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the extractor electrode. The ionic liquid propellant is passively fed by capillary action to
the emission site on the apex of each emitter tip. This work details the system integra-
tion of a solid-state electrowetting valve, with the function of sealing the propellant tank
from assembly till deployment in space. The MEMS-based valve consists of an array of
microcapillaries coated in a fluoropolymer film. Actuation of the valve is achieved by gen-
erating ⇠100V between the propellant and silicon, forcing wetting of the hydrophobic layer.
Combined vibration and vacuum environmental tests were conducted on fully-integrated
thrusters. Firing data is presented, including actuation of a fully-integrated thruster un-
der vacuum, followed by a > 80h continuous operation. Thrust data is obtained from two
flight-ready, fully-integrated thrusters operated in parallel with a dedicated power pro-
cessing unit designed for CubeSat operation. Such an arrangement achieved a maximum
thrust of ⇠23µN , which is comparable to values obtained by previous electrospray thruster
generations.
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I. Introduction

With the miniaturization of electronics, new categories of satellites have emerged, with CubeSats be-
coming a highly modular standard.1,2 This class of small satellites has seen exponential growth in launches
for a multitude of mission concepts and applications.3,4 Currently, a handful of businesses are built on the
operation of CubeSats in space and an array of commercial entities o↵er COTS (components-o↵-the-shelf)
based on the modularity of CubeSats. However, propulsion systems remain in the developmental stage. A
high-e�ciency CubeSat propulsion system will enable them to perform advanced orbital maneuvers, such as
formation flying, constellation deployment and operation, inspection and docking, space debris risk mitiga-
tion and deep space exploration.

An attractive propulsion technology for nano- and pico-satellites are micro-fabricated electrospray thrusters
due to their compact form factor and potential for high e�ciency and specific impulse.5–14 Electrosprays are
electrostatic propulsion devices, where an electric field produces charged emission of either molecular ions,
nano-sized droplets or mixtures of both by overcoming the surface tension of the propellant. The potential
field accelerates these particles, thereby producing thrust. The propulsion system presented in this work uti-
lizes room temperature molten salts, known as ionic liquids (IL), as propellants. The propellant is passively
fed to the emission site, an apex of a ⇠10µm emitter tip, via capillary action. Voltage is applied between the
propellant and an aperture electrode, thus generating electrostatic stress on the liquid meniscus that eventu-
ally overcomes the surface tension, deforming the liquid surface into a sharp structure.15,16 In the pure ionic
regime, the local electric field exceeds ⇠1V/nm in a nanometer-sized structure, thus producing evaporation
of molecular ions.17–19 The thrust generated by a single electrospray emitter is on the order of ⇠100nN ,
falling short of most CubeSat mission requirements. With advanced manufacturing technologies such as
micro-electro-mechanical systems (MEMS) processes, large arrays of ionic electrospray propulsion system
(iEPS) thrusters have been packaged into compact devices, generating a thrust of 12µN .7,8, 10,13,14,20,21

Due to the bipolar nature of ionic liquids, these thrusters can produce positive and negative molecular ions.
Exhaust plume and spacecraft charge neutralization can be achieved by operating thruster head pairs in
parallel with opposite polarity.22

Due to the virtually zero-vapor pressure of the propellant,23,24 the potential accumulation of ionic liquid
between the emitters and the extractor electrode could result in electrical shorts and eventual device failure.
These events are more likely to occur when a positive pressure develops in the propellant management
system. Under some conditions, the presence of trapped gases in the porous network of these devices could
result in liquid pressurization, leading to instabilities on the emission site that promote liquid accumulation
and electric discharges.25,26 Propellant filling in vacuum or an adequate atmosphere have proven successful
in eliminating trapped gases.10,26 However, the nature of gradual and inconsistent creep of the propellant
from the porous emitter substrate, along the thruster frame and to the extractor electrode remains an open
research question. As the majority of small satellites are secondary payloads on space launches, they are
commonly stored for long periods of time before launch, risking premature thruster failure. Furthermore,
the presence of liquid on the surface of the emitters at the time of launch could result in premature liquid
accumulation. The demanding environmental loading of a rocket launch aggravates these issues.

Figure 1: iEPS thruster next to a US quarter and a close up view of the extractor electrode and emitter tips

The work presented here introduces a solid-state valve mechanism based on the electrowetting principle
to ensure propellant containment until normal operations in space are required. The concept of operation of
the valve mechanism, its integration, and environmental testing procedures are described. A fully-integrated
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thruster is actuated under vacuum, and then the operated for 80h, and the characteristics of the thruster are
compared published data.10,14,27 Thrust measurements and validation of the valve activation were performed
at The Aerospace Corporation.

II. Inception of Solid-State Valve

While a large number of valves exist in the industry, the vast majority of them have dimensions and power
requirements that are incompatible with CubeSats. Furthermore, given the small size of iEPS thrusters, the
introduction of standard valving in the propellant management architecture would result in mass, power
and volume increases that could easily surpass the values of the thrusters themselves. Since the propulsion
system makes extensive use of micro and nano-fabrication techniques, it is desirable to take advantage of
such techniques to introduce a valve with practically no impact on the existing propulsion system envelope.
This rationale leads to the following list of requirements for an e�cient, solid-state valve mechanism:

• The valve assembly shall have no moving parts.

• The valve assembly, upon activation, shall allow passive propellant transport to electrospray thruster
heads.

• The valve assembly dimensions shall be sized to allow for seamless integration in the existing iEPS
thruster envelope.

• The valve assembly shall prevent the ionic liquid propellant EMI-BF4 from flowing to the thruster
while stored at standard atmospheric conditions for at least six months.

• The valve shall contain the propellant while and after the assembly is exposed to simulated launch
vibration and pressure profiles.

A solid-state valve based on the electrowetting principle was developed to fulfill the prescribed require-
ments. Electrowetting on dielectrics is an established phenomenon and is a well-known tool used in microflu-
idics.28–30 The contact angle (✓) between a liquid of surface tension � and a dielectric surface of thickness d
can be modified with the application of an electric potential (V ), according to the Young-Lippmann equation,
where ✏0 is the permittivity of vacuum:

cos ✓0 = cos ✓ � ✏0✏

2�d
V 2 (1)

At su�ciently high voltage, the liquid can be forced to wet the dielectric surface. Notice the equation
above predicts a voltage at which perfect wetting (✓ = 0) can be achieved. In practice, saturation occurs at
some finite contact angle. The objective then is to design a system in which the contact angle changes from
a non-wetting (✓ > 90�) to a wetting (✓ < 90�) condition.

The final valve design consists of a matrix of through-holes etched in a silicon wafer. Each valve has
a thermally grown silicon dioxide layer (dielectric constant ✏1, and thickness d1) and is then coated via
chemical vapor deposition with a non-wetting fluoropolymer film (✏2, d2). A thin polytetrafluoroethylene
(PTFE) coat is capable of preventing the propellant to enter the through-holes under launch loads. The
dielectric constant (✏) in Eq. 1 can be corrected as the two films are in series and have constant thickness
via:

✏

d
=

✓
✏1
d1

+
✏2
d2

◆
(2)

Actuation of the valve is achieved by applying ⇠100V to polarize the liquid and forcing it to wet the
fluoropolymer film by reducing its contact angle.31–33 More details about the fabrication and characteristics
of the solid-state electrowetting valve can be found in Ref.34,35 A picture of a solid-state valve with a drop
of water on top is found in Fig. 2 to demonstrate how hydrophobic this surface is. A close-up view of the
micro-channels is also shown in the figure. In this case, the high contact angle of water on top of the PTFE
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Figure 2: Electrowetting valve displaying its hydrophobic nature with a water droplet (left) and a close up
image of the surface of a solid-state valve, portraying the array of micron-sized pores (right)

layer prevents wetting of these channels in a very e↵ective way until the valve is actuated. The di↵erent
stages of the electrowetting valve actuation are illustrated in Fig. 3, together with a simplified electrical
schematic of the fully-integrated thruster.

III. Concept of Operation: Actuation

Operation of the valve is achieved when a critical voltage is applied relative to the conductive substrate
below the dielectric layer (ground). Once the contact angle reaches a su�ciently low value to produce wetting
of the device surface, the capillaries will fill up almost immediately. Passive transport will then bring the
propellant to the emitter tips, reaching the whole device in a few hours. Nominal firing of the thruster can
be performed once the propellant has wetted all of the emitter tips.

Figure 3: Left: The three operational stages of the electrowetting valve. From left to right, the hydrophobic
film resists the propellant wetting of capillaries. Once su�cient potential is applied, then the propellant
flows into the capillaries. The valve has been actuated propellant spreads into the thruster. Right: Electrical
schematic of an electrospray emitter integrated with a valve assembly.
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IV. Valve Integrity Characterization

Two potential failure modes of the solid-state valve have been identified: structural failure of the valve
body, and premature propellant flow through the valve capillaries. Two separate mechanisms might con-
tribute to the premature wetting of the hydrophobic layer: first, degradation of the fluoropolymer film and
second, external stimuli such as a buildup of a pressure gradient or electric field between the liquid meniscus
and the valve. The valve was designed to be actuated with an applied potential. However, during launch,
the propulsion system is expected to experience its most demanding environment with high g-vibrations
and a rapid drop in pressure. To establish the robustness of the electrowetting valve, a set of tests were
designed to expose the devices to a launch-like environment, followed by actuation and thruster firing for a
relatively long period of time. Fig. 4 displays the dedicated test suite to simulate the launch environment,
characterized by a two-minute pump down from atmospheric to vacuum and approximately 18 gRMS axial
vibration of white noise aligned with gravity. The vacuum chamber is ⇠0.05L with a pumping capacity of
1.67L/s, and the shaker is capable of producing 20 gRMS . The test suite is thereby capable of exceeding the
environmental demands of state-of-the-art launch systems.36–39

Figure 4: Left: Environmental testing facility with timed pressure and white-noise-vibration profiles. Right:
Extended storage testing with EMI-BF4 droplet on a solid-state electrowetting valve

A long exposure test of the electrowetting solid-state valve has been conducted. A drop of EMI-BF4 was
deposited over the device capillaries and left there for about one year. The liquid did not flow through the
valve during that time (see Fig. 4). This test demonstrates the material compatibility of EMI-BF4 and the
fluoropolymer film. It also validates the robustness of the solid-state valve concept. The valve integrity test
has been performed on a bench in a class 10,000 cleanroom, exposed to evening sunlight, with a relative
humidity of 10-70% and at an ambient temperature of ⇠295 K.

V. Extended Operation of a Fully-Integrated Thruster

Extended operational testing was performed on a fully-integrated iEPS thruster powered by a laboratory
power supply (Matsusada AP-3B1-L2) at a background pressure of < 2µTorr. The operation of the current
iEPS architecture can be categorized into several phases. Initially, activation of the valve is performed by
applying ⇠100V to the fuel tank assembly and grounding the valve body. Actuation of the valve is followed
by a wait-period to allow for the complete wetting of the porous emitter substrate. A voltage of 925V
was applied to the thruster for the duration of the test. Polarity alternation was performed every 30 s to
prevent electrochemical degradation of the electrode. Fig. 5 illustrates the emitter and intercepted (by the
extractor) currents and the interception fraction during continuous operation. The iEPS thruster tank was
filled with 0.6ml of EMI-BF4. For the first 40h of continuous firing the emitter produced on average 113µA
and 120µA in the positive and negative polarity respectively. After approximately 40 hours of firing the
emitter current started to decay, no voltage increases were performed to compensate such decay. The emitted
current reduced gradually from 110±10µA to 10±2µA, or ⇠10% of the original current value. The test was
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terminated when the emitted current fell below 10µA. In parallel with the reduction of emitted current, an
increase of discharge events was recorded on the current channels. These discharges can be traced to minor
degradation of the extractor grid (see Fig. 6) and of the emitter tips.

Figure 5: Current and intercepted fraction traces for the extended firing of a fully-integrated iEPS thruster.
Intercepted current percentage is omitted past the 70th hour as the extractor current becomes of the order
of the signal noise

In the stable current emission phase, a reduction in relative intercepted current was identified with a new
generation of extractors; see details in Ref.34 In the positive polarity operation, the interception fraction
varied between 1.1% and 1.7% and in the negative mode between 0.6% and 1.3%, omitting discharge events.
Compared to the previous generation of extractors, a comparable drop of ⇠20% of intercepted current
percentage is observed in both polarities between generations while operating at 110±10µA.27 It is expected
that a reduction in intercepted current will lead to improvements to the operational lifetime of the thruster
system. Two minor discolorations of the extractor electrode are highlighted in red in Fig. 6 from the extended
firing test.

Figure 6: Single thruster setup (left) and the state of the extractor post-firing (right), two apertures out of
480 show sign of degradation, highlighted here in red
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Figure 7: Left: iEPS PPU with two emitter arrays installed prior to being integrated on to the micro-Newton
thrust balance. Right: iEPS PPU unit mounted on the torsional thrust balance

VI. Thrust Characterization of a Fully-Integrated iEPS

Independent activation of the valve assembly under vacuum was performed at the Propulsion Science
Department of The Aerospace Corporation. The thrust stand is a scaled-up version of the torsional thrust
stand described in Ref.40 with similar sensitivity characteristics and is specially designed for small satellite
propulsion systems. The thrust stand resides inside of a large vacuum chamber approximately 8 feet in
diameter and 14 feet in length with a base pressure of 10�7 Torr. In Fig. 7, the integrated iEPS unit with
two flight-ready, fully-integrated, thrusters is mounted on the torsional thrust balance. The displacement
of the thrust stand arm is measured in an open-loop configuration using an optical sensor and is directly
correlated to the thrust using a spring constant that was determined for the flex pivot and accounted for
wiring. Calibration is performed via a pair of parallel-plate electrodes and was repeated before and after the
measurements to account for long-duration noise accumulation, i.e., thermal drift. Further discussion of the
original thrust stand sensitivity and calibration can be found in Ref.40

Prior to the firing of the iEPS thrusters, the PPU’s current sensors were automatically calibrated. After
the actuation of the valve, the two iEPS thrusters were started up to measure their thrust. The thrusters
were operated for 2h, in open-loop voltage control, to collect the thrust data shown in Fig. 8. The applied
voltage to the thrusters was manually tuned to achieve thrust measurements at ⇠50µA increments. The
intercepted extractor current was not measured in this experiment, and therefore, it should be noted that
the reported current is higher than the emitted current. For the duration of the experiment, the two iEPS
thrusters were fired in opposite polarities. The PPU was commanded to perform polarity alternation every
30 seconds, preventing electrochemical degradation. From the current data in Fig. 8 it can be seen that one
of the two thrusters produces somewhat higher levels of current in one polarity, resulting in a marginally
higher thrust.

The thrust measurements in Fig. 8 were obtained with a single sweep through emitted currents and
voltages. A linear relationship was identified between emitter current and thrust. The maximum thrust
measured was 23.0± 1.2µN with a total current of 251.2± 7.5µA at an applied potential of 950± 10V . An
extrapolation to 150µA current of each thruster, as nominally reported, yields a thrust of 12.8± 0.7µN , in
line with previous measurements with iEPS thrusters.10,14,27

VII. Discussion and Conclusions

This paper outlines the system integration of a solid-state electrowetting valve for propellant management
of ionic liquid for ionic electrospray propulsion systems. Extensive integrity testing of the MEMS-based valve
which utilizes hydrophobic films to seal the propellant have demonstrated that the valve can contain EMI-
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Figure 8: Left: Current measurements (blue) from the PPU with the raw thrust data (grey) and filtered
thrust measurements (red) over ten polarity alternations, used for the 200µA thrust data point. Right:
Measured thrust from two iEPS emitter arrays operating in opposite polarities, as a function of current
consumed (right)

BF4 for up to a year in storage and during launch environmental conditions, thereby meeting, or exceeding
the prescribed requirements of the solid-state valve. Actuation of the valve is achieved by applying a voltage
⇠100V between the conductive propellant and the body of the valve, forcing the propellant to wet the
fluoropolymer layer. Valve actuation was performed on a fully-integrated thruster under vacuum. After the
wetting of the porous substrate, the thruster was operated for an extended period of time. The current
remained stable for ⇠40h as the propellant tank was partially filled with 0.6ml of EMI-BF4, the operation
continued for another 40h at reduced current levels. A new generation of extractor electrode produced a
lower intercepted current percentage than previous generations, a relative percentage reduction of ⇠20%.
Post firing inspection of the thruster revealed minute discolorations on the extractor electrode on two out of
480 apertures.

Thrust measurements at The Aerospace Corporation indicate that thrust generation scales linearly with
current, over a range of applied potentials of 890�960V . A maximum thrust of 23.0±1.2µN was measured
at a total current of 251.2 ± 7.5µA with two emitter arrays operating in parallel in opposite polarity.
Extrapolating the produced thrust to a 150µA current of each thruster, yields 12.8± 0.7µN an equivalent
thrust compared to direct measurements of previous generations of iEPS emitters. The flight-ready, fully-
integrated, iEPS thrusters operate characteristically similar to thrusters without solid-state valves.

The robustness of electrospray thrusters has increased with the introduction of a solid-state electrowetting
valve. Fully-integrated thrusters have a reduced risk of premature failure due to propellant creep during
storage or due to surface instabilities of the propellant during launch. This advancement makes electrosprays
an attractive option for advanced propulsion missions, such as orbit-raising of nanosatellites past lower Earth
orbit with a multi-stage propulsion system.41
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