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Leak-Tight Piezoelectric Microvalve for
High-Pressure Gas Micropropulsion

Eui-Hyeok (EH) Yang, Member, IEEE, Choonsup Lee, Juergen Mueller, and Thomas George

Abstract—This paper describes the results of our development
of a leak-tight piezoelectric microvalve, operating at extremely
high upstream pressures for microspacecraft applications. The
device is a normally closed microvalve assembled and fabricated
primarily from micromachined silicon wafers. The microvalve
consists of a custom-designed piezoelectric stack actuator bonded
onto silicon valve components (such as the seat, boss, and tether)
with the entire assembly contained within a stainless steel housing.
The valve seat configurations include narrow-edge seating rings
and tensile-stressed silicon tethers that enable the desired, normally
closed, leak-tight operation. Leak testing of the microvalve was
conducted using a helium leak detector and showed leak rates of
5 X102 sccm at 800 psi (5.516 MPa). Dynamic microvalve opera-
tion (switching rates of up to 1 kHz) was successfully demonstrated
for inlet pressures in the range of 0 ~ 1000 psi. The measured
static flow rate for the microvalve under an applied potential of
10 V was 52 sccm at an inlet pressure of 300 psi. The measured
power consumption, in the fully open state, was 3 mW at an applied
potential of 30 V. The measured dynamic power consumption was
180 mW for 100 Hz continuous operation at 100 psi. [1003]

Index Terms—High pressure, micropropulsion, microvalve,
piezoelectric.

1. INTRODUCTION

ONSTELLATIONS of microspacecraft (each with 10 kg

total mass) are being envisioned to study the magnetic fields
or radiation belts surrounding the Earth [1]. Mission studies in-
volving such spacecraft configurations are conducted by NASA
under the Space Science Enterprise/Sun-Earth-Connection
(SEC) Theme. By using large constellations of dozens, perhaps
up to 100 spacecraft, tensor mapping of fields and particles over
large regions of space will be possible. The Magnetic Constel-
lation (Mag Con) mission, recently approved by NASA, seeks
to map the Earth’s magnetic field with 50-100 spacecraft, each
equipped with its own magnetometer. Such large constellations
of spacecraft are cost effective if individual, low mass spacecraft
are used, to keep the total launch masses reasonable and, conse-
quently, launch costs affordable. Thus, “Nanosat” architectures
are being envisioned with total wet masses of about 10 kg per
spacecraft. The Department of Defense (DoD) also has an in-
terest in spacecraft constellations for Earth observation, ranging
from 100-kg spacecraft in the TechSat 21 constellation to the
“picosats,” i.e., 1-kg total wet mass spacecraft being developed
by the Defense Advanced Research Projects Agency (DARPA).
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Table I classifies microspacecraft and distinguishes the various
degrees of miniaturization and integration required [2].

Microspacecraft used in constellations will need propulsion
either to maintain a formation or for attitude control, such as
pointing an RF antenna to Earth for data transmission or aiming
a camera for optical observations. Given the greatly reduced
mass and size envelope of these spacecraft, significant reduc-
tions are needed in propulsion system size and mass over the
current state-of-the-art. In addition, ultralow thrust and impulse
bit capabilities will be needed for the lower mass spacecraft in
order to achieve the necessary pointing accuracy. Table II lists
the potential impulse bit requirements and required thrust levels
for slewing (180° /min.) three generic cube-shaped spacecraft
of 1-, 10-, and 20-kg mass, respectively, [1]. Also shown in
the table are the various pointing (dead-band) requirements and
time intervals between thruster firings. In general, longer times
between thruster firings (so as to not disturb measurements, or
to conserve propellant) necessitate lower rotation rates of the
spacecraft as it drifts through the deadband, requiring therefore,
that smaller impulse bits be imparted on the spacecraft. Thus,
these impulse bits may range from the mNs-range for larger craft
with relatively coarse attitude requirements, to the pNs-range
and possibly even to the nNs-range for very tight pointing re-
quirements and for very small spacecraft.

The discussion above presents the case for the development
of very low impulse bit, micro-Newton thrust-level propulsion
systems in order to meet the needs for pointing accuracy and
attitude control for microspacecraft. Such micropropulsion
systems will depend on precisely controlled, extremely low
propellant flow from a pressurized propellant tank. A rapid-
actuation, leak-tight microvalve capable of operating at high
propellant pressures is therefore required for such micropropul-
sion systems (see microvalve requirements in Table III). Ideally,
this valve will be tightly integrated into the propulsion system,
making the overall thruster module compact and lightweight.

Significant efforts are needed for the development of
high-pressure microvalves to meet the stringent micropropulsion
requirements. Among other notable previous work described
in the literature, the development of solenoid-actuated minia-
turized valves has been reported [1]-[3]. Some of these valves
meet most of the requirements for micropropulsion. However,
these valves have relatively high power consumption, of the
order of several Watts, during operation. Hand-in-hand with
reductions in mass and size, microspacecraft systems are also
anticipated to have severely limited power budgets. Therefore,
low power consumption is an extremely desirable feature for
microvalves that meet all of the other requirements for micro-
propulsion. Among the other previously reported microvalves,
some have power consumption that is typically well within the
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TABLE 1
DEFINITION AND CLASSIFICATION OF MICROSPACECRAFT TYPES

S/C
S/C Mass S/C Power Dimension
Designation (kg) W) (m) Comments
“Microspacecraft” 10-100 10-100 0.3-2 Micropropulsion concepts beneficial
(AF/European due to weight/size savings.
Definition)
“Class | 5-20 5-20 0.2-0.4 Use miniature “conventional”
Microspacecraft” components. Conventional
integration (e.g., feed lines) still
possible, higher level of integration
between components/subsystem
desirable.
“Class 11 1-5 1-5 0.1-0.2 Microfabricated components, high
Microspacecraft” level of integration between
components and subsystems required.
“Class III <1 <1 <0.1 All microfabricated. Very high level
Microspacecraft” of integration between all subsystems
(“Nanosat”) and within subsystems required.
TABLE 1II
PROPULSION REQUIREMENTS FOR MICROSPACECRAFT
Required Impulse Bit (Ns) Minimum
S/C  S/ICTyp. Moment R Thrust for
Mass Dimension” of Inertia 17 mrad (1°) 0.3 mrad (1 arcmin)  0.02 mrad (5 arcsec) Slew
(kg) (m) (kg m’) 20s 100s 20s 100 s 20s 100s (mN)
1 0.1 0.017 14x10*  29x10° 25x10° 51x107 1.7x107 34x10° 0.06
10 0.3 0.150 43x10* 85x10° 75x10° 3.0x10° 1.0x10° 1.0x107 1.75
20 0.4 0.533 L1x10° 23x10* 20x10° 4.0x10° 13x10% 27x107 4.65
" Assume cubical spacecraft shape
Active zone

TABLE III
MICROVALVE REQUIREMENTS ARISING FROM NASA’S MINIATURE
SPACECRAFT PROPULSION NEEDS, COMPARED WITH REPORTED
PERFORMANCE TO DATE

Requirements Target Demonstrated

Leak rate <5x107% scem/He  ~ 5x107 sccm/He at 800
psi

Response time <10 ms ~30 pus

Inlet pressure 300~ 3000 psi 0~1000 psi

Power <1W ~3 mW (static) at 30 V

low-power operation requirements. However, they do not meet
either the requirements for the operating pressure range or for
the ultralow leak rates needed for micropropulsion [4]-[14]. Re-
cently, leak-tight microvalves operating at 10 atm (147 psi) have
been reported [15]; however, even these operating pressures fall
far short of the requirements. Thermally actuated microvalves
usually have slow response times (> 100 ms to complete acycle)
[6]-[9], which is unacceptable for micropropulsion applications.
Slower valve actuation time results in longer thruster on-times
and consequently larger impulse bits. Thermally actuated valves
also suffer the risk of random valve openings if ambient heating
or cooling occurs, resulting in uncontrolled initiation of the ac-
tuation mechanism. Most microvalves reported previously have
shown poor valve seating at high pressures, resulting in severe

Piezoelectric .
Inactive zone

Stack
Active zone
Tether
Boss
Outlet
Seat Seat ring
Inlet
Fig. 1. Conceptual schematic of the JPL piezoelectric microvalve.

leakage problems and inadequate pressure handling capability.
In this paper, we describe the design, fabrication, and char-
acterization results for a low-power, leak-tight, piezoelectric
microvalve, operating under extremely high inlet pressures for
micropropulsion applications.
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TABLE IV
SPECIFICATIONS FOR THE CUSTOM-DESIGNED PIEZOELECTRIC
STACK ACTUATOR

Properties Specifications

Soft doped PZT — S2

Piezoelectric material

Dimension — Cross section 8.4 mm x 5 mm (ceramic)

Dimension — Height 6 mm

Two slots 0.3-mm wide and 5.5-mm deep,
separating the inactive center zone from the

Special dimensional features .
two active zones.

Maximum voltage +60 V

Maximum displacement -lpum @-10Vand 5 um @ 60 V
Blocking force 1000 N

Capacitance 1700 nF

Curie temperature 235°C

Maximum operating temp. 125°C

II. MICROVALVE DESIGN

The core components of a piezoelectric microvalve described
in this paper are a seat plate, a boss plate, and an actuator as
shown in Fig. 1. The microvalve components avoid the use of
fragile membranes in order to allow high-pressure operation.
Major elements of the microvalve design include the custom de-
signed piezoelectric stack actuator and the seating configuration
consisting of narrow seat rings.

Table IV contains detailed specifications of the piezoelectric
stack actuator (vendor: Noliac A/S, Denmark) with dimensional
parameters. The stack actuator exhibits a very high block-force
(~ 1 kN), and thus is capable of generating a valve-opening
pressure far greater than the seating pressure made up of the
combined inlet gas pressure and the initial seating pressure
arising from the tensile-stressed silicon tether suspension. The
custom-designed stack of piezoelectric actuators consists of
peripheral active zones and an inactive central zone. The active
zones are mechanically separated (by deep U-grooves) from the
central, inactive zone. These zones are bonded to corresponding
peripheral and central areas of the boss plate. Application of a
voltage (~ 60 V) to the piezoelectric stack causes the active
zones to vertically expand by 5 pm, lifting the boss center plate
(bonded to the inactive zone), away from the seat plate.This
actuation creates a channel between the two seating surfaces,
permitting the passage of fluids as shown in Fig. 2. Since
the piezoelectric actuator is essentially a stacked capacitor, it
consumes extremely low power when it is not moving, thus
allowing a near zero-power, open or closed operation for the
microvalve.

A concentric series of narrow rings on the seat plate (10
rings total) is designed to provide the redundancy necessary to
maintain a leak-tight operation in the event of damage to indi-
vidual seating rings. The narrow rings (1.5 pm wide and 10 ym
deep) simulate a “knife-edge” seal by reducing the contact
area, thereby increasing the seating pressure and consequently
reducing internal leaks. The center portion of the boss plate has
a 2-pm-thick silicon dioxide layer functioning as a hard seat
coating material. The boss plate is bonded to the seat plate via
metal-to-metal compression along the periphery. The thickness
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of the silicon dioxide coating on the boss plate varies, being
slightly thicker (2 pm) in the center than at the periphery. This
oxide thickness difference results in the generation of tensile
stress in the silicon tether suspension. The tensile stressed
silicon tether suspension of the boss plate provides an initial
valve-seating pressure as shown in Fig. 3. The estimated max-
imum tensile-stresses in the tethers, obtained from an ANSYS
simulation, are approximately 80 MPa and 16 MPa during the
on-state and the off-state, respectively. These are far lower than
the fracture stress of silicon (~ 7 GPa), thus enabling reliable
long-term on-off actuation. Estimated seating pressure from
the tethers on the seating rings is approximately 88 kPa for the
normally closed operation.

The dominant seating pressure is, in fact, applied by the
piezoelectric actuator during the as-closed-state of the mi-
crovalve. This seating pressure is achieved using the following
fabrication and assembly procedure: A voltage of 10 V is ap-
plied initially to the piezoelectric stack actuator during bonding
onto the boss plate. Once bonded, this assembly procedure
insures that the boss plate is pressed onto the seat plate by the
inactive zone (attached to the boss center plate) of the piezo-
electric stack prior to the microvalve operation. Our estimate
of this initial valve-closing pressure is approximately 954 MPa
and far exceeds the other sources, described above, for the
seating pressure.

III. FABRICATION OF THE MICROVALVE

The silicon components of the microvalve are fabricated pri-
marily by deep trench etching (reactive ion etching), deposition,
and patterning processes. The fabrication process sequence for
the silicon components is described in Fig. 4.

All silicon wafers (300 pm thick) for the valve seat and boss
plates are thermally oxidized (0.5 pm). The seating rings are
first lithographically defined on the valve seat wafer [Fig. 4(a)].
The silicon dioxide layer is selectively removed in 10:1 buffered
oxide etchant (BOE) for 10 min. The wafer is then etched using
deep reactive ion etcher (DRIE), in order to generate 10 pm
deep seating ring structures [Fig. 4(b)]. Next, the seat wafer is
metallized with Ct/Pt/Au (0.03 pm/0.06 pm/ 0.25 pm) and pat-
terned to define the bonding surfaces [Fig. 4(c)]. The seat wafer
is then subsequently etched from the backside using DRIE, to
open up vias for the inlet and outlet ports [Fig. 4(d)].

A 2-pm-thick silicon dioxide is grown by plasma enhanced
chemical vapor deposition (PECVD) and patterned on the boss
wafer. The oxide layer is etched in BOE (10:1) for 40 min. The
bonding metals (Cr/Pt/Au) are deposited subsequently and pat-
terned on the periphery of the boss plate [Fig. 4(e)]. The boss
wafer is then patterned to define the boss (or valve flap and
tethers), which is released in a final DRIE process [Fig. 4(f)].

The boss and seat wafers are bonded to create a sealed, yet
movable structure [Fig. 4(g)]. An Electronic Visions aligner and
thermocompression bonder are used to align and bond the two
wafers. The bonder chamber is pumped down to 1 x 10~? torr
prior to the bonding operation. A piston pressure of 1 MPa is
applied at 380 °C in the vacuum chamber to provide the neces-
sary thermocompression bonding force. Then, the piezoelectric
stack actuator is carefully aligned (using a specially designed
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Fig. 2. Operating principle of the normally closed, leak-tight, high-pressure, piezoelectric microvalve. Applying a voltage (~ 60 V) to the piezoelectric stack
makes the active zones dilate by 5 pm, lifting the center boss plate (bonded to the inactive zone of the stack) away from the seat plate.Thus, a channel is created
between the two plate surfaces, allowing for the passage of fluids. (a) Microvalve closed (cross section A-A). (b) Microvalve opened (cross section B-B).

Silicon Tether
Oxide

Metal Oxide

Fig. 3. Cross-sectional microvalve configuration, showing the suspension of
the boss plate by tensile stressed silicon tethers over the extended valve seat.

jig) and bonded onto the center top of the boss plate using an
epoxy (Hysol E/A 9394, cured at room temperature). Finally,
the microfabricated valve components are bonded to stainless
steel fixtures, which are then hermetically sealed using the same
epoxy.

Fig. 5 contains scanning electron micrographs (SEM) of the
silicon components of a microvalve. Fig. 6 is a photograph of
the fully packaged microvalve.

IV. CHARACTERIZATION AND DISCUSSION

A. Test Setup

The fully assembled microvalves were tested under inlet pres-
sures of up to 1000 psi. Testing of the microvalve at higher pres-

sures was not possible because 1000 psi is the safety limit of our
current test setup. Fig. 7 shows a schematic of the high-pressure
valve test bench. A helium (He) gas based test apparatus was
used for the leak and flow testing of the microvalves.

B. Leak and Flow Characteristics

We have fabricated and assembled 3 microvalves. They all
showed similar and good performance when we tested for leaks
at inlet pressures in the range of 300—-600 psi (in 100 psi incre-
ments). However, given our constraints in time and budget, it
was possible to thoroughly test only one of these valves. We ex-
pended considerable effort in developing a protocol to test the
valve for inlet pressures in the range from 0—1000 psi, in 20 psi
increments up to 150 psi, and thereafter in 100 psi increments
up to 1000 psi.

Leak testing of a microvalve using a helium leak detector
showed an extremely low leak rate of 5 x 10™3 sccm at an inlet
pressure of 800 psi. Fig. 8 shows the leak rates of the microvalve
for various inlet pressures. The high seating pressure generated
by the piezoelectric stack actuator is responsible for the ex-
tremely low leak rates. Fig. 9 contains the static forward flow
rates for an actuated microvalve for various actuation voltages
and inlet pressures. Measured flow rates, at an actuation voltage
of 10 V, are approximately 52 sccm at an inlet pressure of
300 psi. Fig. 10 shows the flow rates for a microvalve actuated
in a pulsed mode. In Fig. 9, for an inlet pressure of 100 psi and
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Fig. 4. Fabrication sequence. (a) The seating rings are lithographically defined on the valve seat wafer. (b) After the removal of oxide, the 10-pm deep valve seat
ring structures are fabricated by DRIE. (c) The wafer is metallized and patterned to define the bonding surfaces. (d) The seat wafer is etched from the backside
using DRIE in order to open up vias for the inlet and outlet ports. (e) A silicon dioxide layer is deposited and patterned on the boss wafer. The bonding metals are
deposited and patterned on the periphery of the boss plate. (f) The boss (or valve flap and tethers) wafer is then patterned to define the boss, which is released in a

final DRIE process. (g) The boss and seat wafers are bonded.

an applied dc actuation voltage of 10 V, the measured flow rate
is approximately 20 sccm. In a 10-Hz pulsed operation mode
as shown in Fig. 10, however, the flow rate was measured to be
approximately 7.7 sccm for a 90% duty cycle. Measurements
made at constant duty cycle and constant inlet pressure show
that the flow rate drops significantly with higher frequency
operation. Thus, these measurements demonstrate that on av-
erage, the valve opening, and hence the flow rate, is reduced for
cyclic 10-V operations as compared to the static actuation case.

Fig. 11 contains the flow rates obtained for valve operating
frequencies from 10 Hz to 10 kHz using a sinusoidal actuation
voltage with an amplitude of 10 V. In general, for a given
inlet pressure, the flow rate decreases with higher operating
frequency as discussed earlier. However, for an inlet pressure
of 100 psi, an anomalous increase is first observed in the flow
rate with increasing operating frequency, reaching a maximum
value at approximately 300 Hz. Such anomalous trends have
been observed previously in pulsating flows within ducts with

immovable walls [16]. In our case, the movement of the boss
plate could cause the instantaneous volume of the flow passage
to vary with time, resulting in flow characteristics similar to
a condition known as squeeze flow [17]. Detailed modeling
of the dynamic operation using computational fluid dynamics
(CFD) analysis would be necessary to completely understand
this phenomenon; however, this is beyond the scope of the
current work.

C. Cyclic Performance Evaluation

After the series of flow tests described above, a cycling test
was performed for 10° cycles using the same microvalve. The
microvalve was connected to a Helium gas tank regulated at
100 psi, and was actuated with an applied 1 Hz, 10 V square
wave. After 10° cycles operation, the leak rates were measured
again. No significant degradation was observed in the leak rate
in the as-closed state.
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Fig. 6. Packaged high-pressure piezoelectric microvalve.

Inspection by SEM after these tests was not done, since degra-
dation in performance was not observed. We were unable to de-
termine the cause by the appearance of the seat ring area, when
we examined the region for another microvalve that exhibited
a higher leak rate during the development of the cycling test
protocol.

A series of tests (using a calibrated Met One A2408 particle
counter) was conducted to determine the particle size range,
flowing from the Helium gas tank. The measured average par-
ticle size and count are listed in Table V. It appears that the parti-
cles in the He gas tank used for the testing are smaller than 1 ym
in size. The successful cyclic operation and leak-tight perfor-
mance of the microvalves clearly demonstrate that the devices
can perform reliably in the presence of small (< 1 pm) particu-
lates within the gaseous effluents. In the case of flows containing
larger particles, appropriate levels of prefiltering may be neces-
sary in order to ensure reliable operation of the microvalves.

Center Plate

Y

Tether

Scanning electron micrographs of the seat plate and the boss plate. The top surfaces of the seat rings are covered with a 0.5-pm-thick thermal oxide.

D. Seating Pressure

Proper control of seating pressures is critical in order to
reduce the leak rates from microvalves. For conventional, soft
seat valves, a seating pressure of ~ 100 kPa is sufficient for
high-pressure applications. For hard seat applications however,
seating pressures in excess of 100 MPa are desirable [2]. In
the present case, by actuating the piezoelectric stack during
bonding, we were able to generate an initial valve-seating
pressure of approximately 954 MPa. The seating pressure is
produced in the following way: A 10-V potential is applied to
the piezoelectric actuator stack during bonding with the sil-
icon valve components. The purpose of this initial bias is that
the piezoelectric actuator applies the maximum valve seating
force estimated at 200 N (from the vendor specifications)
when the bias is removed. This initial seating force therefore
corresponds to approximately 954 MPa seating pressure on
the valve seat. This seating pressure is far greater than previ-
ously reported seating pressures for hard seat valves, thereby
ensuring a leak-tight, normally closed state under high inlet
pressures.

E. Power Consumption

Piezoelectric valves offer significant advantages over sole-
noid-actuated valves for proportional flow control. In general,
solenoid valves require operation in a pulse width modulation
mode in order to provide the necessary proportional flow
control. Piezoelectric microvalves, on the other hand, do not
require pulse width modulation because the actuation is directly
proportional to the applied voltage. Since the power consump-
tion of a static piezoelectric actuator is negligible, nearly
zero-power microvalve operation is possible during the firing
of microthrusters. The measured static (dc) power consumption



YANG et al.: LEAK-TIGHT PIEZOELECTRIC MICROVALVE 805

Pressure Gauge

He Gas Tank Relief Valve

% Gauge Exhaust

X1 Needle Valve
—k1 Toggle Valve

Fig. 7. Schematic diagram of high-pressure flow test bench for microvalve characterization.
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V. CONCLUSION

A leak-tight, high-pressure piezoelectric microvalve tech-
nology has been demonstrated for low impulse-bit micropropul-
sion applications. Thus, these microvalves will enable low
impulse-bit thruster modules for use in very small spacecraft as
well as for providing precise attitude control functions for larger
spacecraft. The promising results from the microvalve charac-
terization described in this paper provide the assurance that it is
indeed possible to meet the demanding requirements of NASA’s
next-generation microspacecraft architectures. The microvalve
incorporates a custom-designed piezoelectric stack actuator to
provide the actuation forces necessary for high-pressure op-
eration. A hard seating configuration using a series of narrow
concentric seating rings contributes to the enhanced leak-tight
microvalve operation. Extremely low leak rates of 5 x 10~ sccm
were demonstrated for an inlet pressure of 800 psi. Reliable and
reproducible microvalve operation has been demonstrated. The
availability of such microvalves is expected to “open several
doors” among microfluidics applications. The microvalve
technology demonstrated here is amenable to integration with
fluidic devices and with other MEMS components.
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