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ABSTRACT

A new, active, normally-openblocking microvalve
thatusesthethermalexpansionof a sealed,thin paraffin
patchfor actuationhasbeenfabricatedandtested. The
entirestructureis batch-fabricatedby surfacemicroma-
chining the actuatorand channelmaterialson top of a
single substrate.The paraffin actuatedmicrovalvesare
suitablefor applicationsrequiringmany deviceson a s-
ingle die, low processingtemperatures,andsimple,non-
bondedprocesstechnology. Gasflow ratesin the0.1-2.0
sccmrangehave beenmeasuredfor severaldeviceswith
actuationpowerslessthan50mW.

INTRODUCTION

Over the pastdecadeelaboratemicrofluidic valveshave
beenconstructedbasedonelectrostatic,magnetic,piezo-
electric,bimorphandthermopneumaticactuationmeth-
ods [1]. Becauseof their complexity, the majority of
thesedevicesaremadeby bondingmany thick glassor
silicon substratestogether, someevenrequiringexternal
cavity fills. This bulk micromachiningconstructiontech-
nique makes the valves large and difficult to integrate
with othercomponentsin microfluidic systems.

Applicationsrequiringmany activevalvesonasingledie
arerapidlyemerging. Integratedmicro gaschromatogra-
phy andmassspectrometrysystemsarebeingdeveloped
andwill requireeffective valving devices[2–4]. In addi-
tion, microfluidicsystems,suchasDNA analysissystem-
s [5, 6], requireeffective microvalvesin orderto control
the transportof samplesandreagentsthroughoutdiffer-
ent partsof the system.Typically thesesystemsrequire
many, independentlyoperatingvalvesin orderto perfor-
m complex or parallel functions. Therefore,the actua-
tors mustoperateindependently, have a simple fabrica-
tion processand integrateeasily with the other system
components.

In this paper, we presenta simplevalve that is easilyin-
tegratedwith otherfluidic componentson the samedie.
Key to our simplevalve fabricationis the choiceof ac-
tuationmethod. Most actuationmethodsprovide either
a large deflectionbut not a large force (or vice-versa);
thereforethey requirecomplex constructionmethodsthat

overcometheir short comings(throughmechanicalad-
vantageschemesfor example). Thermopneumaticactu-
atorscan provide both large displacementsand forces,
but theirfabricationandintegrationin largemicrosystem-
s is cumbersome[7]. Shapememoryalloy microactu-
atorsalso provide both large displacementsand forces,
but are typically difficult to fabricate[8]. Recently, a
new typeof microactuatorwhichprovideslargedisplace-
ments(

���������
m), highactuationforce( 	 1N), fabrica-

tion simplicity, andsuitability for microfluidic valve ap-
plicationshasbeenreported[9]. Thesemicroactuators
arebasedon the thermalexpansionof a sealed,surface
micromachinedpatch of high actuatingpower paraffin
waxfilm.

DESIGN

Material: Themicroactuatorsusedfor active valvesin
this paperarebasedon the thermalexpansionof a thin
layerof paraffin wax. Paraffin belongsto a family of ma-
terialsthatexperiencea largevolumetricexpansionupon
melting. Typically a volumetricexpansionbetween10 -
30% canbe reachedwhenheatedto temperaturesrang-
ing from 65-150
 C, dependingon the melting tempera-
tureof thematerial.Figure1 showsthepressure-volume-
temperature(PVT) characteristicsof theparaffin material
usedfor thedevicesin thispaper(bondingwax,Logitech,
Ltd. (0CON-175)with a meltingtemperatureof 75 � C).
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Figure1: PVT of Logitech0CON-175bondingwax

Actuators: The microactuator, shown in figure 2, is

Page1



basedona10
�

m thickparaffin film (LogitechLtd., 0CON-
175).Theparaffin film is sealedwith a3-4

�
m thick lay-

er of parylene-C,a flexible diaphragmlayer. Theheater,
locatedbeneaththe paraffin is usedto melt the paraffin.
For a 10

�
m thick paraffin film with a 10% volumeex-
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�
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�
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Figure 2: Schematiccross-sectionof surfacemicroma-
chinedparaffin microactuator

pansion,asshown in figure1, thecenterof thediaphragm
will deflectvertically about3

�
m in about20 mswith a

power requirementlessthan50 mW [9].

Microvalves: Theblockingmicrovalve,shown in figure
3, hasa 500

�
m-diameterinlet hole throughthe 1 mm

thick substrateleadingto a reservoir. The reservoir is
connectedto a3 mmlongcapillarychannelwith a200 �

Reservoir
�

Channel

Paraffin
�
Actuator

Inlet Hole
�Heater

�
Outlet
Hole

Substrate
�

Valve
Seat

Circular
Reservoir

Gap
Height

Figure3: Crosssectionof blockingmicrovalve

20
�

m� cross-sectionalarea.Thechannelleadsto a cir-
cular reservoir wheretheactuatorandoutletholearelo-
cated.Directly abovetheactuatoris the100

�
m-diameter

outlethole. Whentheactuatoris activated,thediaphrag-
m is deflectedvertically pressingthediaphragmlayera-
gainstthe valve seatthussealingthe outlet hole. Since
paraffin canprovide very large actuationforces,a very
goodsealis easilyattainedwith low actuationpower.

The distancebetweenthe diaphragmandthe valve seat
is the gapheightwhich is determinedby the deflection
height on the actuator. For this design,the deflection
distancewas 3

�
m, thereforea 2

�
m gap height was

used,ensuringa goodsealbetweenthe diaphragmand
valve seat. Larger deflectiondistancesare possibleus-
ing thicker paraffin films, alternative paraffin materials
(larger volumetricexpansion),or mechanicaladvantage
schemes[9].

Bothgasandliquid basedvalveshavebeenfabricatedand
differ only in thereservoir andchannelstructuralmateri-
als. Pneumaticvalvesuseelectroplatednickel structures
andtheliquid deviceshaveparylene-Cstructures.

FABRICATION

Pneumatic Valves: The entireblocking microvalve is
fabricatedusinga low temperatureprocess( � 90� C) and

20um Ni Layer
�

Ni Base Layer
�

Lithography 4

Ti/Al Gap Setting Layer

Lithography 5

Lithography 7

Lithography 8
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Cr/Au Heater
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Glass Substrates
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Lithography 6

Sacrificial
 
photoresist

Ti/Au Seed Layer

Figure4: Simplifiedblockingmicrovalvefabricationpro-
cessflow

eight lithographysteps.Figure4 shows a simplifiedpro-
cessflow. The fabricationbeginsby patterningthe inlet
hole in photodefinableglasssubstrates(Foturan,Schot-
t Corp.). Patterningthe FoturansubstratesrequiresUV
(312nm)exposure( 	 �"!$#&%(' � energy densityis required
to structurize1 mm thick substrates)followedby a heat
treatmentschedulewhichreaches600� C for 1 hour. Dur-
ing theheattreatment,thesubstratesurfacesbecomevery
rough requiring surfacerefinishing. The substratesare
thenplanarizedwith a20

�
m calcinedaluminumoxides-

lurry (Logitech,Ltd., 0CON-012)for 1 hourandpolished
with an alkaline colloidal silica slurry (Logitech, Ltd.,
SF1 0CON-140)for 1 hour. Next, Cr/Au (500/5000̊

)
)

heatersareevaporatedandpatternedon thesubstratefol-
lowed by the thermalevaporationof the paraffin. The
paraffin evaporationwasdonein acustomdepositionsys-
tem(pressure:5 � 10*,+ Torr, materialtemperature:150� C,
depositionrate:1000 ˚

)
/min.). Theparaffin is thenselec-

tively patternedusingreactive ion etching(RIE: pressure
260 mT, CF- :O� 20:80sccm)with a parylene-C/Cr/Au
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(5000/500/3000̊
)

) mask.Thepatternedparaffin patches
arethensealedwith a3

�
m thick parylene-Clayer. Adhe-

sionto thegold andsubstratelayersis assistedby a sila-
nationprocedure.Theparylene-Clayeris thenetchedin
an . � plasmaRIE usinga 20

�
m thick photoresistmask

(Clariant AZ 9260). Fabricatedactuatorsare shown in
figure5.
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/
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Figure 5: Photographsof paraffin actuatorswith 9
�

m-
thick paraffin layer (a) top view of completedactuator
(b) SEM of patternedparaffin (c) top view of patterned
paraffin with heaterclearlyvisible

Following thecompletionof theactuatorfabrication,the
channeland reservoir structuresare constructedon top
of the actuator. First, a 100˚

)
/2
�

m thick Ti/Al sacrifi-
cial gap-settinglayer is evaporatedand patterned. For
this device, a 2

�
m gap thicknesswas chosenbasedon

theactuatorcharacteristics.Next, the sacrificialchannel
andreservoir areasareformedby spin-castinga 20

�
m-

thick photoresist(AZ 9260) layer followed by softbake
(65� C for 1 hour), exposure(5mW/cm� for 400 sec.),
anddevelopment(1:4 AZ400K (Clariant):DI H � O for 5
mins.). The entiresubstrateis thensputtercoatedwith
a Ti/Au (300/3000̊

)
) electroplatingseedlayer. A 3

�
m-

thick Ni baselayeris thenelectroplated(Barrett-SNnick-
el sulfamatesolution, MacDermid Inc.) onto the seed
layer. This is followed by spin-casting,exposure,and
developmentof a thick photoresist(AZ 9260) layer ( 0
20
�

m) forming the channeland reservoir mold. Next,
the20

�
m-thickchannelstructuresareelectroplated.Fol-

lowing plating, the photoresistmold is removed in ace-
toneandtheNi baseis etchedwith a commercialnickel
etchant(TypeTFB, TranseneCo., Inc.). TheTi/Au seed
layer is thenwet etchedusinga commercialAu etchan-
t (GE-8148,TranseneCo., Inc.: which doesnot signifi-
cantlyattacktheNi films) anddiluteHF solution(10:1DI
H � O:HF(49%))to remove the Ti layer. TheTi/Al sacri-
ficial spacerlayeris thenremovedusinganin-houseetch-
ingsolution(K - Fe(CN)+2143657� O:NaOH:DIH � O).Thefron-
t sideof thesubstrateis thenspin-castedwith athick pho-
toresist(AZ9260)andsoftbakedat 65� C for 1 hour. The
parylene-Con the backsideof the substrate(from prior
depositions)is removedusingO� RIE.TheForturanglass
substratesarethenwet etched(10:1 DI H � O: HF(49%)

) forming the inlet holeswhile at the sametime dicing
the wafer. Finally, the sacrificialphotoresistis removed
from the channelsof eachdevice in an acetonebathfor
5 hours. Figure6(a) shows an SEM photographof the
valve reservoir surroundingthe paraffin actuatorwhere
theoutletholeis directly above theactuator. Figure6(b)
shows the reservoir surroundingthe inlet hole. Figure7
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Figure6: SEMphotographof device(a)circularreservoir
with outlet orifice over the paraffin actuator(b) square
reservoir coveringtheinlet hole

is a microscopephotographshowing thebacksideof the
fabricateddevice. Figure 7(a) clearly shows the actua-
tor. Figure7(b) shows the etchedinlet hole throughthe
substrate.
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Figure 7: Microscopephotographof pneumaticvalve
backsideshowing (a) actuator(b) inlet holethroughsub-
strate

Liquid Valves: Themicroactuatorsfor theliquid valves
are fabricatedusing the sameprocessas the pneumat-
ic valves. For the liquid devices, the gap height is set
by spin-castinga sacrificialphotoresistlayer(AZ 9260).
Due to the heightdifferencesbetweenthe substrateand
theactuators,thephotoresistis thinnerontopof theactu-
ator. Thephotoresistthicknessin thechannelsis 12

�
m,

while on thetop of theactuatorit is 6
�

m thick. Thesac-
rificial photoresistis thenpatternedforming thereservoir
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andchannelareas.Next, a15
�

m thick layerof parylene-
C is vacuumdeposited.A Ti/Au (500/5000˚

)
masklayer

is sputtercoatedon theentiresubstrate.TheTi/Au mask
is patternedandthe parylene-Clayer is etchedin an O�
RIE.Figure8showsafabricatedliquid (parylene-Cchan-
nel) valve.
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Figure 8: Microscopephotographof liquid microvalve
(a) Top sideof circular reservoir clearly showing outlet
holeandactuator(b) bottomof circular reservoir clearly
showing theheater, electrodes,reservoir andchannel

Mass Flow Controller: A 6-bit micro massflow con-
troller (

�
MFC) is currently being fabricatedusing the

blockingmicrovalvesasshown in figure9.
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Figure9: Microscopephotographof 6-bit
�

MFC

EXPERIMENTS

Pneumatic Valves: The die weremountedon custom
madecircuit boards(copperclad laminate,keprocircuit
systems)with 1mm-diameteraccessholesconcentricwith
the inlet holes of the test devices. The die (1.5cm �
1.5cm)werebondedto thecircuit boardswith a vacuum
epoxy(Kurt J.Lesker Co.). Figure10 showsanexample
of a diemountedon thecircuit board.
The diaphragmcenterdeflectionwasmeasuredthrough
the outlet hole for variousinput voltagesusing a Zygo
NewView 5000non-contactsurfaceprofilometerwith 100X
magnificationanda 5

�
m, high resolutionscanlength.

Figure11 shows the centerdeflectioncharacteristicsfor
the10

�
m-thickparaffin actuator. Fromfigure11, theac-

tuatorhasdeflectedtheentiregapheightwith lessthan50

1.5 cm

Figure10: Photographof die containingtenmicrovalves
bondedto testpc-board
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Figure11: Measuredactuatorcenterdeflectionthrough
the outlet hole with a Zygo NewView 5000non-contact
surfaceprofilometer

mW. The deflectionbeyond the gapheight is dueto the
soft parylene-Cdiaphragmpushinginto the outlet hole
by themoltenparaffin.

Sinceflow andleakratesareexpectedto beverysmall,no
commerciallyavailableflow metersexist in thesesmall
ranges.Therefore,an indirect approachhasbeenused:EGF # EIH

measurementsfor a known volumeat theoutlet
of thedevicearetakenastestdata[10]. Figure12 shows
a schematicof the testingapparatus.The measuremen-
t procedureis as follows, initially valvesv J andv � are
closed.Valvev � is opened(v J is still closed)thusevacu-
atingthebottomchamberto about100mTorr. Thenv � is
closedandvalve v J is openedallowing the top chamber
to reachthedesiredpressure(typically 760Torr). Valve
v � is thenclosed. The computermeasuresthe pressure
change

EKF
in the bottomchamberfor a periodof timeELH

. Sincethevolumeof thebottomchamberV is known,
fixed,andassumingthegasis ideal,themassflow rate M
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canbedeterminedasshown in Eq. (1).

MON P EGFELHRQ PTSUWV Q PYX[Z]\^ Z,\ Q`_ (1)

where
X Z \

is themolarmassand ^ Z \ thedensityof ni-
trogen.

Flow ratesweremeasuredfor differentappliedvoltages.
Whenthediaphragmis fully deflectedtheflow ratethrough
the device is the leak rate of the valve. For all mea-
surements,the top side pressure

F J of the device was
maintainedat 750 Torr, while the bottom pressure

F �
wasmaintainedin vacuum(about100mTorr). Figure13
showsameasuredflow ratethroughthedeviceasa func-
tion of input voltageandpower. Measurementsindicate
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flow ratesin the 0.1-2.0sccmrangefor actuationvolt-

ageslessthan5 volts while consuminglessthan50 mW.
The flow ratefor this device is determinedprimarily by
thegaplayerbecauseits heightis anorderof magnitude
less. Flow ratescanbeadjustedby simply changingthe
gapheightandactuatordeflectionheight.

SUMMARY

In this paper, we presentedthe design,fabricationand
testingof an active, normally openblockingmicrovalve
for bothpneumaticandliquid applications.Theactuation
is providedby aparaffin microactuator. Thevalveis com-
pletelyfabricatedusingasimplesurfacemicromachining
methodwith low temperature( g 90� C). Thesevalvesare
particularlyvaluablewhenmany devices( 0 10) arere-
quiredon a singledie.
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