
JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 15, NO. 5, OCTOBER 2006 1281

Out-of-Plane Knife-Gate Microvalves
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Abstract—This paper considers design issues for microvalves
for large gas flow control. It introduces out-of-plane knife-gate mi-
crovalves as a novel design concept and a proportional microvalve
concept for pressure control applications. The design of three
different actuator-gate configurations and first prototypes are
presented. The first valve prototypes feature thermal silicon–alu-
minum bimorph actuators and the pressure-flow performance
per chip area of the demonstrator valve presented is greatly
increased using out-of-plane actuation and an out-of-plane orifice.
The characterization of the actuators and of the pressure-flow
performance is presented. The prototype valve allows for a flow
change of �Q = 3.4 standard liters per minute (SLPM) at a
pressure change of �P = 95 kPa (Pin = 196.3 kPa, Pout = 101.3
kPa) on an active chip area of only 2.3� 3.7 mm2 [1515].

Index Terms—Microfluidics, micropneumatics, microvalves.

I. INTRODUCTION

CONTROLLING a gas flow with microvalves provides a
number of advantages. The main functional ones come

from the rapid response time and low-power consumption
offered by microsystems. Furthermore, microelectromechan-
ical systems (MEMS) technology promises a cost-efficient
approach through batch fabrication. The greatest advantage of
microvalves, however, lies in the integration of the actuation
mechanism with the other microvalve components, which
enhances miniaturization and packaging. A representative
overview of the vast amount of work established in this field
can be found in [1].

However, gas microvalves are not used yet as standard
components in industry because primarily of the cost-per-per-
formance ratio of today’s microvalves. The minimum actuator
size is roughly determined by the force times stroke product
required. Most microvalves are of the seat-valve type (di-
aphragm-type) illustrated in Fig. 1( ), which requires a valve
actuation that counteracts the large pressure forces controlled by
the valve. Moreover, to allow for a large gas flow, a valve stroke
of typically several tens of micrometers is needed. Microvalves
manufactured with batch microfabrication techniques use either
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electrostatic actuation [2], pneumatic actuation [3], thermop-
neumatic actuation [4]–[6], or thermal (bimorph) actuation [7].
The actuator size, and thus the consumed valve footprint area
for these devices, must be large in comparison to the minimum
flow cross-sectional area, which prohibits large component
counts per batch. Microvalves with actuation principles that
require manual assembly include electrostatic actuation [8], [9],
electromagnetic actuation [10], shape-memory alloy actuation
[11], thermopneumatic actuation [12], and piezoelectric actu-
ation [13], [14]. These valves offer larger energy density and
larger stroke than do other techniques, however, cost more to
assemble. Past attempts to minimize the required actuator force
for membrane-type microvalves involve pressure balancing
schemes [3], [15] or nozzle/seat optimization [16], [17].

Walters et al. [18] introduced gate microvalves, i.e., gas
microvalves where an in-plane slider regulates an out-of-plane
flow. The general principle is shown in Fig. 1( ). In this de-
sign, the static pressure and valve actuation are perpendicular
(“cross-flow”) and, therefore, do not counteract each other.
However, gate-microvalve design comes at a cost. The limited
actuation energy available in microsystems does not allow
friction between sliding structures. Spacing between the flow
orifice and the movable flow obstruction is, therefore, required.
This means that leak flow occurs in the closed valve state.
Fortunately, many valve applications, such as the pressure
regulator design described below, tolerate leak flow. Gate-valve
design removes a major actuator requirement and forms the
basis for the novel knife-gate microvalves introduced in this
paper.

II. DESIGN ISSUES

The main issues involved in the design of a silicon microma-
chined valve are chip size and packaging. The chip size greatly
affects the final cost, so the minimization of the footprint of the
device is very important. When designing the nozzle and the ac-
tuator, one has to consider not only the required force and stroke
length but also the size. These factors counteract each other, so
a tradeoff is required. Another major factor in reducing the foot-
print area is the design of the pneumatic connections. Very often
these are placed in the plane of the chip, so space is required,
not only for the tubing itself but also for the fixation (gluing,
welding) of the tubing to the chip. The packaging of the device
is an extremely important and complicated issue and accounts
for a large part of the production cost for most MEMS devices.
For pneumatic MEMS devices, a key issue is leak tightness. This
puts high demands on the materials used and limits the choices
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Fig. 1. (� and �): Two orifice/obstruction configurations common in microsystems. (a)–(c): Three micromachined cross-flow valve variations. (a) Seat valve: the
obstruction is called the boss. (b) Cross-flow or gate valve: the obstruction is called the gate. (A–C): Three possible out-of-plane gate microvalves. (A) Front-gate
valve. (B) Side-gate valve. (C) Back-gate valve. The orifice channel is drawn transparently for clarity.

TABLE I
CLASSIFICATION OF MICROMACHINED GATE VALVES

for electrical connections, which must make their way out of the
package.

III. GATE-MICROVALVE DESIGN

Table I gives an overview of published micromachined gate
valves. It also classifies the gate valves by the orientation of the

gate and the plane in which it moves. Cross-flow valve actuation
in the world of planar microsystem technology has three basic
configuration schemes in terms of flow and actuation direction.
The first configuration [Fig. 1(a)] features in-plane actuation and
out-of-plane flow. This configuration is used in the valve design
by Walters et al. and Williams et al. [18], [19]. The second con-
figuration [Fig. 1(b)] features in-plane actuation and in-plane
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TABLE II
COMPARISON OF THE KEY FEATURES FOR THE DIFFERENT VALVE DESIGNS IN FOCUS

flow [22]. This approach has been used for on-chip liquid con-
trol [20], [21] but has—to the authors’ knowledge—not yet been
reported for gas control. The third configuration [Fig. 1(c)] fea-
tures out-of-plane actuation and in-plane flow. This configura-
tion is used in the novel knife-gate microvalve introduced in this
paper.

The main reason for using a cross-flow valve is that the actu-
ator does not need to counteract the static pneumatic force. This
eases the requirements since one does not have to overcome the
force exerted by the static pressure. The main advantage of using
out-of-plane gate orientation is the low lateral footprint area. No
chip area has to be reserved for the movement of the actuator.
The support substrate material (see Fig. 3) onto which the device
needs to be attached is not structured, making its cost negligible.
As stated previously, friction and stiction between sliding mi-
crostructures must be avoided. Therefore, there has to be a gap
between the gate and the orifice which results in a closed-state
leakage. Process parameters and the direction of the gate move-
ment can affect the size of the leak gap, so the choice of the
valve design depends on the leak tolerance of the intended ap-
plication.

Fig. 1(A)–(C) shows the three possible gate-actuator config-
urations for microvalves with out-of-plane gate movement: the
front, side, and back gate, respectively. In the following discus-
sion, , , , and will be used to indicate the width, length,
height, and thickness of feature , respectively. The following
key features will be taken into account.

Inner dimensions of the orifice nozzle/channel
that is cut off by the gate.
Dimensions of the orifice nozzle/channel wall.
Gate dimensions.
Leak gap dimensions.
Actuator dimensions.

Having defined these quantities, we turn to the effect of these
parameters. Table II shows the general requirements on these
key features to obtain an optimum flow performance or a min-
imum footprint area, respectively. The table also informs about
the typical dimension of each feature in each of the three de-
signs in focus.

Friction between sliding microstructures must be avoided.
Therefore, there has to be a gap with size between the gate
and the orifice which results in a closed-state leakage. This leak
gap should be minimized, reducing the leak flow in the closed
state, improving the flow performance of the valves and min-
imizing the valve’s footprint area. Microfabrication allows to
minimize the gap. For the side-gate and back-gate valve, this
leakage gap is only determined by the manufacturing process

(etch aspect ratio), in this case the deep reactive ion etching
(DRIE)-tool used, resulting in m. For the front-gate
valve, the gap is determined by the operation, not by the fabrica-
tion. The latter design requires the largest orifice-gate spacing,
due to the outward rotation of the gate during upward move-
ment, which results in a higher closed-state leakage. For ap-
plications that tolerate little leakage, therefore, the back and
side-gate variants are preferred.

The inner orifice channel’s footprint area has
a minor effect on the flow performance, but it is important in
terms of the valve’s footprint area. The channel footprint should
be as small as possible to minimize the overall footprint area.
The back-gate valve design has the largest inner orifice chan-
nels footprint area of the three designs but compensates by com-
bining two major advantages: a leakage gap determined by fab-
rication rather than operation and the best mechanical stability.

The mechanical stability of the bimorph actuator directly in-
fluences the flow performance of the valves. However, strength-
ening typically results in increased footprint area of the actuator
beams. The side-gate valve is the mechanically weakest design,
since the pressure force exerted on the closed gate results in a
large torsion along the actuator. However, the side gate has the
smallest footprint area, making it suitable for applications with
small pressure ranges.

Another limiting factor for the flow performance is the foot-
print area itself. A larger footprint area typically allows a larger
flow nozzle, thus an increased flow performance. However, an
increased footprint area also reduces the cost-efficiency of the
valve.

The actuator length is proportional to the stroke of the
actuator and the maximum orifice height possible. A large stroke
results in a higher cross-sectional area of the orifice channel

and an improved flow performance. However, a
longer actuator also results in mechanically weaker actuators,
sensitive to the pressure force exerted on the gate. The side gate
has the longest actuator, making it the mechanically weakest of
the three valves.

IV. PERFORMANCE OF A PRESSURE CONTROLLER

WITH LEAKY VALVES

In this section, we explain the performance of a leaky pressure
controller as a motivation for the development of a leaky valve.
We show that even with significant leaks of up to 20%, the pres-
sure controller can still provide 94% of its pressure range. The
principle of the pressure controller, for which the microvalve in
this work is designed, is illustrated in Fig. 2(a). It consists of
two valves connected in series. By controlling the two valves,
the work pressure can be regulated between the supply



Fig. 2. Functional representation of a pressure-control element (left) and its pressure characteristics (right). The dashed line in the plot indicates the ideal behavior,
while the solid line indicates a typical actual performance.

pressure and the atmospheric pressure . The effect
of valve leak on the pressure controller [illustrated in Fig. 2(b)]
influences the controller’s static pneumatic energy loss and re-
duces the dynamic pressure range of the device to a max-
imum possible pressure and a minimum possible pressure

(1)

The influence of the valve leak on the performance of the
full pressure converter can be quantified as follows. In the leak
gap, the typical flow conditions result in a Reynolds number

, and a boundary layer thickness
, where and are the viscosity and the density of air,

respectively, is the average flow velocity, and
, is the path length for the leak flow. Therefore, for

moderate pressure drop, we can approximate both the main flow
and the leak flow as subsonic isentropic flow through a sudden
expansion [23].

The mass flow

(2)
with being the minimal cross-sectional area of the flow path
and the gas specific heat ratio. The normalized leak ratio can
then be defined as

for (3)

The indices closed and open refer to the conditions and di-
mensions at the gate-nozzle spacing in the closed state and the
maximum nozzle opening in the open state, respectively.

For a pressure controller, as illustrated in Fig. 2, containing
two identical control valves with leak rate , one can calculate

and by using the mass flow continuity equation

(4)

Fig. 3. Process flow for prototype fabrication.

At zero work flow and ,
when the vent port is open and the supply port is closed.

If the vent port is closed and the supply port is open,
and . and are thus the

respective solutions of

(5)

and

(6)

Numerically solving these equations for 100 kPa (relative),
supply pressure shows that, for a leak rate 20%,
98.15 kPa and 3.76 kPa, which gives a pressure range

94%. Fig. 3 illustrates how two
front-gate valves can be combined to form a pressure con-
troller.

V. FABRICATION

Prototypes were fabricated to evaluate the feasibility of sil-
icon-gate microvalves with out-of-plane actuation. The dimen-
sions of the devices were varied and some typical dimensions
are stated in Table III. Deep reactive ion etching was used to
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TABLE III
TYPICAL DIMENSIONS OF THE MICROVALVES

Fig. 4. Scanning electron microscope (SEM) picture of the three types of fab-
ricated knife-gate microvalves.

define the structure, while the intrinsic tensile stress of the sput-
tered aluminum layer provided the initial deflection. The alu-
minum–silicon bimorph was designed to be actuated by direct
resistive heating of the aluminum.

Fig. 4 shows the process flow for a front-gate device. The
starting point is a silicon-on-insulator (SOI) wafer with a 11.5-
m device layer and 1- m buried oxide layer on top of 400-
m-thick bulk silicon. In the first step, the wafer is wet oxidized
to create a 1- m-thick back-side masking layer. Then, the oxide
on the front side is etched away and regrown to obtain a 100-nm
layer to electrically insulate the silicon from the subsequently
sputtered 3- m-thick aluminum layer.

Fig. 5. Conceptual drawing of the combination of two cross-flow valves to form
an I/P converter or three-way valve.

Fig. 6. (Not to scale) Cross-sectional view of the prototype assembly of the
pneumatic interconnection at the side of the chip used for testing.



Fig. 7. (Not to scale) Measurement setup with an external manipulator consisting of a micrometer screw with a needle moving up and down and positioning the
gate of the valve.

Fig. 8. Measured pressure-flow characteristics. The dashed line indicates the expected leak caused by the spacing between orifice and gate.

The aluminum is patterned and wet-etched to form the heaters.
After this, the back side is patterned in two steps to define the
orifice channels and bimorph beams. The first mask defines the
bimorph beams and the orifice channels and is etched in the
oxide. The second mask covers the orifice channels with thick
resist. This is the situation illustrated in Fig. 4(a). The back side
is then etched using DRIE in two steps, where the thick resist for
the second mask is removed halfway, causing the orifice chan-
nels to be etched only during the second step. This is shown in
Fig. 4(b) and (c). Finally, a front-side DRIE frees the devices
and a buffered hydrofluoric (BHF) etch, using the same pho-
toresist mask, removes all unnecessary oxide. In some cases,
reactive ion etching (RIE) lag hindered the complete etching of

the narrow gap between the gate and the orifice channel. In those
cases, an additional DRIE from the front was performed to “cut”
free the gates. After this, the devices were diced. The final de-
vice is shown in Fig. 4(d). Fig. 5 shows the fabricated gate mi-
crovalves.

VI. EXPERIMENTS

For our prototype evaluation, an interfacing method was de-
veloped, shown in Fig. 6. A brass adapter between the chip and
the tube was used, thereby trimming the use of silicon chip area
to its essence, namely the valve actuation. The assembly method
was evaluated on a valve with the gate removed by ramping up
the pressure until the assembly ruptured. This occurred at 6 bar
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and happened at the glue/glass interface. The authors believe
that the limited pressure tolerance (6 bar) of the test package
can be significantly improved with a reasonable effort in glue
selection and substrate preparation.

For pressure-flow characterization, the valve outlet was open
to atmosphere. The inlet was connected to a pressure source and
the pressure and flow speed were measured. The bimorph beam
was found not to be strong enough to withstand the vibration and
torsional forces caused by the flow. Therefore, to evaluate the
pressure-flow characteristics, an external manipulator was used
to hold the gate in the desired position. The exact gate position
could be determined via the micrometer screw of the external
manipulator, as illustrated in Fig. 7.

The measured pressure-flow characteristics, shown in Fig. 8,
confirm the valve’s potential for controlling large flows: A flow
orifice size of 1000 200 m allows a flow change of
3.4 SLPM at a pressure change of 95 kPa ( 195 kPa,

100 kPa) on an active chip area of only 2.3 3.7 mm
for a single valve. Fig. 8 also shows the two components of the
relativelylargeleakflow,whichresultsmainlyfromtheadditional
leakage gap of 15 m caused by the imperfect assembly (Fig. 6).

The origin of leak flow (the flow when the device is com-
pletely closed) can be attributed to two causes: About one third
of it is caused by the gate-orifice spacing and is inherent to the
tolerances of the fabrication process, while the remaining two
thirds are due to the manual assembly and can be resolved by
better bonding procedures. The leak flow is considered accept-
able for the intended applications. To the authors’ knowledge,
the flow performance per footprint area is at least an order of
magnitude higher than that of nongate microvalves designed for
similar flows [16].

VII. CONCLUSION

We have presented a novel microvalve concept for pres-
sure-control applications. The design is the key element in a
truly miniaturized micromachined high-performance pneumatic
control element. The pressure-flow performance per chip area
of the demonstrator valve presented is dramatically increased
using out-of-plane actuators with in-plane orifice channels.
Three different actuator-gate configurations were introduced
and discussed. A demonstrator structure based on an alu-
minum–silicon bimorph was fabricated. The device was tested
and the flow-pressure and flow-gate opening performance were
measured. The valve flow can be controlled gradually through
the gate position. The authors believe that silicon–aluminum
bimorph beams produced in the way described will not be robust
enough for controlling large pressures and flows. Alternative
integrated actuation mechanisms are under consideration.
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