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Design, Fabrication, and Testing of Micromachined
Silicone Rubber Membrane Valves

Xing Yang, Charles Grosjean, and Yu-Chong Tai

Abstract—Technologies for fabricating silicone rubber mem- Another key respect of the microvalves is the actuation
branes and integrating them with other processes on silicon mechanism. Many actuation mechanisms, including thermal
wafers have been developed. Silicone rubber has been found[l] electromagnetic [2], pneumatic [3], [4], and thermop-

to have exceptional mechanical properties including low mod- - h . .
ulus, high elongation, and good sealing. Thermopneumatically neumatic [5], have been investigated for valve operations. It

actuated, normally open, silicone rubber membrane valves with Was found [5] that thermopneumatic actuation can provide
optimized components have been designed, fabricated, and testedlarge force through a long stroke. The actuation was achieved
Suspended silicon nitride membrane heaters have been developedpy heating/cooling a closed cavity, which was filled with a
for low-power thermopneumatic actuation. Composite silicone working liquid and sealed with a glass substrate heater on one
rubber on Parylene valve membranes have been shown to have .

low permeabiity and modulus. Also, novel valve seats were side and a deflectable membrane on the other. Although good
designed to improve sealing in the presence of particles. The Performance was demonstrated, the power consumption was
valves have been extensively characterized with respect to powerfairly high due to the inefficiency of a simple resistive heater
consumption versus flow rate and transient response. Low power on a solid glass substrate in heating the working fluid. A large
consumption, high flow rate, and high pressure have been demon- i of the input power to the heater went into heating the
strated. For example, less than 40 mW is required to switch a | heat bstrat ther than heating th kin fluid
1-slpm nitrogen flow at 33 psi. Water requires close to 100 mW glass ,ea er substrate rather than heating ef waorking tuid.
due to the cooling effect of the liquid. [427] In this paper, we present our approach of using low modulus
membrane materials to reduce the force required for closing
the valve and improving sealing on the seat, and low power
heater designs for thermopneumatic actuation to reduce heat

lost to the environment.

Index Terms—Parylene, silicone rubber, thermopneumatic ac-
tuation, valve.

. INTRODUCTION

number of active MEMS valves [1]—[5] have been II. SILICONE RUBBER MEMBRANE

demonstrated in the past. Although the configuration
of these valves coulq be different _(norm_ally open or normally * sijlicone Rubber MRTV 1
closed), the underlying structure is similar. In general, these . -
devices consist of a deflectable membrane and a stationarf N@s been reported [3], [4] that spin-on silicone rubber can
valve seat with inlet/outlet. When the membrane is deflect@§ Used as a membrane material. Silicone rubber exhibits a
and seals the inlet on the valve seat, the valve is closed. GiW&tY low modulus [3], good compatibility with IC processes,
the similar structure, differences among the valves cenfdgh elongatlon,and_good sealing properties on rough sur_faces.
on geometry, the actuation mechanism, and the membr have chosen_ silicone rubber MRTV 1 from Amenca_n
material. Low power, small size, and relatively large flop@/€ly Technologies, Inc., as the valve membrane material.
rates are desirable characteristics for a microvalve. To achid&TV 1 is an addition cure mold making room-temperature-
high flow rate, a large gap is required between the seat aff§canizable (RTV) silicone. Among its important physical
sealing membrane along with fairly large inlet/outlet holes. froperties listed in Table |, two of them are very attractive

a rigid membrane material is used, the size of the structJR¥ valve applications. First, it can sustain elongation as high
must be fairly large, or very high force must be used @S 1000%, which means very large deflection can be achieved

deflect the membrane to the valve seat. If a rigid material & V2!V membranes. Second, sealing of this material on rough

used for the valve seat and membrane, high force is requirdfaces can be very good due to its very low durometer (Shore

to ensure that the membrane conforms well to the seali 24).

surface. Also, defects on either surface or particles can hinde arious processing experiments have begn performed on
effective sealing. MRTV 1. It was found that MRTV 1 exhibits excellent

adhesion to silicon, silicon dioxide, silicon nitride, and metals
due to the presence of silane groups in the formulation.
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TABLE |

PHysICAL PROPERTIES OFSILICON RuBBER MRTV 1
Mixed Viscosity, cps 60,000
Hardness, Durometer Shore A 24
Tensile Strength, psi 500
Tear Strength, Die B Ib/in 125
Tensile Elongation, % 1,000
Temperature Range, °C -55 to0 200

Thermal Conductivity, W/em-°C | 0.002

Dielectric Strength, Volts/mil 550

Volume Resistivity, ohm-cm 1.6 x 10"

similar to silicon dioxide. Adhesion to photoresist and most
glues is very poor. Thin silicone rubber films are permeable
to chemical vapors and absorb some liquids.

B. Membrane Fabrication

A membrane fabrication process based on spin coating of
MRTV 1 was developed and is shown in Fig. 1. First, a layer of
1-um-thick low-stress low-pressure chemical vapor deposition
(LPCVD) silicon nitride was deposited on the wafers. The
wafer backside was patterned withx33 mn? windows using
SF;/O, plasma. KOH was then used to etch the silicon to
the front side nitride forming 2.3< 2.3 mn? membranes.
MRTV 1 silicone was prepared by following the procedure ) - Silicone Rubber
suggested by the manufacturer and spun on the wafer front z i |
side, forming a 132+m silicone rubber layer. The silicone
rubber was then cured at room temperature for 24 h. Finally,
the nitride membranes were removed using/Sk plasma Photoresist
from backside leaving free silicone rubber membranes. .

Although the spin-coating process is very convenient, it was
found that MRTV 1 is sufficiently viscous at 60000 cps that
uniform spin coating can only be achieved at a very narrow
range of spin rates. Experimentally, it was found that spin
coating at the rate of 1000 rpm for 80 s gives 132 pm-thick
uniform layers of MRTV 1 on silicon wafers. Slower speeds
result in uneven films while higher speeds streak, bubble, and
redistribute fillers nonuniformly.

An alternative method to fabricate silicone rubber mem-
brane is squeegee coating. The process is shown in Fig. 2.
It started with 520um-thick wafers. A layer of 1.5sm-thick Fig. 2. Fabrication process for squeegee-coated silicone rubber membrane.
silicon dioxide was grown and patterned on both sides. The
wafers were then etched 234m from both sides in KOH
leaving a cavity on each side of the wafer and a.®@-thick
silicon membrane. The top cavity was 4:8 5.8 mn? and

' silicone rubber film was left in the cavity. The backside nitride
was patterned using SO, plasma to remove the nitride

served as a mold for the silicone rubber. The bottom c:avi?vehr k s.|I|con membrane. TE_T Elhi ' SI|ICOI’.1 meml?ra;]ne W?S
defined the dimensions of the silicone membrane, which wahed using Bri-vapor [6], while the remainder of the wafer
1.5 x 2.5 mn?. A layer of 0.5um-thick low-stress silicon was protected with photoresist and silicon nitride. Last, the

nitride was deposited on both sides. Premixed MRTV 1 wadicon nitride underneath the silicone rubber membrane was
then poured into the cavities on the wafer front side. Bstripped from the backside.

scraping a piece of glass with a flat smooth edge across thdhe squeegee-coating technique produces uniform films
wafer, extra silicone rubber was taken away and a layer fobm die to die. Compared to spin-coating, squeegee-coating
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Fig. 3. Surface profile of a cured silicone rubber membrane.

can produce uniform films with various thicknesses by chang- 1200
ing the depth of the cavity in the substrate. Also, only part of = 1000
the wafer will be coated with silicone rubber while the rest £ 300
of the wafer is exposed. This has the advantage that other & ;
fabrication processes such as bonding can still be achieved on g 600 /»/ Theory [8]
the areas without silicone rubber. g 400 - §

It was found that the squeegee-coating process produces a % 200 / Plastic Deformation —
recess at the center of the membrane due to surface tension = 0 ! : |
at the corners of the cavity. Fig. 5 shows the profile of the 0 100 200 300 400 500 600
silicone rubber layer along the 5.8-mm dimension of the Pressure (Torr)

cavity. In this case, the recess was ji. As shown later, _ . N .
. Fig. 4. Experimental results and theoretical fitting of silicone rubber mem-

this recess serves perfectly as the gap between the valve §Eak |oad-deflection testing.

and membrane, which simplifies valve seat fabrication.

(1), they can be determined by fitting the experimental data
with (1).

Load-deflection tests [7] were performed on the silicone rub- Fig( 21 shows the measurement data and the fitting curve
ber membranes to measure Young's modutusind residual fo a.2 3 mmx 2.3 mm x 132 um membrane. From the
stressy. The S|I|cqne rubber membrane chip was mounted an ing results, it was found that silicone rubber has a Young's
sealed on.aspeqal holder aqd was th(_an placed o:n-wetage modulus of 0.51 MPa and residual stress of 0.08 MPa.
of an optlpal microscope Wlthz-d|rect|qn focus adjustment_ It can be seen from Fig. 4 that very large deflection can be
calibrated in 1xm increments. Pneumatic pressure was app“edhieved in silicone rubber membrane with small pressure in-

: ; P : Cc
from the backside windows. By adjusting the input pressuﬁ-: .

and focus position, the center deflection of the membrane V\Hilét For example, at 14.6 pst, the membrane d_eﬂeCtS 1'5,’4 mm,
measured with1-um resolution. It was shown in [7] that for WiCh corresponds approximately to a 115% increase in vol-

a rectangular membrane, the load-deflection relationship of &€ and a 100% increase in surface area. Fig. 5 shows the side
rectangular membrane can be expressed as view of the membrane at (a) 1, (b) 5, (c) 10, and (d) 15 psi.
Fig. 4 also shows that if pressure larger than 5.0 psi is

C. Membrane Testing

P Cioth + CyEth? (1) applied to the membrane and the deflection of the membrane
a? at is more than 52Q:m, the deflection data start to deviate from
where the theoretical model. Experimentally, it was found that the
P applied pressure; membrane was plastically deformed in this range. In other
E  Young's modulus of the membrane material; words, the membrane would not go back to the original flat
o residual stress in the membrane; position once the pressure was released. However, plastic
v Poisson’s ratio of the membrane material; deformation is not a concern to the valve because, as shown
t thickness of the membrane; later, the design goal for the valve membrane stroke is less
h deflection of the membrane; than 100:m. More information on plastic deformation and
n a/fb. reliability of the silicone rubber membrane can be found in [8].

For square membraneS; andC, are calculated to be 3.04 Using these membranes, the sealing of silicone rubber on
and 2.55, respectively, assuming that Poisson’s ratio of silicortigh surfaces or surfaces with particles was also studied. In
rubber is 0.5. Since Young’s modulds and residual stress this experiment, a piece of glass was bonded on top of a
independently appear in the linear term and the cubic term sffueegee-coated silicone rubber membrane. Before bonding,
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Fig. 6. Sealing testing of silicone rubber membrane. With 2-psi pressure
input to the back, the silicone rubber membrane deflected and partially sealed
against a piece of glass. On the left, the silicone rubber membrane fully
encapsulated a particle that was put on the glass purposely.

It is known that silicone rubber is permeable to most fluids.
Since the thermopneumatic actuation for valve operation is
based on the expansion and/or evaporation of fluids in a sealed
cavity, the permeability of silicone rubber could seriously
affect the performance and lifetime of the valve. Experiments
(0) were performed to study the permeability of various liquids
through silicone rubber membrane. A sealed cavity was fabri-
cated by first filling the cavity with liquid and then bonding a
piece of glass to the back of the silicone rubber membrane
chip. Cavities filled with deionized (DI) water, isopropyl
_ alcohol, and 3M Performance Fluids (industrial versions of

oo Fluorinert) PF 5060 and PF 5070 were made and left at room
AT R temperature. It was found that most liquids escaped from the

B e sealed cavity as vapor in a matter of days.

In summary, large deflection and good sealing properties
have been demonstrated with the silicone rubber membrane.
Experimentally, it was also found that the membrane is per-
meable to the liquids used for thermopneumatic actuation.

I1l. SILICONE RUBBER/PARYLENE COMPOSITE MEMBRANE

In Section I, although good performance has been achieved
with the silicone rubber membrane, the slow leakage of fluids
through the silicone rubber membrane limits the application of
thermopneumatic actuation in valves. The proposed solution to
this problem is the use of a vapor barrier layer between the
working fluid and the silicone rubber layer. Most IC com-
patible materials that are impermeable to the chosen working

(d) fluids have very high modulus, which defeats the purpose of
Fig. 5. Side view of silicone rubber membrane pneumatic actuation. Press@r&ilicone rubber membrane valve. It was found that Parylene,
load of (a) 1, (b) 5, (c) 10, and (d) 15 psi. which has a fairly low modulus, is an effective barrier.

particles were purposely put on the side of the glass surfdte Parylene

that the silicone rubber membrane would seal. Fig. 6 showsParylene [9] is the generic name for members of a unique
that with only 2-psi pneumatic pressure load applied to tHemily of thermoplastic polymers. Three forms of this polymer

membrane from the backside, the silicone rubber membrasre currently available, each with unique properties that suit
deflected and fully encapsulated the particle on the glasgo particular applications. The basic member of the series,
surface. This demonstrates that, as an elastomer, silicé?aylene N, is poly-para-xylylene, a completely linear, highly

rubber possesses excellent sealing properties in the presemygstalline material. Parylene C and D are produced from
of particles. Good sealing is crucial to the valve because aifme same monomer modified by the substitution of a chlorine
nonsealed point on the valve seat would cause a significadm for one or two of the aromatic hydrogens. The common
leak rate when the valve is supposed to be closed. physical properties [9] of Parylene N, C, and D are listed in
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TABLE I
PHYSICAL PROPERTIES OFPARYLENE

Properties Parylene N Parylene C Parylene D
@
Tensile Strength (psi) 6,000-11,000 10,000 11,000
Elongation to Break (%) 20-250 200 10
Water Absorption
Less than 0.1 | Less than 0.1 | Less than 0.1
(% after 24 hours) (b)
Melting Point (°C) 420 290 380
Thermal Conductivity
0.126 0.084 unavailable
at 25 °C (W/m °C) (©

Moisture Transmission at 90%

o, 1.5 0.21 025
RH, 37 °C (g-mil/100 in? -d)

Table Il. Parylene has been explored as passivation material (d)
or dielectric material between multilevel metallization for the

IC industry. The deposition materials, systems, and services
are available from Specialty Coating Systems, Inc. (SCS)
[9]. All the depositions in this work were performed on a

Parylene deposition system (model PDS 2010 LABCOTER
1) from SCS. Among the three forms of Parylene, Parylene Silicone Rubber
C was chosen as the vapor barrier layer because of its low ¥
permeability to moisture and gases as seen from Table II. /

®
Fig. 7. Composite silicone rubber/Parylene fabrication process.
To measure the mechanical properties of Parylene C, 6.87-

pm-thick Parylene C membranes in the dimensions of a 3.66

3.76 mn? have been fabricated. Similar load-deflection tests & ing Sks/Ar plasma followed by priming of A-174 Parylene

described in Section 1I-C were performed on these Parylenea hesion promoter. A layer of 2m-thick Parylene C was

membranes. By fitting the experimental data, Young's modulgglpos'teo; iAnSTri;at;err_ll_ed at thebgottom of thﬁjt%p_C?VIR]/. Tthen,
and residual stress of the Parylene C layer were found FoWVer O sticone rubber was molded nto the top
be 4.48 GPa and 20.88 MPa. This confirms that ParylenecéVlty by squeegee coating. On the backside, silicon nitride

) o -was patterned using g/, plasma to free the membrane.
has a low Young's modulus and suggests that it is possi fgr‘\ally, another layer of 2ém-thick Parylene C was deposited

to fabricate a fairly soft silicone rubber/Parylene comp03|(§=;n the backside to strengthen the edge of the membrane while
membrane. . .
the front side of the membrane was protected with dummy
wafers in the deposition chamber. Due to the poor adhesion
between silicone rubber and Parylene, the Parylene layer at the
Composite silicone rubber/Parylene membranes were fallsbttom of the top cavity had to be patterned to open the region
cated using a process similar to the squeegee-coating prodesshe silicone rubber to anchor to the silicon nitride surface.
in Section 1I-B. To keep the membranes soft, a very thin layer A load deflection test was performed on the composite
of Parylene was used compared to the silicone thickness. i@mbrane. The results shown in Fig. 8 confirms that the
it was suspected that silicone absorbed the working fluid, tbemposite membrane is still fairly flexible. For example, the
Parylene layer was sandwiched between the silicone rublpeembrane deflects 134m at a pressure input of 4.1 psi. It
layer and the fluid. The process is shown in Fig. 7. It startedso should be noticed that the composite membrane would
with thermal oxidation of the wafers followed by patternindge plastically deformed if the deflection is more than 200
etching windows on both sides of the wafers. The wafers wesad pressure is higher than 6 psi.
then time etched in a KOH solution to form two cavities. The Similar permeability testing as described in Section II-C
5204um-thick wafers were etched 23bm on each side in has been performed on the composite membrane. Fluids were
KOH leaving a 50rxm-thick silicon membrane. A layer of sealed in cavities formed by bonding a piece of glass to the
0.5um-thick low-stress silicon nitride film was deposited omackside of the composite silicone rubber/Parylene membrane.
both sides, and the silicon nitride on the backside was removédvas found from experiments that up to one month, no
using Sk/O- plasma. The wafers were put back into KOH tawolume change and bubble formation were observed in the
etch away the silicon layer and a freestanding silicon nitridealed cavities. This confirms that Parylene is an effective
membrane was formed. Then, the wafer surface was roughermagdor barrier layer.

B. Mechanical Properties of Parylene C

C. Composite Membrane Fabrication
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Fig. 8. Load-deflection testing of a composite silicone rubber/Parylene mem-
brane.

60 °C

It can be concluded from the above experiments that the
silicone rubber/Parylene composite membrane is suitable for
valve applications. Both Parylene and silicone rubber have
been shown to have low modulus. By keeping Parylene layer
thin, a flexible composite membrane can be made. While Pary-
lene is used as the vapor barrier layer, the silicone rubber layer
serves two purposes. First, it provides good sealing properties.
Second, because of its low thermal conductivity, the silicoriéd- 10- Temperature profiles of heaters measured using Infrascope. (a) Glass

L. .Substrate heaters. (b) Silicon nitride membrane heater.

rubber layer minimizes the heat loss to the valve surrounding
structures and hence reduces the power consumption of the

52.2 mW 60 °C
(b)

valve operation. This will be shown in Section IV. Fig. 9 shows a fabricated heater. The array of holes equal-
izes the pressure across the membrane during the valve oper-
IV. THERMOPNEUMATIC ACTUATION ation. Also, the gold square blocks between holes increase the

heat conduction area and improve the frequency response of
the thermopneumatic actuation.

In the past, simple resistive heater on a glass substrateflo compare the performance of the silicon nitride membrane
was used for thermopneumatic actuation. It was shown thaater and the glass substrate heater, the temperature distribu-
such a heater consumes a lot of power because of its p@on on the heater surface was measured using an infrared
thermal efficiency. Computer simulation [10] shows that 98%nicroscope (Infrascope, Quantum Focus Instruments Corp.).
of the heat generated by such a heater is lost through the gleggascope is a microthermal infrared imaging system with 3-
substrate rather than heating the working fluid. To improyem spatial resolution and 0°C temperature resolution. Under
the thermal insulation, a gold heater on freestanding silicdite Infrascope, heaters were mounted on a metal substrate us-
nitride membrane has been developed. Because the membiageonductive adhesive. Fig. 10 shows measured temperature
is thin and silicon nitride has a very low thermal conductivityprofile on the surface for the two types of heater. The silicon
the heat loss would be significantly reduced. Gold is choseitride membrane heater surface reached 200with only
as the heater material because it has high resistance to 88:2-mW power input while the glass heater required 795-
dation and low thermal mismatch with silicon nitride. LargenW power input for the same temperature. It should also be
thermal mismatch could potentially fracture the heater whewticed that on the freestanding silicon nitride membrane, the
the temperature at the surface of the heater gets high. heat is far more localized resulting in less loss via conduction

The fabrication process for the freestanding silicon nitrid® the surroundings. This confirms that compared to the glass
membrane heater starts with Q.-thick LPCVD low-stress substrate heater, the freestanding silicon nitride membrane
silicon nitride deposition on the wafers. Then, the silicoheater has better thermal isolation and consumes less power.
nitride layer on the backside was patterned to open up theDuring valve operation, the heater is sealed in a fluid-
etching windows. The wafers were etched in a KOH solutidilled cavity. Because of the different thermal environment,
from the backside until only a 2fim-thick silicon layer was the temperature on the heater surface would be different
left. After that, a layer of 106k Cr/5000A Au was evaporated from the temperature on the same heater measured using
and patterned to define the heater. An array of 268- Infrascope, even if the same power is applied to the heater.
diameter holes was etched in the silicon nitride membrafide average temperature across the heater surface during
using SK/O, plasma. Last, the wafers were diced and pwalve operation can be estimated if the temperature coefficient
back into KOH solution to remove the 20m silicon layer of resistance (TCR) of gold heaters is known. Experiments
to free the membranes. Dicing before the structure releasiwgre performed to calibrate the TCR of gold. Two gold
avoided the potential damage of the membranes during dicitgaters on silicon nitride membrane with different designs

A. Freestanding Silicon Nitride Membrane Heater
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ids. Fig. 12. Temperature increase on the heater surface during thermopneumatic
actuation.
were set up in a temperature-controlled environment chamber.
By slowly increasing the temperature and measuring the TABLE Il
. . . TiME CONSTANTS OF THERMOPNEUMATIC
corresponding resistance change, the resistance change as a ACTUATION UNDER VARIOUS CONDITIONS

function of temperature was obtained. Enough time was given
between two data points to allow the heaters to reach therma

[ Heating Time | Cooling Time
ondition | Power (mW) | Deflection (um)

equilibrium. By fitting the data with a linear function, the slope Constants (s) | Constants (s)
gave the TCR of gO'd, which was 0.008/. PF 5060 425 45 17,382 2.1,37.0
PF5060 (On
_ . ) 4.5 33 1.5,7.1 18,94
B. Steady-State Response of Thermopneumatic Actuation Heat Sink)

To study the steady-state response of thermopneumatief 5070 40 30 25,320 27,320
actuation with various working fluids, a variety of actuators p v, 03 5 1.6,45.8 17,458
were assembled by bonding the silicon nitride membrane

50 35 1.3,40.7 1.2,46.2

heater to the bottom of the composite membrane chip and AF
sealing the formed cavity with a silicon or glass backing
plate. The bonding .and sealing were achieved with adhes'Yr?'Fig. 12. As expected, the low thermal conductivity of air
Actuation was studied by applying power to the heater ari]gsults in very high temperatures
measuring the corresponding deflection of the membrane from '
its rest position under a microscope with a calibrated focus. ) ) )
Enough time was given between two data points to allow tife Transient Response of Thermopneumatic Actuation
actuator to reach thermal equilibrium. Transient performance was studied by driving the assembled
Using the composite membrane chip with ax33 mn? thermopneumatic actuator with a square wave from a function
backside opening, heaters with three different dimensiogenerator while measuring membrane deflection as a function
(2.9 x 29 mn?, 2.1 x 2.1 mn?, and 1.1 x 1.1 mn?) of time with a laser interferometer (Model PD-1000, Precision-
were fabricated to investigate the effect of heater surfabynamics, Inc.). The response typically exhibits two time
area on performance. The small heater (k11.1 mn?) constants, a short one associated with heating the working
and medium heater (2.k 2.1 mnt) had similar steady- liquid and a longer one related with the heating of the package
state performance with the small heater taking longer &md surroundings. A heater with good thermal insulation
reach thermal equilibrium. The large (2:292.9 mn?) heater consumes less power, but it takes longer for the heat to
required significantly more power for a similar deflectiondissipate, resulting in a tradeoff between power consumption
leading to the conclusion that more power was being lost to thad speed. While a valve can be closed quickly by applying
substrate due to the proximity of the heater to the side walls. large power pulse, the opening time may be increased
Various fluids were sealed in the actuator and their thermogubstantially due to the time to dissipate extra energy to the
neumatic actuation performance was studied. Fig. 11 shoarsvironment. Table 1l shows the measured time constants of
the results of power versus deflection for cavities fully fille@ctuators filled with various fluids. Air provides the fastest
with water, PF 5060, PF 5070, isopropanol, and air. Actuataime constants due to its low density, even though its thermal
with an air bubble in the cavity had higher power consumpticsonductivity is fairly low compared to the liquids. Using PF
and failed quickly due to overheating. With the same pow®060 as the working fluid, the time constants are 1.7 and 38.2 s
input to the heater, the actuator sealed with PF 5060 achieedheating and 2.1 and 37.0 s for cooling. As shown in Fig. 13,
the highest deflection among all the fluids. the second time constant can be improved substantially by
By using the TCR of gold, the average temperature acrassing a metal heat sink on the package to 1.5 and 7.1 s
the heater surface was estimated and plotted as a functiorfaf heating and 1.8 and 9.4 s for cooling at the expense of
power input for different working fluids. The results are showimcreased power consumption.
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Fig. 13. Thermopneumatic actuation transient response.
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Fig. 14. Novel corrugated valve seat. (a) Valve seat design. (b) Picture of
a fabricated valve seat.

V. THERMOPNEUMATIC VALVE (b)

A. Corrugated Valve Seat Fig. 15. Thermopnematic valve with composite silicone rubber/Parylene
membrane. (a) Cross-sectional view. (b) Picture of an assembled valve.
We have developed a new corrugated valve seat that comple-

ments the sealing properties of the silicone rubber membrapg,e attached to valve inlet/outlet with epoxy. Fig. 15(b) is

to reduce the leak rate of the valve. As shown in Fig. 14, picture of a fully packaged valve. As suggested by the

the new valve seat has an array of concentric grooves gl mopneumatic actuation results from Section Ill, all the
pm wide and 20um deep around the inlet/outlet h0|esvalves were fully filled with PF 5060.

The grooves was etched into the silicon substrate BYGF  1he flow performance of the valve was studied by measur-

plasma. These grooves reduce the chance of the particigs ihe flow rates at different pressure drops across the valve
sticking near the inlet/outlet. Also, by taking advantage Qfithout power input to the heater. To investigate the effect of
the elastomeric properties of silicone rubber, these groovgg.y o tiet hole size on the valve performance, valves with 400
serve as redundant sealing rings so that even when thQrQlOOqu and 600x 600 ;m? inlet/outlet holes were made
are _partlcle_s, the silicone _“_Jbber could fully encapsulate ﬂ&ﬁd tested with nitrogen and water flow. The results varied due
particles wnhoyt compromising the performance of the valv?o the misalignment of the manual assembling process. Typical
]}’at')".e SegtSF.W'ﬂl] 4480' hand 6Q?°nb ;qua:je |nllet/outlet WET€ yasults are plotted in Fig. 16. The water flow rate through
abricated. Fig. 14(b) shows a fabricated valve seat. the valve is roughly 100 times smaller than the flow rate of
nitrogen because water has a 100 times higher viscosity.

B. Flow Performance

As shown in Fig. 15(a), valves were made by assemblifg Valve Performance with Nitrogen Flow
a valve seat die, membrane chip die, heater die, and backinyalve performance was tested with nitrogen flow. Com-
plate. Flexible plastic Tygon tubes (i.d. 1/32 in, 0.d. 3/32 irpressed nitrogen and a pressure regulator were used to provide
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flow up to 5 L/min and pressure up to 75 psi. An HP 6115Aig. 17. Thermopneumatic valve performance with nitrogen flow.
precision power supply was connected to the heater of the

valve, and the current was measured with an HP 3440}t had similar construction, except for a 1-mm-size bubble
multimeter. Pressure and flow rate were measured withjfine actuation cavity, required a power of 139 mW to close
pressure sensor (Omega, Model HHP 4100, 0.1-psi resolutiQ@)yve under the similar testing conditions. At that power input,
and a flow meter (Cole Parmer, Model 32916, 0.01-L/mifhe average temperature at the heater surface was found to be
resolution). 50 °C above room temperature.

The valve performance can be affected by several factorsanother data set was taken for a single valve with a wide
including the alignment of the seat to the membrane, variatiopghge of inlet pressure and is shown in Fig. 17(b). This valve
of inlet/outlet hole size, and choice of inlet ports (center or sid&hibits higher power consumption, which is most likely due
of the valve seat chip). Misalignment will increase the poweg valve seat/membrane misalignment. Of interest is the trend
necessary to seal the valve for a given flow, as the contagtincreasing power consumption for lower inlet pressure.
area between the membrane and seat must be larger. AsThe most likely explanation of this behavior is increased
valve seat is silicon, it is difficult to optically verify alignmentcontact area between the membrane and valve seat, resulting
after assembly. Flow testing of small and large hole size (42D more heat loss by conduction through the membrane.
and 600um square, respectively) and valve seats confirmddhis, along with the hysteresis between opening and closing
the greater flow capability of the larger hole sizes, but fiowers, indicates that improved thermal insulation should be
was determined that the increased flow was not necessagnsidered for the membrane, possibly by making the silicone
especially at the price of increased power consumption. It wagbber layer thicker, which would not significantly affect the
also found that valves were most efficient when the outlet waliffness due to the Parylene layer.
located at the center of the valve seat.

Typically, for a valve with 400x 400 zm? inlet/outlet and
fully filled with PF 5060, the power required to close the valv®. Valve Performance with Water Flow
usually varied between 40 and 70 mW at an inlet pressure ofvalves were also tested with water. The test setup was
about 30 psi and a flow rate of about 1 L/min. The lowesfimilar to the nitrogen testing setup except that a water
power consumption achieved is shown in Fig. 17(a). In thigservoir pressurized with compressed nitrogen served as water
case, 35.5 mW was sufficient to shut off a flow of 1.04 L/migource. The water pressure was regulated by monitoring the
at the inlet pressure of 33 psi. By using the measured TGRessure of compressed nitrogen. Inlet pressure to the valve
of gold, the average temperature on the heater surface was measured with a water pressure sensor, while the flow
estimated to be 20C above room temperature. Another valveate was measured with a graduated cylinder and a stopwatch.
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