BQ 9%’0

: : . € 3
separated by an intervening elastoneric nmenbrane from an underlying flow
channel , WOh@l/{3023sent invention is not |limted to this coffONfiRosA17dM. Fi gs.
48A and 48B show pl an views of one 55 WO 01/01025 26 Decenber 2003
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second el aﬁi orTEri cfléa%er (not shown) is bonded over bottom el astoneric
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si de- act upheghkeahat§ pabied Gver e pEdties bf thd DNRACERS) Buch @ devies woukl give theS shown
in Figs. 48A and 48B, a side-actuated valve in accordance with the present

i nvertth orfamplebat would nermally bewasted sitting over thenonsenmpliragatary prebes the
| ast ' j ' trol
channel s SanEITRR « S Ahend SRR AL AR ol drishdia IdcBuh BB Cont T O

tric or

fields, aystamse thabitdveand estucy teyheabaury. saipld Golusdpirid thereby Appdase adshpns The
follown regr.esent futher aspects of the present invention: present

val ves a%&"‘ﬁ W’B’s can be used for drug delivery (for exanple, in an

i npl ant abl e dr ug M%?&ﬁ@lﬁ%ﬁé&%ﬁa%@ﬁirﬁh%mﬁgﬁﬂtis%eﬂﬁg%%ﬂﬂi cal fluids

(for exanple, by storing sanples sequentially in a colum wth plugs of

spacdi f |applications epudd hemafit byithe dispensing efmpiliewl@Besefiliduid, sinbybeatl-based
different_storage.reservoirs,,or .passed, di.rect.ly to appropriate. .sensor(s).
Such a f I%ir3S SRRTR HEFRRETEE delbirfibn ould sibstantinly HEROPH AP RLSTREM " s body.
‘The present syst entAsctherdonfeniiflated epplicatiofl @/ihe @Spo¥itich bl a@laly OF Qaier

pressure in vivo using a _mcro-val ve or punp. For exanple, an jg@l ant abl e
in the

eye whic q‘aﬂt‘f&iﬂdtinfarp%@ious action of the device before deposition in a pattern or array on a
20  substrate via contact printing through fluid channel outlets in the elastomeric device in

close proximity to a desired substrate, or by a process analogous to ink-jet printing.

The present microfabricated elastomeric valves and pumps could also be
used to construct systems for reagent dispensing, mixing and reaction for synthesis of
oligonucleotides, peptides or other biopolymers. |

25 Further applications for the present invention include ink jet printer heads,
in which small apertures are used to generate a pressure pulse sufficient to expel a
droplet. An appropriately actuated micro-valve in accordance with the present invention
can create such a pressure pulse. The present micro-valves and pumps can also be used to
digitally dispense ink or pigment, in amounts not necessarily as small as single droplets.

30 The droplet would be broﬁght into contact with the medium being printed on rather than
be required to be fired through the air.

Yet other uses of the present systems are in fluidic logic circuits which
offer the advantages of being useable in radiation resistant applications. A further
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30 glaucoma. O her contenpl ated uses of the present sw tchable m cro-val ves
i nclude inplantation in the spermatic duct or fallopian bgbecahh ooy
reversi bl éYPOHE128r m or short-termbirth control without tReriGRnFHaedr ags.
Furt her uses of the present invention include DNA sequenci ng whereby the
DNA t 0 be s:dvamtagessf sush flufdié Mkcults | e RRG: ' ..and. i s then
56 WD 01/ 01025 26 December 2003 PCT/ %s%%t%i%%&ggpose °’%‘6&ﬁ;§é‘df‘€18§“’of DNA
base (A CCUfitymey nokbeprobedeby electiorargnetic sensou| thuseffening @ secutinsenefit.

i ncorporation. In sucy nmust be flaowed into the system
and excess bases was heea am%—bﬁéga%ﬁtg‘?@gg%ﬁ%vﬁﬁ%n P éﬁiefngg‘;}ta%?%e Esady

el ast oner i Emeval and aéatiachrnent ofl dettamefrvdth ﬁﬁ&lﬁhﬁ&%ﬁie%ﬁ?ﬁ‘&é @st\mu' d be
ideallyssuiu{i for such rapid flow 5 and washing of reagehts. .

| ] d
Ot her cont engﬁgégﬁﬁg\éi’%wﬁmeﬁp@%ﬂ%amﬂmmﬁémwah This afowpsepapsé enms

i ncl ude usesnstutiiorPbfa Bt n.be flowed into a
| ooped chagﬁagl and ungglg&g?dodjuﬁguatqﬁggq)%lg%o%ef%{%%rcﬁ?t'ﬂﬁﬁc& 481%n such

that the sEjiratecanldbxpatienred witlss BNowsoroinsy, pN® e elastbrrieh Cal P Un PHrAY - Such
a device "‘Qi’licﬂ.lr%f!:ﬂeﬁﬁﬁenég sa Iest ge%ltugl\pl\,tna‘itﬁ%)g normal |y be wasted sitting

over the non-conplinentar to bind to a conplinentary
probe instead. An advantage of such a |looped flow systemis that it would

reduc (i/he necessary_sanpl e vol une, and thereby increase assay

sensi tivity. Further lppl Additional Asprets of thedinybetior oughput screening in
whi ch 15 appli cati ongpeedtdhib ' he di spensing of .small vol unes of
i quid, or by bead- basegtH_1 assg&gfr%%%tham@zgﬁ?P&@td’é‘f@gﬁ%ﬂl%ﬁpﬁ
subst ant i & dsflectableomembsmiayo sextedl towi 654 fluidMh REEroSHRERER LALER 4Rp) | cation
is the depeq%s‘&(; | Oncgo\%q?{qr? of various chem cals, especially

ol i gonucl €0t degiC SRiLHenthy uss ohslgstomeritiayers e make h sricrofdbirigated elsioardied i n
a previ ousieaivkicontaiding A onid@iHrRa L5 I.n.a pattern or, array on
a 20 ﬁgbstrat,e vi a c%nt act pri n?.afﬁgﬁﬁhgg’ﬁgﬁd‘#ﬁ%%‘ﬁ%ﬂﬁﬁemms in the
el ast dnter iTBateralite make adnissefabricatsdnalve arpuapdesi red substrate, or by a

process anal ogous to,i l&t. pri.nting. The present m crofabricated
el astoneric val ves aﬁdﬁp{flﬁglc%%ﬁleﬁlas&!%%%‘cﬁg“c%%’&@@rémvﬂ@t?nﬂsystem; for
reagent diesthedinieny of tiieprogene fitrehtRCddngiistOhn §1|wmg§b 5109% 8-?1.9{__ elﬁg%pucl eot i des,

peptides or. ot.her biopolyners. 25 Further applications esent
i nventi on H’&%{]’J@atﬂw Shesfhereine paRigaof the elasibinetic bloek de ¢NvBén ke used
) fiqeeibl

to genera Sk lcient. o, expel.a .d | et, An
appro%i a gﬁngfzt uat eeg' %B%?%e%%vuél&’ﬁ&aac H’éﬁe}@bﬁF#%ﬂﬂr@é@ﬁmﬁ nventi on

microfabricated recess, and the portion comprises an elastomeric membrane deflectable

into the first microfabricated channel when the membrane is actuated. The recesses have
a width in the range of 10 pm to 200 pm and the portion has a thickness of between about
2 um and 50 pm. The microfabricated elastomeric structure may be actuated at a speed
of 100 Hz or greater and contains substantially no dead volume when the portion is

25  actuated.

A method of actuating an elastomeric structure comprises providing an
elastomeric block formed with first and second microfabricated recesses therein, the first
and second microfa}_aﬁcated recesses separated by a membrane portion of the elastomeric

 block deflectable into one of the first and second recesses in response to an actuation
30  force, and applying an actuation force to the membrane portion such that the membrane
portion is deflected into one of the first and the second recesses.

A method of microfabricating an elastomeric structure in accordance with

one embodiment of the present invention comprises forming a first elastomeric layer on a
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. .Or greater a

can create such a pressure pulse. The present m cro-valves and punps can
al so be used to digitally dispense ink or pignent, in a

necessarily as small as single droplets. 30 The dropl et %?I@%a%%?gp?)%ght

i nto contw@lpr/adzy t he medi um being printed on rather thanpPChrasoerprao ed to
be fired through the air. Yet other uses of the present systens are in

fluidic | qgy b [ oLk %l\ﬁys{: gﬁﬁ% i L3RAG R th

radi ati onoéragg?%%’ac%ﬁhgg%_ | ca%i?%ﬁ{sl&ﬁﬁa#égﬁxﬁ?rﬁw g%}%%aﬁggﬁ% Decee[eﬂ)ﬂglf:I 2003
PC / USOQO lfirgti€lastomeri¢ tayer. o second ekastomeiic layenis fomiedoyiet theifgsttedlastomdsid ng
non-el ectronic, such fluid.c Jog I rcpitry J nat  be 0 by electro
nmagneti c MO@QE%VWH%WQW%%I&&?@&W#MW%?%Q%?ﬁgﬁgaﬂ%es of the
present i nyesid QRst¥REriclalérk Hhasiednd alfoRikrié Ref Baded, AR Srstpatlemned

reattachment of the structure froman underlying substrate such as glass, 5
uti | i ziSng sacrificisklayerds remaved gelective ke theiirstrelastasneris layerend hayeeontht er i al .

st uct ur o SneRReChrr, SRR g s Bp OBt HBRD MM AR o2 OTT,

m cr oar r aylayex of élastolest omer val ve and punp structure seal ed over the
array in a subsequent step., 10 11. Additional Aspects .of _the Invention The

fol I owi ng represent 4ngltgrastiveamtodiment of pa Aabricating TCOMRISe of a
def | ect abl ﬁﬁ%@f [ 1 15 j cat ed

channel of" an '%gﬁgkg?%gﬁg{#tagyu%ﬁfteﬁgb#ﬁg 0 drg g?srlg]éﬁn%rgiieiﬁ}%%yers to nmake
a m crof akelastahernit nyears suwhhdt the steoridomttentet aaorifiojel dayer tsremaed dutingl novabl e
portion; and the e.of an el.asto jc 15 material to_nake.a

ni cr of abr FEQP&% quﬁq,gmspatm_sawtﬂeauag?é&f?%?gaa% PR TSR Alonasd b eL i
accor danc §a¥kd eRBRm pment of the present invention conprises an

el astonmeric block formed ™wth mcrofabricated recesses therein, a portion
of the el astoneric bAskrofbricatcd slastometie strediare ip geeqrdance Fithangat ed. The

recesses cOnprik first mcrofabri fi

m cr of abr |e@£$’é13§'%étgbé gée prg‘cﬁ’g} fuﬁgntgagrctoﬁ%%ﬁ%oa%c?%g%ge@rﬂg & tﬁolérr%rfllﬁgnﬂean Fane
def | eqisablsgcoriddhanhdl@eparitsd bya eépatabgiposticibfthaclasibmelie stradmrerantbaane i s
actuated. The recesses have a width in the, ran(%e of 10 pmto .200 (ﬂlm and

t he por t i gRicrfabrcated reress isthe elagiomsgie blogk gdiacent 10 the ssPFAEEE POTIPR SU
* nicrofabri ' 100 Hz
m cr ot abr 'tﬁ&ﬁg(s:@lgfﬁa{ngggédl?%s@% W%cﬁa?ed%ﬁgggcé%wi@é fibr8fabAc bR ess066.1¢

Yy no vol ume when the portion is 25
act uat ed. Defleetibmdf thie sepratirtg pugtiamopeins s passegévwayietwedn the fiest apd segond

provi di ng an | astomeric block forned with first and second

m cr of abr i‘gﬁ‘ﬂféegs'recesses therein, the fast

20 A method of controlling fluid or gas flow through an elastomeric structure

comprises providing an elastomeric block, the elastomeric block having first, second, and
third microfabricated recesses, and the elastomeric block having a first microfabricated
channel passing therethrough, the first, second and third microfabricated recesses
separated from the first channel] by respective first, second and third membranes

25  deflectable into the ﬁrst channel, and deflecting the first, second and third membranes
into the first channel in a repeating sequence to peristaltically pump a flow of fluid
through the first channel.

A method of microfabricating an elastomeric structure, comprising
microfabricating a first elastomeric layer, microfabricating a second elastomeric layer,

30 positioning the second elastomeric layer on top of the first elastomeric layer; and bonding
a bottom surface of the second elastomeric layer onto a top surface of the first elastomeric
layer.

While the present invention has been described herein with reference to

particular embodiments thereof, a latitude of modification, various changes and
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and second m crofabricated recesses separated by-a nenbrane portion of the
el astomeric block deflectable into one of the first and,sepn égﬁ §ses in
response @ ofgigast uati on 30 force, and applying an actuatighy

menbrane portion such that the nenbrane portion is deflecte |nto one of

the first and.the secong h d of bricati )

el ast oner it % S mitaalidten ﬁ‘i @82%850‘%5%0 SHeE: @‘5‘3{)’331" FEPBYEC PthE?téEent

i nvention W&Xﬁbt&ﬁfcs%&ﬁ@fé&ﬁn@s dfithé inveh@éd RIIEbe é‘mbﬂ:}/y@du&ﬂﬁo&t SREsgOer
2003 WO 01/01025 PCTIUSOO 17740 substrate, curing the first elastomeric

| ayer, and-‘sﬁa‘fpﬁ\eh aatjres withant denasting fromcthe sepperof thesinvention asiseeforthl ast omeric |

aver. thePgHtis Rt BEAGbAIELY bf oaB) RF Pl Bhelelfie bk PHATRLS socr

the first thacbachﬂgmﬁhehﬁ&ﬁﬁbmﬁtﬁodt&m o the eeseitiel RepOMRT $pirid GFURE | S
cured, and the first patterned sacr|f|C|aI | ayer s reaned selectlve to

the first RIPSSEEHveRton. Ihiyantended thatdhe iwentipn nat bsdisnited te thepatticulaher eby

form ng at t # of
ol a5t oner e eapal Meldstths EEET o iREhalE iy Sl P NP Bvenh BY B
conprisestmnahenmmmﬁqpum&mmmmmmﬂhambodunmmﬂamﬂagnnummmyﬁﬂﬁngumﬂhaﬂuﬂkep@r|or
to forningﬁﬁpe first 10 elastoneric |ayer, such that the second patterned
sacrifici fs renoved during renoval of the first patterned
sacrifical layer to format |east one recess along a bottomof the first
el astoneric layer. A mcrofabricated elastoneric structure in accordance
with one enbodi nent of the present invention conprises an el astoneric

bl ock, a first channel and a 15 second channel separated by a separating
portion of the elastoneric structure, and a mcrofabricated recess in the
el astoneric bl ock adjacent to the separating portion such that the
separating portion nmay be actuated to deflect into the m crofabricated
recess. 66. Deflection of the separating portion opens a passageway
between the first and second channels. 20 A nethod of controlling fluid or
gas flow through an el astoneric structure conprises providing an

el astoneric block, the elastoneric block having first, second, and third
m crof abri cated recesses, and the el astoneric block having a first

m crof abri cated channel passing therethrough, the first, second and third
m crof abri cated recesses separated fromthe first channel by respective
first, second and third nenbranes 25 deflectable into the first channel,
and deflecting the first, second and third nenbranes into the first
channel in a repeating sequence to peristaltically punp a flow of fluid
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t hrough the first channel. A nethod of mcrofabricating an el astoneric
structure, conprising mcrofabricating a first el astonelg Bedem¥bf 2003

m crof abricating a second el astoneric |layer; 30 positioning the second

el astoneric layer on top of the first elastonmeric |ayer, and bonding a
bottom surface of the second elastoneric |ayer onto a top surface of the
first el aStdlEric 1ayer. Wile the present invention has been described
herein with reference to particular enbodi ments thereof, a latitude of
modi i @atli on, Avaeitongicsirennge@4pnehpGdn®6 Decenber 2003 WO 01/ 01025

PCr/ US0011774 ks o' re.intended in the foregoing disclosure, and
it will be ap%r%%}%ﬁcggd%%ka[?%cﬁ i ol s T oaf cosen L B HRBAR it et (i he

i nvent i oA3MiFTFingFEiddig laedssebndinti¢rofabricated areses peing bapgrated 5¢ 2 afembiaher  f eat ur es
wi t hout dgmas tds f.the invention as set forth. Therefore,
many rmd?f_i cag i gﬂfstﬁ%rgiggg%ﬁﬁgﬁg{pateeg%éﬁkﬁ toﬁ“%%?}ﬁ Prﬁtlaﬂﬁ theises98di on or materi al
to the rugeRbrfgiedsecesspden sridenenitomens aotuated. departing fromthe essenti al
scope and spirit of the present invention. It is intended that the
invention not_be limted to the particular enbodinent disclosed as the
best nodé contiHARREEC fRpturef plgipmlg whereinthivinenitnaepbition (25ptesponddiat t he

i nvent i oBubsdahthalll Neéadgl € ;allal&ZJ REkQdiddB RS and equivalents falling within the
scope of the clainms. 60 % Decenber 2003 CLAIMS / 1. An elastontric
structure (24) conprising: an elastoncric block formed with at |east first
and secofd ni THeelahmbAedhQbtui-RE8IRES whadin: 23) therein, said first and
second mcrofa rfj cat ed iSCGSSSS bei ng separated by a nmenbrane portion (25)
of the el ast SHEME 'BFEEKL) qunprises afptantprafabricated clnel{a0)fand ssid saerald t he second
m cr of abrdcesatz)l cormmBesa 8620 nbabio BEPEARGI [39); @kt uated. 2. . The el astoneric
structure of tﬁl ai n%ll V\,herg' n the menbrane. portion (25) responds

subst anti al |y FREFAISPOFERAEr) sospiriseneniestometiconersruselefigtabiptino ebeagt oner i ¢

st ruct ur thedist of gtond ImicrolaBiti@tedl chamad Swhdn HRtmdnfe8S $s dcdhlegCONMpPri ses a first

m cro fabricated channel (30) and said second recess (23) conprises a
second m crofabricated channel (32); and the nenbrane portion (25)

conpri sed. an Hilcabstomenid srucransior élsié Idehéreiet abl e into one of the first or

second mcroféﬂ?é%?&gs%@?%}gqelrﬁ?ﬁa%en .%rggwncgt Ll?arﬂgell(s'so)?a%%uat ed. 4. The

el astoneric str ure
the membrane portion (25) comprises an elastomeric membrane deflectable into the first

microfabricated channel when the membrane is actuated.

5. The elastomeric structure of claim 4, wherein the membrane (25) is deflectable into the

first channel (30) when the second microfabricated recess (23) is pressurized.

6. The elastomeric structure of claim 4, wherein the second microfabricated recess (23)

comprises a second microfabricated channel (32).

7. The elastomeric structure of claim 4, further comprising:
third and fourth channels (32B, 32C) disposed parallel to the second channel (324),
wherein the second, third and fourth channels are separated from the first channel by first,

second and third membranes (25) respectively, deflectable into the first channel (3.
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said first recess (21) conprises a first mcrofabricated channel (30); and
the nmenbrane portion (25) conprises an el astoneric nenbrag | e
into the first mcrofabricated channel when the nenbrane ng‘g@%eggpg% 5.
The el astoneric structure of claim4, wherein the nenbrane (25) is
deflectable into the first channel (30) when the second m crofabricated
recess (23) is gr ssurized. 6. The elastoneric structure of claim4,

wherei n t e seCShd* MU 6FRIsI cHckyn | edissdn hogpstopgiasiidws conaisenhd

m cr of abr incadriatkcth@divem: (32). 7. The el astonmeric structure of claim4,
further conprising. third.and fourth channels. (32B, 32 di sposed parall el
to the second Eﬂﬁ%ﬂ’éﬁ:nct@g‘w{g&%%@%ﬁ l}ﬁ”‘f"ﬁcém’é’ég'bﬁ%g‘,“%ﬁ‘?ﬁ’ ng’(éﬁffnf'alﬁ‘??‘ﬁ““c hannel s
ar e separ atyeshe}, tiopolyhettangs sflicolaatighatib yrefhafisdiacrylaegond and third menbr anes

(25) resp I | e | he. first, channel. (30). 26 Decenber
2003 8. Tﬁ’gﬁg\{gg%{%ﬁgﬁ"k%ﬁ*‘?u“‘é ol E@eﬁiﬂn"‘i‘?’(°ﬁﬁ%ﬁa‘éﬁ'ﬂl°§‘%g)éP86&“523rreri c

st r uct ur e pebyfpsnilaniisilesbutadizne(nitiile sibba); paigl1f-broene), polyfehivaimiMpeetiytnybut adi ene,
pol ychl or -y P t.yrene- but adi ene= styrene), the
Dol Yur et handgocte fiRid) SR BRE BB BNl R aent LGRS

pol y( bi s( PrlyévimdidresdirpiodishafiuerepiopylBidFcopBlypet CWilop), elastomer compositions of

pol y( car bRRIEvE g{@@@@ I kLrd ] es i.ene) (nitrile
rubber), %ofW { hitc))ﬁit ene) ,’%@F‘??@%?"W g?%nﬁ@,ﬂ%%%%:{x@#g&%‘%%@%
fluoride) P& ferspethyise(Talon). pol y(et hyl vinyl ether), poly(vinylidene
fluoride), poly(vinylidene fluoride - hexafl uoropropyl ene) copol yner
(Viton), elastorner conpositions of polyvinylchloride (PVC), polysulfone,
pol ycar borfat e, TRoOFsHIRMHS SRt cH ofglaim G%ﬂlﬂa corgprising | pjanat ubsttatedil Hefohy | ene
(Teflon). eRampibglag) RBEEARE Flasdr EibelE BrhPdNalPdf sGldFrorsecditihiBSFLAGHRRY | ST NY
a pl anar subssg(rfltgg (14), for exanple glass, wherein said planar substrate
forms a wdf¥eSSdfl.Z&dl-d first or second mcrofabridated recess (21, 23). 10.
A met hod of actuating an el astoneric structure conprising: providing an

el astorrerilﬁ bl ?‘rcfﬁ t{l?(z{eq:ed wth first and second ncrofabricated recesses
(21, 23y tteref oLpipalpe 2 Hatomesiq STYAET CABRRSINgat ed recesses separ at ed

b%/ ahme][mr ane prowvidingran e(aRbherif blédkdorlea $/ith Bk hl 8bddd idefibaicaPéRssent 0 one
of the firs [

secon ecesses Ln respopse to an tuatiqon force; and
appl yi ng én{’ggf'g%rf’mb eg{# SPEne LT WE@&W&??W': 3 membraneparti®B nbr ane
portion i 425)détHeettseherinblockaiefieadbleihite ofit 6fthe frsrthnt B osEREREks htRgRaSS0 11.
The net ho%n%m%tlo%iﬂ;?cgﬂo wherein the step of applying an actuation force
conprises applying & pressure to the second mcrofabricated recess (23) to
defl ect the nerppigngapotiatianforce to the membrane portion such that the membrane portion is

deflected into one of the first and the second recesses.

11.  The method of claim 10, wherein the step of applying an actuation force comprises

applying a pressure to the second microfabricated recess (23) to deflect the membrane portion

(25) into the first microfabricated recess (21).

12. A method of controlling fluid or gas flow through an elastomeric structure comprising:
providing an elastomeric block, the elastomeric block having first, second and third
microfabricated recesses (324, 32B, 32C), and the elastomeric block having a first

microfabricated channel (30} passing therethrough, the first, second and third microfabricated
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(25) into the first mcrofabricated recess (21). 12. A nethod of
controlling fluid or gas flow through an el astoneric straCphulS,yePifii Si ng:
provi ding an el astoneric bl ock, the elastoneric block having first, second
and third mcrofabricated recesses (32A, 32B, 32C), and the elastoneric

bl ock having a first mcrofabricated channel (30) passing therethrough,
the first, second and .thi rﬁ i crofabricated 62 26 Decenber 2003 recesses
separat ed frEmT R AP %H]ﬁb‘fhawl PeSHsEt e st irad andsbisbmambiaerst i d
menbr anes (@&%ectaidefnketht Af3l éhanmet;and he first channel; and defl ecting the
first, second a i ranes intpo the first channel in a repeating
sequence to perir]igtt‘k‘éafllaf1 é @15 'fsgig %Cﬁrr}%aréftpﬁr‘gW‘Blfra‘ch iythe E‘Fsbﬂtj‘ﬁm’(lﬁ’eaﬁei"‘ra B channel .
13. A net hogqedncafoprendtativally atring flaw offlis thoough tte 34t ekthell € conpri si ng:
providing a first mcro fabricated elastoneric structure (20) having
therein at least a first recess (21); providing a second m crofabricated
el ast omer i clst r vemgthed apiprofevicatige amelpstomerastrictas tongprisigcond recess (23) ;
and bonding a s e ric, st ture onto surface of
the second el alsb{r %‘?rg?gl %ﬁrssélgﬁrco{f%r% g%tec%{ﬁ%g? ‘F’%Jtc%ed‘rzg)fcha&néiﬂ}?Fci'\‘S‘j‘t??aﬁtr"t Héh
conpri si ng: *p¥s(&1%oni ng the second el astomeric structure (22) on top of the
first el astonerigyBdihs'cie i : . LS I s (2 nd
second recess (ég) aréeJ sg%grlgte %%E%%m%%%%%gﬁﬁ%h(?%ﬁ a%gé}m(g)ﬂfaﬂ%a% 2

el ast oner i cS€Pdetest @3 sai d menbrane portion is deflectable into either
the first recestndigkhenssaumhseagshaditARMNMMAY AN ace of the
second el astoneric structure onto a top surface of the Irst elastoneric
structure. TEOMHE SHMHEd of claim 14, wherein: the first el astomeric
structure (20) is fabricated on-a first mcronmachined nold (10) having at
| east one r?‘jbsed%%rotrﬁsi on (11) which forns said at |east first recess
(21) in the'bot t ommFrodehglam s furtBereomprigng c structure; and the second

el ast omeri ¢ st r yohitiosing B2 jechd elfstaickic MhROR2 PorIES Ok Hi-CARMRRRE et d

(12) havi ngojat l}, a&% lo]%g rai &ﬁg#rotrﬁsi on éﬁlB) which fornms saird at | east
second rece¥s’ {9 ?‘al © HRE™CHY SPOORf EPoFSS () aigseparatidyiacnesbrae poftien 16,

The use of @5Yefthedisuintetic mpuwtaranel sadmeniteane portib®ls dEHRWLRI it leithe tHe Fird

m crof abric d hanne 30 f an el astoneric structure (24). 6 26
Decenber ZO%gssor gsecon&reéess,)ané)

bonding a bottom surface of the second elastomeric structure onto a top surface of the
first elastomeric structure.

15.  The method of claim 14, wherein:

the first elastomeric structure (20) is fabricated on a first micromachined mold (10)
having at least one raised protrusion (11) which forms said at least first recess (21) in the bottom
of the first elastomeric structure; and

the second elastomeric structure (22) is fabricated on a second micromachined mold (12)
having at least one raised protrusion (13) which forms said at least second recess (23) in the

bottom of the first elastomeric structure.

16.  The use of a deflectable membrane (25) to control flow of fluid in a microfabricated

channel (30) of an elastomeric structure (24).



17. The use ofclaim 16, wherein control of flowof a fluid in said

m crofabricated channel is effected by the application i on
force to said nmenbrane (25). 18. The use of claim 16, vm%gr%?%ngo%gadj

m crof abricated el astoneric structure (24) is nonolithic. 19. The use of
claim 16, wherein control of flow of a fluid in said m crofabricated
channel (30) is effected by pressurization of a second m crofabricated
channel (32) of the elastonmeric structure, so as to defl ect said merrbrane
20. The useg-of \ I St.ruct Wi t
at | east flelr7 st ghghwgigélﬁm(@%%f\%%?%g‘t‘g’ghgg?{é”sd(sﬁgéa[f5 Cryfriba( ca&cﬁ‘é]}ag“ one
of said m cfigtlabby basedictiosesaeastupdemipregto siindembrane ¢2Abr i cat ed channel (30)
and wherein said defl ectabl e nenbrane (25) separates said first and second
m crofabricated recesses and is def|lectable into one of the first or second
mi cr of abri cl&t ed TheeeLs cliime . abegitsald migrefabrivhisd elsgorpériclsoneded () &st oner i ¢

| ayers (20,m&Rliti@ make an el astoneric device (24) containing a

m crof abri cated defl ectable portion (25). 22. The use of an el astoneric
material to nmake a m crofabricated fluid valve having substantially no

dead vol UMeI90r ahEuSRLRRK |6 AhELinRShtst bBldw 5t AP sglgmléoﬂbﬁgagdfsﬁalﬂ.hélcat ed
el astoneric ﬁtru turg)g@corrprlsm an el astoneric bl formed wt

m cr of abr i 3PS SHeEE DY BEsHFTateg o5 eendmipre&brisaediThameld32)ef theislsptameric a

portion of stdeuel asdodirtice shii akabise.def |l ect abl e into one of the recesses
when the portion is actuated. 24. A mcrofabricated elastoneric structure
of Maim 23 wherein; the recesses conprise a first mcrofabricated chaii nel

and a first2on crlmfa abydfentne Us, mﬁﬁﬁ&hxd&[hdtoﬁén&@ma&ﬁﬁmﬁﬁed%%t A€ fiR@hLd ON
conprises an_elasto fl ectabl |ntothef|rst

e of anr i AP TR TR 0 1 Hteein 874 < SS P faicaio ecosses foyging

m crof abri catcbdlcaifaﬂtﬂmiam&@opﬂﬂuﬂﬁreﬁnfsaﬂldaﬂmﬁ& dﬂﬁﬂﬁz@kmﬂ) aRREbdi@Ne is
defl ect abl e, i the channel rst mcrof rlcated recess is
pressuri zedﬂm{:"jé185 The nrﬁmé?' ot 4 tﬁ?ﬁeﬁ?séed aﬁ‘?’éé‘?@?‘?&" e ntg ppa LQF 694 m 24

wher ei n thanwmfﬂ:mmdresess_%éd@ataab.l e into the first channel when the
menbrane is electrostatically actuated. 27. A mcro fabricated el astoneric

structure of claim24 wherein the first nmicrofabricated recess conprises a’
second m cr2)1f abrThe aseef bomded elabtom@E: lagEied 20i2R) 1o fnpdbe arcelisenth etk dstia(4)i C

structure of,.¢ W&lﬁ{ LE St second mcrofahricated
channel s bot E)Ig%s 1t%}zcroug gtle{}q %@%éﬁe&?ﬁa@ Structure. 29. The

m crof abricated el astoneric structure of claim?27 wherein the second

m cr of abr i o) ed ARG an BARSASA MEAHIR 418 1 ShASHBRRLL GLRIERE LG and the

first mcrofabricat
substanually no dead volume or a microfabricated peristaltic pump.

2__3- A microfabricated elastumeric structure, comprising:
an elastomeric block formed with microfabricated recesses having a width less than 1000 m

therein, a portion of the elastomeric block is deflectable into one of the recesses when the portion

1s actunied

24. A microfabricated elastomeric structure of ¢laim 23 wherein;

the recesses comprise a first microfabricated channel and a first microfabricated recess; and
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channel passes along a surface of the elastomeric structure. 30. The

m crofabricated el astoneric structure of claim?29, furthgypsmdet $0J3g: a
pl anar substrate positioned adjacent the surface of the elastoneric
structure along which the first mcrofabricated channel passes. 31. A

m crof abricated el astonmeric structure of claim27 wherein; the first

m cr of abri cated channel is T-shaped and includes a stemin fluid

communi catlicoprtioprenpriscs inrcdastohreanobmland: dallgedbndobircaivgmictohdrigi@ishomer i ¢
menbr ane QW&! i 888 sScdgl] ectable into the first branch; and the

el astoneric structure further conprises a second recess overlying the
second branch such that a second el astoneric nenbrane is deflectable into

the seconds br afjeimisen it 1 ABIREAI Sl o ?Qfaﬁl@ﬁ@ghereﬁﬁ'g—% H%Q%Benglf low of fluid

into the stempmay be directed into one o first cenber 2003

br anch an#cilergbleantd Hg 5t shrene! pfremibe et mistpfetmisatedieenselis ressrisster i ¢ nenbr ane
and the first clastoneric nenbrane, respectlvely 32 The m crof abricated
el astoneri¢c structure aof claim27, further r|S|n third and fourth
channel s af?spog?dmﬁ ?E’QFF%‘T‘! qlastomeec g%‘&@ﬁd’féﬁﬁﬁ Vhergip Breanambeae issecond, 't hi rd
and four gblehBRieb hedire csRRa ket fleRBlahdR efebﬁééau@dli@ aRgedy first, second
and third nenbranes respectively, deflectable into the first channel 33.
The m crofabricated el astoneric structure of claim 23 wherein the

el ast oner 2e. st Amtmfaencmmmuosmc ArubfaleF tiaim Zelieediete Hr0midbeordheup

consistin yiso t adi ene, pol ychl oroprene,
polylsobugi éﬁ% fyf§?$ﬂ8ﬁgﬁﬁﬂﬁg%lg gtyrene), t he pol yur et hanes,
silicones, pon(bls(quoroaIkoxy)phosphazene) (PNF, Eypel-F),

pol y(car bggane. es ( trlle uta iene) (nitrile-
r ubber) , gg Iﬁ reon%)" 2“"“(" %%?“%E‘Fy‘ffafi‘&%&”hwléﬁg FFiapt sa¥ie f1uori de)
copolynersu@K@bnﬁmﬁcputw$bmhymsﬁmmghﬂ&mh@mkmncmmmme|nylldene fluoride),

pol y(vinylidene fluoride - hexafl uoropropyl ene) copolynmer (Viton),

el ast omer conpositions of polyvinylchloride (PVC), polysulfone,

pol ycar boRdt e, polThemtitrgfabmdaled clastbmtrie stridiie)of claind2 Tpdieydietit kabhdior oet hyl ene
(Tefl on). - G Q) rég@% et ur e
eIastonerﬂ%éBFﬁgﬁ%&gﬁﬂﬁgg{ anng¢&ég a %%@%Hémgﬁ%nneﬁmseﬁg?gFgga%

separ at i nghgoelnasas dongarurfedens thowhstpmericstmetateur e; and a ni cr of abri cat ed
recess in the elastoneric block adjacent to the separating portion such
that the separatlng portion may be actuated to deflect into the

m cr of abr P@at edhe Bcerfzbricysl claspmenc strustuabef cbedm 88, fadtles ta@mmising: st ruct ure of

cl ai m 34 vwhenel Anddie pekiabibalhiarhed Ha58: ?1?3 elBORGHL ﬁﬁq@?c ﬁorfgq’ﬂhl&ﬁgc pressure

whi ch causes the separating portion to ect 1nto
first microfabricated channel passes.

31. A microfabricated elastomeric structure of claim 27 wherein;

the first microfabricated channel is T-shaped and includes a stem in fluid communication
with a first branch and a second branch;

the elastomeric membrane overlies and is deflectable into the first branch; and

the elastomeric structure further comprises a second recess overlying the second branch
such that & second elastomeric membrane is deflectable into the second branch when the

merubrane is actuated, such that a flow of fluid into the stem may be directed into one of the first
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m crofabricated recess. 66 26 Decenber 2003 36. The mcrofabricated

el astoneric structure of claim 34 wherein the separati ngzgqgégehfg@rggo_o,

defl ectable into the mcrofabricated recess when the separating portion is
el ectrostatically actuated. 07

branch and the sccond branch by actuating the second claslomeric membrane and the first

clastomeric membrane, respectively.

32.  The microfabricated clastomeric structure of claim 27, further comprising:
third and fourth channels disposed parallel to the second channel, wherein the second, third and
fourth channels are separated from the first channel by first, second and third membranes

respectively, deflectable into the first channel.

33.  The microfabricated elastomeric structure of claim 23 wherein the elastomeric structure
comprises a material selected from the gr‘oup consisting of:

polyisoprene, polybutadiene, polychloroprene, polyisobutylene, poly(styrene-butadiene-styrene),
the polyurethanes, silicones, poly(bis(fluoroalkoxy)phosphazene) (PNF, Evpel-F),
poly(carborane-siloxanes) (Dexsil), poly(_acrylonin-ile—butazlicne) (nitrile rubber), poly(1-butene),
poly(chlorotrifluoroethylene-vinylidene fluoride) copolymers (Kel-F), poly(ethyi vinyl ether),

poly(vinylidene fluoride), poly(vinylidene fluoride — hexafluoropropylene) copolymer (Viton),
elastomer compositions of polyvinylchloride (PVC), polysulfone, polycarbonate,
polymethylmethacrylate (PMMA), and polytertrafiuoroethylene (Teflon).

34. A microfabricated elastomeric structure comprising:

an elastomeric biock;

a first channel and a second channel separated by a separating portion of the elastomeric
structure; and

a microfabricated recess in the elastomeric block adjacent to the separating portion such

that the separating portion ma.y be actuated to deflect into the microfabricated recess.

35.  The microfabricated elastomeric structure of claim 34 wherein the microfatricated recess
experiences a reduced pressure which causes the separating portion to defiect into the

microfabricated recess.
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36.  The microfabricated clastomeric structure of claim 34 wherein the separating portion is
defleetable into the microfabricated recess when the separating portion is clectrostatically

acluated.






