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In space applications, it is often convenient to store liquids such as fuels and coolants in
flexible bladders. Unlike a rigid container, such a bladder can be maintained at ambient
pressure and progressively emptied without developing internal gas pockets, ensuring that
the liquid phase remains in contact with the outlet port. Monitoring the volume of fluid
remaining in such a bladder is highly desirable, but no suitable sensor exists. Current
measurement techniques are unacceptably sensitive to the motion and varying shape of the
bladder in microgravity. Creare has developed a compact, low power sensor that accurately
measures the volume of liquid in any soft-walled bladder. This novel acoustic detection
technique, known as Volume by Acoustic Reverberation Decay (VARD), provides a direct
measurement of absolute liquid volume that is insensitive to gravity, motion, bladder shape,
gas pockets, and electromagnetic interference. Creare is currently developing a version of
this sensor suitable for application on the Feedwater Supply Assembly (FSA) of the NASA
Exploration Extravehicular Mobility Unit (xEMU) Portable Life Support System (PLSS) In
ground tests, the sensor achieved continuous measurement with accuracy of about 7% full-
scale under prototypical conditions for an Extra-Vehicular Activity (EVA). These results
were fully repeatable over multiple long duration experiments conducted on different days
without recalibration. Creare plans to complete fabrication of a pre-production unit and
conduct a sub-orbital spaceflight qualification test early next year.

Nomenclature
VARD = Volume by Acoustic Reverberation Decay
FSA = Feedwater Supply Assembly
EVA = Extra-Vehicular Activity
PLSS = Portable Life Support System
SWME = Suit Water Membrane Evaporator
xEMU = Exploration Extravehicular Mobility Unit
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I. Introduction
The Exploration Extravehicular Mobility Unit (xEMU) will carry consumable cooling water maintained at

ambient pressure within a soft-walled, flexible reservoir1. To ensure the suit maintains uninterrupted thermal control
it is critical to monitor the volume of water remaining in the reservoir.  There is currently no known sensor that is
suitable for this task. Existing measurement techniques are unacceptably sensitive to either the motion and varying
geometry of the reservoir in microgravity, or to electromagnetic interference within the suit. Creare has developed a
simple, compact, low-power sensor that accurately measures fluid volume in any soft-walled bladder. The
technology operates on a novel principal known as Volume by Acoustic Reverberation Decay (VARD). A small
piezoelectric transducer excites a reverberant acoustic field in the liquid volume then measures its decay time, which
is proportional to fluid volume. The measurement is insensitive to the presence of trapped air pockets and to the
shape, orientation, and motion of the bladder. This technology will enable continuous monitoring of the coolant
volume remaining, providing a real-time estimate of consumption rate and expected remaining duration of the
supply.

The work performed thus far to advance this technology was performed under Small Business Technology
Transfer (STTR) 2017 Phase I NASA Contract NNX17CJ19P with Creare, LLC titled, “Volume Sensor for Flexible
Fluid Reservoirs in Microgravity” during the period 06/09/2017 - 06/08/2018. The main objective for the Phase I
effort was to demonstrate that the VARD principal was an accurate and stable measure of the liquid mass in a
flexible bladder along with demonstrating that the VARD can effectively operate in spacesuit environments. Finally,
the Phase I effort was completed with a preliminary system design of a VARD sensor feasible for integration in a
spacesuit.

This work is continuing to be further developed under STTR 2017 Phase II NASA Contract 80NSSC18C0223
with Creare, LLC titled the same as Phase I. The Phase II effort is a two-year contract which was initiated
09/12/2018.

II. Existing Measurement Methods
Existing volume measurement methods are unsuitable for this application, including those based on

electromagnetic impedance, capacitance, or inductance; strain gauges; and acoustic pulse echo or imaging
techniques. Fluhler2 describes a clever technique in which a flexible conductor is coiled around the surface of a
collapsible bladder. The inductance of this coil is a function of its volume. Unfortunately, this type of sensor could
not distinguish between liquid and gas within the bladder, and would be perturbed by inductive coupling to nearby
metal structures and electrical components in the space suit. This type of coil would also be unnecessarily complex
to fabricate. Several techniques have been developed for animal bladders as reviewed by Dakura3. Among these,
Li4 describes a four-electrode electrical impedance method which would be quite sensitive to bladder geometry and
susceptible to electromagnetic interference. Ranagopalan5 reports a method based on a polymer strain gauge
wrapped around the bladder. Such a method is not suitable for the FSA because it collapses without elastic strain.
Lee6 describes a method based on measurement of the capacitance between electrodes on opposite sides of the
bladder, effectively measuring the gap between them. This method might be effective if the bladder could be
assumed to remain roughly spherical, but this is not the case for the FSA. Acoustic pulse-echo techniques may
achieve a similar gap measurement, with the same limitation. More elaborate 2-D ultrasonic imaging techniques are
too complex for this application.

III. Volume by Acoustic Reverberation Decay
The VARD technique takes advantage of the fact that, for low frequency ultrasound traveling in a water volume

bounded by gas, losses that occur upon reflection at the gas/water interface are large compared to the very small
attenuation in the bulk liquid. A short acoustic pulse is introduced into the liquid volume by a piezoelectric
transducer, setting up a reverberant field that fills the volume, and the amplitude of this field is monitored over time
as it decays. The primary attenuation mechanism occurs upon each reflection at the liquid/gas boundary, where a
small fraction of the acoustic energy is transmitted into the gas as illustrated in Figure 1. The sound speed in the
liquid is constant, so as the volume of liquid (and average dimension of the reservoir) decreases, the number of
reflections per unit time increases, along with the associated losses. Thus, a measurement of the decay rate of the
reverberant acoustic field amplitude is a direct measurement of fluid volume. In other words, ‘listening’ to the sound
echoing within the liquid volume, we measure not its absolute loudness, but the rate at which it gets quieter. That
rate is proportional to liquid volume.
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Figure 1. VARD Operating Principle. Acoustic waves reverberating in a liquid filled bladder lose energy at
each surface reflection. For an inelastic flexible bladder, the average number of reflections per unit time, and
thus the decay rate of the reverberant field, is inversely related to its volume.

Because the VARD sensor employs a reverberant acoustic field that fills and interrogates the entire liquid
volume, the measurement is insensitive to changes in the shape of the flexible reservoir that occur as it empties, or
as it is perturbed by external forces in an operational environment. Likewise, motion and gravitation will not affect
the result. We also expect this measurement to approximate the true liquid volume even in the presence of gas
pockets. This is because the bladder wall is very thin compared to the acoustic wavelength (~1 cm), making it
essentially transparent to the acoustic waves. The acoustic reflections occur as a result of the large impedance
discontinuity at the liquid-gas boundary, with the bladder wall itself playing very little role (elastic damping may
contribute slightly). Thus, the reflections and losses at the boundaries of any gas pockets will be similar to those at
the bladder wall, and the gas pocket volume will not appear as part of the reverberant liquid volume. (Of course if a
gas pocket is very near or touching a transducer, this will invalidate the measurement. For this reason, in a real
application we generally use multiple transducers, allowing comparison of redundant signals with each other to
reject those that are invalid.)

The VARD sensor does not employ sensitive electrodes or inductive coils, and the electronics can be fully
shielded. The measured piezoelectric signal levels are high, on the order of one hundred millivolts. This makes the
sensor insensitive to electromagnetic interference. The fact that the VARD sensor measures acoustic decay rate
rather than absolute amplitude makes it very stable. It requires no calibration reference and does not exhibit drift
over time. Once an initial reference measurement is made on the full reservoir, subsequent measurements reflect
remaining volume as a fraction of the full capacity. Shifts in the transducer properties, acoustic coupling efficiency,
or electrical noise may change the acoustic excitation amplitude, but will not affect the reverberation decay time.
The only important physical reference is the master clock oscillator on the sensor’s microprocessor, and these are
very stable.

The VARD sensor operates by emitting an acoustic excitation pulse for a few tens of microseconds and
monitoring the return signal for a few milliseconds, consuming a very small amount of energy. If individual volume
measurements are made at a modest rate, perhaps once every few seconds, the power consumed is extremely small.
The sensor electronics operate at a few volts. The amplitude of the brief ultrasound pulses is far below the threshold
for cavitation or human tissue damage. We do not foresee oxygen compatibility or other safety risks associated with
use of this sensor.
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The sensor will consist of a simple printed circuit and piezo-electric transducer. The fabrication costs will be
very low. The transducer and wiring are low profile and laminated to the outside of the bladder as shown in
Figure 2. They do not interfere with the flexibility of the bladder wall or create snag points or stress concentrations.

IV. NASA Space Suit Application
The Portable Life Support System (PLSS) on the Advanced Space Suit will carry consumable cooling water

maintained at ambient pressure within an array of soft-walled, flexible reservoirs known collectively as the
Feedwater Supply Assembly (FSA)1. To ensure uninterrupted thermal control, monitoring the volume of water
remaining for the duration of an extra-vehicular activity (EVA) is critical. The FSA contains 4.5 kg of cooling water
that is slowly expended during an eight-hour EVA. The flexible bladder design takes advantage of the ambient
pressure within the suit to regulate the coolant pressure. The water is circulated through the thermal control loop
and slowly consumed by evaporation at the Suit Water Membrane Evaporator (SWME), rejecting waste heat to
control occupant temperature.

Due to the flexible bladder design of the FSA, its geometry and position are variable in microgravity and can be
perturbed by accelerations resulting from the motions of the occupant. The suit may also be used in a gravitational
field, such as a moon walk, which will result in different behavior. Consequently, the spatial distribution of the fluid
within the bladder at any given time is unknown. This makes measurement of remaining fluid volume difficult.
Furthermore, accurate measurement of the outgoing flow rate is not practical due to the very small consumption rate.
These factors combine to make the VARD sensor a unique and attractive candidate for measurement of remaining
fluid volume.

A schematic illustration of the VARD implementation on the FSA is shown in Figure 2. In a preliminary design
concept, the FSA is actually composed of an array of multiple rectangular bladders with relatively high aspect ratio.
The small, low profile transducers will be adhered to the outer surface of each bladder and covered with a protective
laminate. We expect to incorporate several transducers on each bladder to avoid erroneous readings when one
portion of a bladder collapses while another portion still contains water. All transducers will be interrogated
sequentially with a single control circuit.

Figure 2. Architecture of the VARD System Deployed on the FSA. This schematic view is shown roughly to
scale. A single signal processing board will sequentially interrogate all transducers. The inset shows a single
transducer laminated to a surrogate bladder in an early prototype.
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V. Experimental Validation
To evaluate the performance of the VARD sensor, we performed a series of ground tests on several prototype

bladders, including NASA-supplied bladders with and without fabric restraints, as well as a commercially available
1 liter sports hydration bladder. All bladders were fitted with two excitation and three reception transducers. (Our
benchtop electronics did not incorporate the high speed switches required to both excite and receive from each
transducer, as we expect to do in the final system.) The bladder was filled with degassed water to avoid the presence
of a large population of microbubbles. To simulate the motion of an EVA and the resulting fluid sloshing and
bladder geometry variation, the bladder was placed on a rocker table that oscillated ±20 degrees at about 0.2 Hz
throughout each test. (We did also take measurements on stationary bladders, not shown, and observed no difference
in performance.) To simulate the acoustic boundary conditions of a bladder floating in microgravity, it was placed
on bubble wrap rather than a solid surface. This ensures that the entire bladder is bounded by air. This avoids the
strong acoustic reflections that might occur when the bladder is pressed against a smooth, solid surface with steady
force (i.e. gravity), creating a pressurized contact patch of significant size. (To be clear, we did also take
measurements without the bubble wrap and observed no difference in performance.)

For each test the bladder was initially filled to capacity then monitored continuously while being drained over
the course of 30 minutes or more. In some tests the drain rate was varied. The weight of the drained water was
measured continuously to provide a true volume history.

Preprocessed data from one test on a NASA bladder with fabric restraint are shown in Figure 3. These plots
show representative signals that were measured at various points during the test and which correspond to different
water volumes. These filtered signals represent the amplitude of the reverberant acoustic field in the bladder as a
function of the time after the excitation pulse. The field is quickly established by a brief excitation, then begins to
decay exponentially as expected. The time constant of the decay is clearly a function of the water volume in the
bladder, indicated by the color scale on the right. When the bladder is full, the mean free path for acoustic waves is
high, surface reflections and their associated losses are less frequent, and thus the decay rate is slow. As the bladder
empties, the mean free path becomes shorter, the number of acoustic reflections per unit time and their associated
energy losses increase, and this results in a faster decay rate. Note that the amplitude of the signals from the three
different transducers are different due to differences in electrical and acoustic impedance, but the decay times are
equal, as expected.

Figure 3. Typical Signals Recorded from Three VARD Transducers While Bladder is Drained. These plots
show the amplitude of the received acoustic energy during the 10 ms after the excitation pulse. As the bladder
empties, the decay time for the acoustic field decreases.

To interpret the signals shown in Figure 3 and correlate them to liquid volume, we used a simple statistic that
quantifies decay time for each of the three transducers. This statistic is computed as the ‘center of mass’ of the
waveform, in time, relative to the moment of excitation. Thus, it has units of time, and is insensitive to amplitude.
For a given instantaneous measurement, we took the mean of the three channel values. To calibrate the system, we
correlated this statistic to the known true volume using a simple linear regression over data from many drain
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experiments. We then used that single linear model to compute the measured volume for each individual
measurement.

We also used a few very simple voting rules to exclude individual signals that are clearly anomalous. First, any
signal with amplitude at or below the noise floor of the data acquisition system is clearly not meaningful, and is
excluded.  This can occur if a gas pocket contacts a transducer, decoupling it from the liquid. Second, when any
signal has acceptable amplitude but predicts negative volume, we interpret that as zero volume (for the purposes of
averaging with the other two readings). Finally, when one signal is very different from the other two, it is excluded.
For example, in a 3 transducer configuration, when a portion of the bladder fully collapses at one point, the signals
from that one transducer become distinctly different, with either very low amplitude or predicting a zero or negative
volume. With two transducers predicting significant positive volume, a ‘local collapse’ is clearly indicated, so we
exclude that signal from the analysis.

The final measurement results of four separate tests are shown in Figure 4. These data show that the
measurement closely tracks the true volume, independent of the drain rate, and exhibits an absolute error generally
below 7% full-scale. In Test 3 we altered the fluid drain rate mid-way through the test, and this is accurately
reflected in the measurement.

Note that we did filter this data to remove high frequency noise that is present in the raw measurements. To do
so, we collected measurements at 1 Hz and applied a moving, retrospective linear regression to the previous 50
measurements to predict current volume. Thus, while the volume estimate is continuously updated at 1 Hz, the true
dynamic bandwidth is on the order of one per minute. We expect that this is more than sufficient for the proposed
application, a multi-hour EVA, or indeed for most any bladder application, since slow drain rates are typical.

To be clear, to achieve the accuracy represented in Figure 4, we are averaging across three transducers and 50
measurements for each data point. The underlying instantaneous measurements do exhibit significantly higher
uncertainty. Short of sampling at a higher rate and/or adding additional transducers, we do not currently see potential
for further improvements in overall system accuracy.

Figure 4. VARD Measurements and True Error During Four Tests. During each test, the bladder was drained
from full to empty while lying on bubble wrap on an oscillating rocker platform.
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The data in Figure 4 are a small sample of the data collected to date. We have conducted several dozen tests in
various configurations. We found that, for a given bladder assembly, the linear regression that correlates decay rate
to volume is constant over a period of at least months. As demonstrated by this controlled data taken on the rocker
platform, as well as by qualitative trials in which we manually manipulated the bladder while observing steady
readings, the VARD measurement is insensitive to bladder orientation, shape, and motion. We also tested the
measurement in a hypobaric chamber at ambient pressures down to 4 psia (28 kPa), and did not observe any
perturbation of the volume measurement for a partially full bladder at constant volume during pump-down and re-
pressurization.

We did find a few special conditions that perturb the measurement. Most notable is the presence of a significant
population of micron-scale air bubbles. These resonate at ultrasonic frequencies, absorbing and scattering energy.
Visible bubbles (millimeter scale) do not cause a problem, nor do large air pockets. However, in cases where we
used non-degassed water and began the test with a centimeter scale air pocket in the bladder, the sloshing motion
caused the air pocket to shed microbubbles and the measurement became unreliable. Microbubbles can also be
formed when the pressure of non-degassed water is rapidly reduced. Both of these microbubble generation
mechanisms were entirely mitigated by using degassed water, in which any microbubbles formed quickly dissolve.

The other special cases that can perturb the measurement involve the bladder boundary. In cases where the
bladder is contained in an exterior fabric restraint enclosure, the measurement becomes unreliable if the bladder is
pressurized against the restraint, or if the restraint becomes saturated with water. In both cases, acoustic coupling
with the fabric causes a modification of the acoustic boundary condition of the free bladder, changing the energy
loss associated with surface reflections and thus the acoustic decay rate.

VI. Future Plans
The VARD shows promise for the FSA application, and we are proceeding with development of a

pre-production prototype. We are developing a compact integrated circuit along with fabrication techniques to
assemble a prototype system similar to that depicted in Figure 2. We will launch multiple prototypes on a
commercial rocket flight for spaceflight performance validation in 2020. Following that, we will continue working
with NASA to evaluate the integration of the VARD technology with the PLSS and FSA.

VII. Conclusion
We have demonstrated experimentally that VARD provides a direct, accurate measurement of the absolute liquid

volume in a flexible bladder with variable geometry. The hardware associated with a VARD sensor is simple,
lightweight, and non-intrusive. The measurements are stable over time. This capability is particularly relevant for
practical spaceflight systems operating in microgravity. We believe this technology may find multiple applications
for volume measurement in space including fuel, coolant, cryogen, and waste storage systems. The principle
operates equally well in a gravitational field, and may also be relevant to ground and water based vehicles that store
fuels and coolants in spill-containment bladders.
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