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Gauging propellant fuel of spacecraft in outer space has been an issue, because their liquid fuels tend to float, slosh,

adhere to the tank walls, and form bubbles under low-gravity conditions. For this reason, conventional fuel gauging

techniques may not be an accurate way of gauging the fuel in space. In this paper, we report a flexible monolithic

printed assembly of electrocapacitive volume tomography sensors, which can reconstruct the three-dimensional shape

of the propellant fuel and promise to overcome the deficiencies of conventional fuel-gauging techniques. A commercial

printer was used to transfer the patterns of the electrocapacitive volume tomography sensors and electric connections

onto a flexible laminated copper. Feasibility of the three-dimensional volumetric reconstruction on water and a heat-

transfer fluid showed that the National Institute of Standards and Technology’s flexible electrocapacitive volume

tomography sensor system could successfully sense the changes in electrocapacitance due to the presence of these

liquids. Based on thosemeasured electrocapacitive volume tomography data, the three-dimensional shape of the fluid

was reconstructed and matched with the real one used during laboratory testing.

I. Introduction

G AUGING a spacecraft’s fuel quantity is essential for not only
managing the vehicle but also for confirming its safety. Approx-

imately 75–90% of a spacecraft’s propellant fuel is spent for the
desired space orbit-insertion, with the remaining 10–25% for station
life keeping [1].A relatively large uncertainty in the remaining amount
of propellant is caused by the liquid apogee motors, which consume
a large quantity of propellant for orbit insertion. This uncertainty is
important at the end of life (EOL) of the spacecraft for economic
reasons [2] andbecause it couldput indanger the lives of its astronauts.
Many combinations of spacecraft propellants and oxidizers have

been tested.Commonlyusedpropellants are liquidhydrogen and liquid
oxygen, kerosene and liquid oxygen, alcohol and liquid oxygen,
gasoline and liquid oxygen, carbon monoxide and liquid oxygen,
hydrazine and nitrogen oxides, and hydrazine and beds of catalyst
materials [3–5]. Under zero-gravity conditions the spacecraft propel-
lants will adhere to the inner surface of tank walls, constrained by
surface tensions and capillary effects [4,6]. Various spacecraft fuel tank
liquid free spaces formcomplex three-dimensional geometries,making
the measurement of the remaining propellant a challenging problem.
Several techniques have been developed for the measurement of

the onboard amount of a spacecraft’s propellant fuel. Some have been
tested in space and others have only been tested on the ground. These
techniques include the bookkeeping, gas law, thermal gauging
method, propellant gauging system, ultrasonic, and capacitive. Fol-
lowing is a brief description of these techniques:
1) The bookkeeping method (BKM) technique requires the inte-

gration of the fuel flow rate through the spacecraft thrusters, based on
their feedpressure, temperature, and thruster geometry. This technique

is highly accurate at the beginning of the spacecraft mission, when the
tank is full, but its accuracy deteriorates with time as fuel is used for
spacecraft maneuvering when the tank is depleting as flow measure-
ment errors accumulate [7].
2) The pressure–volume–temperature gas law technique computes

the fuel-tank ullage volume based on the initially loaded pressurant
gas, usually helium, and the change of pressure and temperature
because of fuel use. The EOL fuel volume estimation error of this
technique is worse than BKM due to the initial loading condition
errors, fuel tank elasticity, heat transfer effects, etc. [8].
3) The propellant gauging system (PGS) technique and the thermal

gaugingmethod (TGM)are extensions of thegas law technique [9–12].
They are based on the concept of measuring the thermal capacitance of
a fuel tank filled with liquid fuel and a pressurizing gas by using the
thermal response of the propellant tank to heating. These techniques
have similar error sources as the gas law technique [1,8], but become
superior to BKM at EOL.
4) Lal and Raghunandan [13] describe an ingenious technique of

an ultrasonic sensor-based spacecraft fuel gauge. The proposed tech-
nique uses a titaniumalloy cone inside a spherical fuel tank thatwould
collect the fuel at the cone’s vertex, which leads to the thruster. Under
zero gravity, the greatest forces on the fuel come from surface tension.
So, once the fuel has coalesced to form a large mass, it migrates
toward the converging end of the cone tominimize its surface area.By
bouncing an ultrasound beamoff of the surface of the liquid inside the
cone and measuring its return time, it is possible to estimate the
amount of fuel in the tank. This technique should get more accurate
at the EOL as the tank empties. Alternative designs of ultrasonic fuel
gauging sensors are reported in [14,15].
5) Hufenbach et al. [16] describes a spin stabilized satellite capaci-

tive sensor, mounted inside a spacecraft fuel propellant tank, for fuel
gauging. The sensor uses a coaxial field capacitor to measure the
actual filling height of the remaining fuel liquids. An EOL accuracy
of�0.01% is claimed, but no direct comparison with other gauging
techniques is possible because it has primarily been developed for a
spinning spacecraft.

In this paper, we describe a tomographic instrument that has the

ability to reconstruct the three-dimensional (3-D) shape of the propel-

lant fuel and promises to overcome the deficiencies of the previously

described techniques. Tomography is a technique that may create an

image of the internal structure of an object, without causing damage

[17,18]. The word tomography comes from the Greek words tomos,

which means a section, and graphi, which means the writing of
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something. Three-dimensional volume tomography has been invented
and may be used to solve the previously mentioned issues with the
measurement of the onboard amount of a spacecraft’s propellant fuel.
Magnetic resonance imaging (MRI), positron emission tomography
(PET), x-ray tomography, γ-ray tomography, and electromagnetic
tomography are examples of the 3-D tomographic techniques. Those
tomography techniques have different sensing mechanisms and are
mainly applied to medical diagnosis, clinical oncology, computed
tomography of the human body, and food processing [19,20]. The
electrocapacitance volume tomography (ECVT) is a recently devel-
oped technology. In ECVT, an array of capacitance sensors is used for
the imaging of the 3-D shape of the internal objects in a container, a
pipe, etc. The ECVT can reconstruct the 3-D images of the internal
objects based on the measured capacitance signals [21,22].
Recently, attention has beengiven to flexible sensors [23].Artificial

electronic skins, wearable consumer electronics, soft robotics, and
real-time health monitoring sensors are emerging examples of the
application of flexible sensors. They are lightweight, flexible, and
wearable physical sensors with distinctive functionalities. These flex-
ible sensors can conform and attach to rounded bodies and containers
so that theymaymaximize their sensing capability. Sensor strips of the
ECVTs can be made from copper plates manually. This is simple and
straightforward, but it is not easy to build the exact same shape of the
sensor strips and align them along the neighboring elements with the
same gaps. In this paper, we report a monolithic printed assembly of
electrocapacitive volume tomography sensors, which can reconstruct
the three-dimensional shape of the propellant fuel and promise to
overcome the deficiencies of conventional fuel-gauging techniques.
One alternative to sensor strips of the ECVTs made from copper

plates manually is soft lithography [24–27], which is a fabrication
techniqueusing commercial printers and a paper-thin laminated copper
sheet. The printer can transfer lithographic patterns onto the paper-thin
laminated copper sheet. Wax-coated solid inks are printed onto the
laminated sheet, and form the patterns of the ECVT sensors and their
electric connections. The printed flexible strip is then etched, and the
printedwax-containing inks are removed toproduce the flexibleECVT
monolithic sensor strips. These flexibleECVTsensor strips are applied
to rounded vessels to measure the changes in the electric capacitance
related to the presence of a liquid. For evaluation of the approach, a
liquid that had almost the same dielectric constant as spacecraft fuels
was used. Results showed clear variations in the measured electric
capacitance with the presence of the liquid. The reconstructed 3-D
image showed a good match with the real shapes of the liquids.

II. ECVT Sensor Design and Fabrication

A. Materials

For fabricating the ECVT sensor strips, Dupont Pyralux laminated
sheets are used. These sheets have a copper layer of 9 μm in thickness
and a Kapton layer of 25 μm in thickness. Xerox solid inks were used
to transfer the predetermined patterns of the ECVT sensors and the
electric connections. These solid inks consist of wax-coated ink
particles with amixture of four different color toners (Cyan,Magenta,
Yellow, Black), making it easy to detect the quality of lithographic
pattern transfer. To etch the copper, ferric chloride was used. Acetone
was used to remove the wax-ink from the lithographic pattern. Iso-
propyl alcohol and double-filtered water were used for the cleaning.

B. Sensor Design and Optimization

A commercial solid-ink laser printer (Xerox Phaser 6360N¶) was
used for the lithographic pattern transfer. Semisolid wax-coated solid
ink particles weremelted and transferred from the drum onto a heated
laminated sheet. The design of the ECVT sensor strips was prepared
by either computer-aided design software or other drawing tools for

vector drawing. Three different solid inks, cyan,magenta, and yellow,
are overwritten onto the same spot to form the black color, and these
become the lithographic patterns of sensors and electric connections.
The printed laminates are then etched with ferric chloride in a clean
chamber. After the etching, the etching residues are cleaned with
isopropyl alcohol, double-filtered distilled water, and nitrogen blow-
ing. The strip is immersed in acetone to remove thewax and inks used
for the etch-protection layer. Then, the strip is cleaned with isopropyl
alcohol, double-filtered distilled water, and nitrogen blowing. The
schematic fabrication process of the ECVT sensor strip is illustrated
in Fig. 1.

C. Sensor Fabrication Process

If the dielectric constant of the liquid εL in the vessel is much
greater than the dielectric constant of the air εair in the vessel, then the
ECVT data generated by the liquid in the vessel dominates the final
fuel images generated by the instrument. This is the case when the
liquid is water, which has a dielectric constant about 80 times larger
than that of air. For this reason, it would be easy to detect the 3-D
shape of the liquid inside the vessel and no optimization on electrode
design would be needed.
However, if the dielectric constant εL of the liquid in thevessel is not

much greater than εair, then the measured data can be disturbed by
other effects like the variation in fabrication of the ECVT sensor strip
and the vessel. Actually, the εL of the National Aeronautics and Space
Administration’s (NASA’s) sample liquid is 1.73, which is not signifi-
cantly larger than that of air (εair � 1.00). Therefore, the optimization
of the sensor design to maximize data sensitivity is one of the keys to
successfully measuring the 3-D shape of the liquid in the vessel.
The optimum design of the ECVT sensors is schematically illus-

trated in Fig. 2. The design of the sensors started with simple parallel
electrode plates, which are shown in Fig. 2a. Because of the sensor
design, the electric fieldmeasured through the gap formed by the edges
between the electrodes dominates themeasureddata. Tests also showed
that the measured data contain the variation of the electric field outside
of the vessel, shown in Fig. 2a. Adding an electric shielding layer
(Fig. 2b) eliminates the influence from the electric field outside of the
vessel. Still, the electric field formed by the edges between the gap is
present. Figure 2c shows the final design of the electrodes.The addition
of extra strips from the electric shielding layer removed the influence of

Fig. 1 Schematic illustration of the ECVT sensor fabrication process.

¶Certain trade names and company products are mentioned in the text or
identified in an illustration to adequately specify the experimental procedure
and equipment used. In no case does such an identification imply recommen-
dation or endorsement by the National Institute of Standards and Technology,
nor does it imply that the products are necessarily the best available for the
purpose.
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the electric fieldbetween the sensor electrodes, so that only thevariation
of the electric field in the vessel is measured.

III. Feasibility Studies of the Proposed ECVT Sensors

A. Fabrication and Testing of a Single-Strip ECVT

Single-strip ECVT sensors are fabricated with the process
described in Sec. II. One example of the fabricated sensor strip is
shown in Fig. 3.The front side (Fig. 3a) has four sensors and electric
line connections. One of these lines is connected to the electric
shielding located between every two sensors, as described in Sec. II.C,
to cancel out thedirect electric fieldbetween the twosensors. Figure3b
shows the back side of the fabricated sensor plate. This shielding layer

and the front-side layers are electrically separated by a 25 μmKapton
layer. The front shielding layer is shown in Fig. 3c. The schematic
illustration on the vertical cross section of the sensor strip is illustrated
in Fig. 3d.
These sensor strips are then covered with a waterproof coating and

are enclosed in a plastic jar, as shown in Fig. 4. The electrocapaci-
tances between each pair of the sensors aremeasuredwith anAndeen-
Hagerling capacitance bridge (modelAH2700A),which is also shown
in Fig. 4. The configuration of the electrodes is shown in Fig. 4b. A
feasibility test capacitancemeasurementwith the jar setup (Fig. 4)was
carried out under differentwater-level heights. Figure 5 shows that, for
all of the electrode pair combinations, capacitance measurements
showed almost a linear increase with respect to the water height.

Fig. 2 Schematic illustration of the optimized design of the ECVT sensor.

Fig. 3 Example of the fabricated sensor strip: a) front side, b) back side, c) front shielding, and d) schematic illustration of the cross section of the sensing

strip.

Fig. 4 Experimental setup and sensor electrode configuration of one-strip ECVT sensor: a) experimental setup, and b) electrode configuration.
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B. Fabrication and Testing of a Three-Strip ECVT Sensor

The three-strip ECVT sensor was installed on the wall of an egg-

shaped container vessel. For this, the container vessel shown inFig. 6a

is suspendedwith four springs to a frame andwrappedwith theECVT

sensor. This ECVT sensor consists of three rows, one of which has

four electrodes in a zigzagpattern, as shown at the right in Fig. 6b. The

cross-sectional view of the vessel is shown at the left in Fig. 6b. The

shape of the vessel is designed to simulate a smaller version of a

NASA spacecraft’s fuel tank. Three ECVT sensor rows are installed

on the internal surface of the vessel, and the surface of the vessel is

electrically grounded.

To run feasibility tests, an additional cylinder whose internal

surface is connected to the ground is added onto the egg-shaped

container vessel to minimize the influence of any laboratory external

disturbances. The schematic illustration of the design is given in

Fig. 7. Different sized rubber balls, which have diameters of 8.5, 10.5,

Fig. 5 Effect of water level on measured capacitance data for all electrode pairs.

Fig. 6 Experimental ECVT setup at NIST: a) a photograph of the setup, and b) the configuration of the electrodes.

Fig. 7 Schematic illustrations of the ECVT container with multisensor strips, and rubber balls suspended in its interior (ball diameters: 8.5, 10.5, and
12 cm).
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and 12 cm, respectively, are suspended in air within the container for
testing (Fig. 7).
ThemeasuredECVTdatawere analyzed andused to reconstruct the

volumetric dielectric profile givenbyNASAand aCTechLaboratories
company [28]. As described in a patent [29], the reconstruction
method relied on a neural-network optimization technique, using
the soft-field nature of the so-called fringing effect of the electric field
that distributes in three-dimensional space. The fringing effect con-
tainsvaluable information that can beextractedusinga soft-computing
algorithm for imaging purposes.
Figure 8a shows the reconstructed shapes of the rubber balls

suspended in air, projected on equally spaced two-dimensional
(2-D) layers for the 8.5, 10.5, and 12 cm rubber balls. The recon-
structed 3-D images of those rubber balls are shown in Fig. 8b. These
reconstructed data show that the multistrip ECVT sensors work. The
ECVT data with a Galden HT-90 heat transfer fluid in a plastic
balloon, suspended in air, which has similar dielectric constants with
the fuel of the NASA spacecraft, was tested to see if the National
Institute of Standards and Technology’s (NIST’s) multilayer ECVT
strips could measure and reconstruct its 3-D shape. The schematic
illustration of the balloon is given in Fig. 9a. Its reconstructed 3-D
shape is given in Fig. 9b. The diameter of the balloon is 157.6mmand
the corresponding measurement ranges from 148.1 to 153.2 mm,
indicating that the error of the reconstructed result is less than 6% of
its original diameter. In the future, plans will be to perform more
testing and explore with NASA other image-reconstruction tech-
niques, such as the recently proposed iterative nonlinear Tikhonov
regularized algorithm [30], to further improve the ECVT method.

IV. Conclusions

The design of the sensor strips is optimized to maximize the
sensitivity of the measured ECVT data to the vessel target material.
A single-strip ECVT sensor could successfully measure the water

levels. Amultilayer-strip ECVT sensor couldmeasure and reconstruct
the shapes of rubber balls located in the vessels because of the
increased number of electro plates. NIST’s multilayer ECVT strips
were installed in the egg-shaped vessels, which are smaller versions of
the fuel tank of NASA’s spacecraft. It has been demonstrated because
of the increased number of electro plates that it could reconstruct the
3-D shape of HT-90 balloons in the test vessel.
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