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ABSTRACT

We present a new type of micromachined plate valve”
with pressure-force balancing for operation at
elevated pressures. The valve can proportionally
control the flow of both gases and liquids. Due to its
structure, it can be configured as normally open or
normally closed. We have fabricated and tested
several versions of the valve, including lower-
pressure and higher-pressure valves. The lower-
pressure version controls nitrogen up to 1 bar without
hysteresis or leakage, and has operated up to 10 bar
with a flow rate of 6.7 /min. The other version
controls liquid flow up to 14 bar. The valves are
driven by a thermal actuator with a mechanical
linkage capable of over 100 pum of motion. The chip
is almost entirely silicon, eliminating actuation due to
mismatch of thermal expansion rates.

INTRODUCTION

Micromachined Valve Comparison

Most valves use a movable member over an orifice to
control the flow of fluid through an orifice [1]. The
majority of micromachined valves are seat valves,
employing a flexible structure such as a membrane
that moves vertically to control the vertical flow of
fluid [2,3,4,5]. In contrast, this valve belongs to a
family of valves known as sliding plate valves, in
which a plate moves horizontally across the vertical
flow from an orifice [6]. Plate valves have the
advantage over seat valves of being able to, with
appropriate design, balance the forces due to pressure
in order to minimize the force that must be supplied
to the movable member.

Unlike valves that rely on the differential expansion
rates of dissimilar materials [2,3,4], this valve uses
the temperature difference between heated and
unheated structures in single-crystal silicon for
actuation. This approach has the advantage of the
valve position being relatively unaffected by wide
changes in ambient temperature.

Operation

A schematic showing the valve concept, which is
implemented in three layers of silicon, is given in
Fig. 1. Inlet and outlet ports are formed in top or
bottom layers of silicon, or both (these layers are not
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Figure 1 Schematic of valve concept

shown). For the normally open valve shown in Fig. 1,
fluid can flow down through an inlet in a top layer of
silicon, through the thickness of a second layer of
silicon, and continue down out of the outlet.

The actuator is formed entirely in the middle silicon
layer. The valve is activated by flowing current
through the flexible ribs, which heat and expand. The
ribs are rigidly held at their ends. The ribs push the
movable pushrod to the left in Fig. 1, applying a
torque to the slider. The slider tip moves to the right,
reducing the orifice area and thus the flow. Fluid is
contained in a flow channel by the lower wafer at the
bottom, by the middle wafer at the sides, and by the
top cap silicon layer. Clearly, many variations on this
scheme can be made, including making normally
closed valves. Pressure-force-balancing components
may be added. The actuator can be designed to
consume little power (and operate more slowly), or
made for rapid actuation (and higher power
consumption).

Because the temperature rise of the ribs relative to the
rest of the chip to which the ribs are attached can be
continuously varied with input heating power, the
slider position over the orifice can be varied,
allowing proportional control (ie., the flow rate
varies continuously with input signal [11).

DESIGN
The valve is comprised almost entirely of single-

crystal silicon (SCS), with silicon dioxide used for
electrical insulation and metal for bond pads. There



are several advantages to using all SCS over other
materials or combinations of materials. First, an all-
SCS construction is insensitive to fluctuations in
ambient temperature. Second, SCS has a high
ultimate tensile strength (several times that of
polycrystalline silicon) and, unlike metals, does not
plastically yield below about 500°C [7]. Third, while
thin films are typically limited by practical deposition
rates and residual stress to thicknesses of a few
micrometers, SCS layers can be made any thickness
[13]. High thickness allows the production of very
high-output-force (> 1 N) microactuators. Finally,
unlike metals, the resistivity of the starting material
can be controlled over several orders of magnitude.
Thus, the resistance of an actuator of given
dimensions can be selected, allowing tailoring of
performance specifications of the valve.

Thermal Design

Actuation begins by passing current through the ribs,
ohmically heating them. For a given voltage across
the ribs, a lower resistance results in higher input
power, faster heating, and a higher steady-state
temperature profile.

The ends of the ribs are fixed near the temperature of
the rest of the chip to which they are attached. The
center of each rib pair is the hottest point, with a
roughly parabolic temperature profile. Heat is
conducted horizontally out the ends of the ribs and
also vertically through the dead volume of fluid in
which the ribs are suspended. Adjusting the size of
the gap between the ribs and the top and bottom
layers varies the heat loss and consequently the
cooling time and heating power requirement.

After heat is conducted into the main body of the
chip, it flows out to the chip surroundings. For a low
chip temperature rise, good thermal contact is made
to the bottom of the chip. The top of the chip is
cooled by the fluid it contacts. When the chip body
does heat, it has little effect on the actuator motion
because the actuator reliecs on a temperature
difference between the chip and the ribs.

Mechanical Design

We choose to use rib pairs [8] as the starting point for
actuation because they act linearly rather than in an
arc [9,10]. This is useful for driving another stage and
allows many pairs to be placed in parallel.

The ribs in these valves are nominally 385 pm thick.
Consequently, the forces are much higher than for
other micromachined thermal actuators [9,10]. For
ribs 100 um wide, 2000 um long each, angled at a
few degrees, with 10 pairs placed in parallel, for a
100-K  average temperature rise, analytical
calculations and finite-element simulations show that
the force output at the center of the rib pair is about
1.5 N at the start of the stroke. As the ribs move, the

force output falls nearly linearly to zero at the end of
the stroke, which is about 7.5 pum in this example.

For the present valve application, this large force and
relatively small displacement are transformed into a
larger displacement using a lever. Rather than using a
mechanical pivot point, which would be difficult to
fabricate and could pose reliability problems from
parts grinding against each other, we choose a flexure
structure, as shown in Fig. 1. The fixed pushrod
serves as the pivot point. After accounting for loss in
the pushrods, the unloaded x slider-tip displacement
is approximately equal to the lever ratio (the slider
length measured from the fixed pushrod divided by
the pushrod spacing) times the rib displacement.

Flow Design

Flow enters the chip from the top port and leaves
through the bottom port. This has the advantages of
allowing simple packaging in a can such as a
modified TO-8 header with tubes (Fig. 2). In such an
arrangement, the chip and adhesive layer are in
compression when pressurized, reducing the demands
on the bonding between the silicon layers and of the
chip to the package. A disadvantage is that the
electrical contacts on the top of the chip are in
contact with the fluid.

In micromachined seat valves, the membrane must
work against the force of a pressure difference acting
over the orifice area. This limits the maximum
operating pressure. In the plate valve design,
however, the static pressure forces can be balanced
(Fig. 3). We have accomplished balancing by adding
an open silicon rectangle to the slider end so that the
inlet pressure p;, acts against opposing surfaces of the
rectangle in the x and y directions. The outlet
pressure is allowed to surround the outside of the
rectangle so that it, too, acts on opposing surfaces.

The slider is also pressure-force-balanced in the
vertical (z) direction by the formation of a cavity
under the leading edge of the slider. This also allows
flow from both sides of the slider. Without this
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Figure 2 Cross section of valve in package
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balancing, experiments show that the friction due to
the force pushing down on the slider limits operation
to low pressures.

Port Sizing

The volumetric flow rate Q through an orifice for an
incompressible fluid is determined primarily by the
pressure drop Ap = p;, — p.u» the total orifice area A,
and the fluid density p. The flow rate is also affected
to a small degree by the shape of the orifice, the
amount of flow convergence just after exiting the
orifice (the vena contracta), and the Reynolds
number [1,11]. These effects are taken into account
in the empirical unitless discharge coefficient Cp
(with typical values of 0.6-0.7 [12]) in the equation

0=CpA28p/p . (1)

The pressure drop in Eq. 1 is across the orifice and
does not take into account viscous losses in the fluid
routing entering and  exiting the orifice.
Computational fluid dynamics modeling using
software supplied by CFDRC (Huntsville, Alabama)
shows that these losses are small for the valve
structures presented here.

FABRICATION

The valve fabrication process flow is shown
schematically in Fig. 4. The top and bottom silicon
layers are to a large degree mirror images of each
other. Processing of the top and bottom wafers starts
with the etching of shallow cavities over and under
the future locations of all moving parts. This depth
sets the gap for the fluid leakage path past the slider
when the valve is closed. Subsequent etching steps
form deep thermal isolation trenches above and
below the ribs in low-power valves. The unpatterned
middle wafer is silicon fusion bonded (SFB) to the
bottom wafer. A double-sided alignment and deep
reactive ion etch (DRIE) form the freed actuator in
the middle wafer [8,13]. Aligned SFB adds the top
wafer to the stack. Finally the wafer is metallized to
form contacts. A die photograph of the valve is
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Figure 4 Fabrication process flow

Figure 5 Die photograph of valve

shown in Fig. 5.

The valves are packaged in a modified TO-8 header
with inlet and outlet tubes in the lid and base. The
chips are adhered with RTV adhesive. After wire
bonding, the lid is resistively welded on.

TEST

Figure 6 is a sequence of three photographs of a two-
layer prototype valve showing the variable orifice
opening that allows proportional control of fluid
flow. The slider moves over 100 um.

For the lower-pressure valves, the room-temperature
actuator resistance is 187 . Applying a voltage of 20

for proportional control



V heats the ribs to an average temperature of 100 K
above room temperature, increasing the resistance to
292 Q and yielding a heating power of about 1.4 W.
The chip temperature, monitored with an on-chip
reference resistor, rises about 45 K in steady state.

Flow-rate data for nitrogen (measured at atmospheric
pressure) as a function of power is presented in Fig. 7
for a normally open (N/O) valve with both upper and
lower orifices and in Fig. 8 for a normally closed
(N/C) valve with only an upper orifice (¢f Fig 3).
Below 1 bar (10° Pa), there is negligible hysteresis as
the N/O valve is activated and deactivated. Hysteresis
is seen for the N/C valve due to its lack of z-axis
pressure-force balancing. Both valves show leakages
below 0.2 ml/min (the flowmeter resolution). Figure
9 shows data for pressures up to 10 bar for the N/O
valve. We have observed hysteresis and leakage at
higher pressures, indicating imperfect force balancing
and closure.

A higher-pressure normally closed valve has been
used to control liquid at a pressure of 13 bar and
flow rates up to 300 ml/min.

The response time of the valves is less than 0.5 s,
measured by observing the flowmeter for step
changes in input pressure.
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Figure 7 Flow rate of N, vs. power and pressure
for a two-orifice normally open valve
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Figure 8 Flow rate of N, vs. power and pressure
for a one-orifice normally closed valve
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