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ABSTRACT
We describe an experiment container with light scattering and imaging diagnostics for experiments on soft matter aboard the Inter-
national Space Station (ISS). The suite of measurement capabilities can be used to study different materials in exchangeable sample
cell units. The currently available sample cell units and future possibilities for foams, granular media, and emulsions are presented in
addition to an overview of the design and the diagnostics of the experiment container. First results from measurements performed
on ground and during the commissioning aboard the ISS highlight the capabilities of the experiment container to study the different
materials.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0062946

I. INTRODUCTION
Dispersions of grains, bubbles, or droplets in a continuous

phase with a different density are unstable in the presence of grav-
ity due to drainage, sedimentation, and creaming. Density match-
ing is not possible for foams and dry granular media but can
sometimes prevent these effects for emulsions and suspensions;
however, this restricts the choice of materials that can be used

and can alter the physics of the system.1 Levitation methods can
counterbalance gravity, for instance, using magnetic fields.2,3 How-
ever, this approach has limitations due to the requirements on
field strength and due to the low temperature of the supercon-
ducting magnets in the vicinity of the sample. Performing experi-
ments in microgravity is the method of choice to prevent drainage,
sedimentation, and creaming in soft matter experiments. Such
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experiments can therefore yield valuable, well-controlled reference
data.

Several platforms already exist to create microgravity condi-
tions, each with different restrictions. Parabolic flights and drop
tower experiments create microgravity only for times up to 24 s.
With sounding rockets, the experimental time can be extended up
to 12 min depending on the rocket type. The International Space
Station (ISS) provides the opportunity for microgravity experiments
extending up to several months.

The experiment container presented here provides several fea-
tures that, combined, distinguish it from previous setups designed to
study soft matter samples in microgravity:4–12

1. Enables the study of slow dynamics or of statistics of rare
events over months by using the ISS as the platform for
microgravity.

2. Enables the study of dynamic processes inside of
opaque materials, such as foams, emulsions, and gran-
ular materials, as well as inside of transparent materials
by combining light scattering diagnostics with optical
microscopy.

3. Enables the investigation of different samples and the use of
different sample environments in a flexible manner: The pro-
cessing of the samples is contained in easy-to-replace Sample
Cell Units (SCUs) with up to four sample cells each, while
diagnostics and data handling are provided by the experiment
container.

Slow dynamics accompanied by rare dynamic events arise,
for example, in glassy states of hard-sphere colloids, during foam
coarsening or when gels and granular media age. Details of such
processes and the scientific motivation are given in the sections
on the sample cell units for the soft matter dynamics experi-
ment (see Secs. III A and III B). Preliminary experimental results
from experiments aboard the ISS are given in Secs. III A 5 and
III B 5.

Optical and light scattering diagnostics are crucial for soft mat-
ter studies,13–17 even dynamics in opaque samples can be probed
with light scattering.17–19 The separation of the diagnostics from
the sample processing is the prerequisite for a versatile setup. The
experiment container with the optical and light scattering diagnos-
tics is described in Sec. II. The samples in self-contained SCUs
can be easily replaced to allow for experiments with new materi-
als. Future developments illustrating the versatility are sketched in
Sec. IV.

The history of this Soft Matter Dynamics (SMD) experiment
container dates back to the late 1990s and builds upon the “Foam
Optics and Mechanics” project funded by the National Aeronau-
tics and Space Administration (NASA) since 1992 to study coars-
ening and rheology for a sequence of progressively wetter foams.
In 1999, a project proposal for a microgravity experiment on foam
drainage and foam rheology was selected by the European Space
Agency (ESA). After extensive studies, the project was reiniti-
ated in 2007, with a new focus on foam coarsening. The scien-
tific community in the new project named FOAM-C grew consid-
erably, and Astrium (now Airbus D & S) was tasked to build the
experiment. In 2014, the project was again reinitiated when ESA
decided to include formerly distinct projects on granular media and
emulsions.

II. THE EXPERIMENT CONTAINER
A schematic drawing of the soft matter dynamics experiment

container is given in Fig. 1. The outer dimensions of the container
are 40 × 28 × 27 cm3. The main subsystems are the Experiment Con-
tainer Controller Unit (ECCU), the sample cell carrier consisting of a
rotating tray driven by a stepper motor, the sample cell units inserted
to the rotating tray, and the optical diagnostics. The ECCU provides
the computer and the electrical interfaces as well as the connection
toward the Fluid Science Laboratory (FSL) on board the ISS.

The experiment container is mounted into a drawer that, in
turn, is attached to the rest of the FSL rack through anti-vibration
rubber interfaces. In addition, accelerometers are fixed to the drawer
to monitor the microgravity level. The FSL rack provides the power
supply and the data and video managing for the experiment con-
tainer through the Video Management Unit (VMU-2).20

A two-stage system is applied to control the temperature of
the experiment: the whole sample cell carrier is located inside an
isothermal housing and is connected to a water cooling loop pro-
vided by the FSL. This ensures a temperature slightly lower than
the target temperature for the sample cells. A variable heat source
fine tunes the temperature of the sample cells in this environment; it
compensates for variations of cooling water temperature and for the
heat produced by the SCUs, for example, during foam generation.
The temperature is measured with three sensors located between the
sample cells inside each sample cell unit. The temperature is typically
adjusted to 25 ○C, with maximal deviations of ±0.5 K.

One of the novel features of the experiment container is the sep-
aration of diagnostics and sample processing, which ensure versatil-
ity. The experiment container itself was developed by the FOAM-C
collaboration. However, the capability of the flexible sample cell car-
rier and the combination of light scattering and optical microscopy
fostered the usage also within other communities. The details of the
sample cell carrier and the diagnostics are described in Subsections
II A and II B.

FIG. 1. Schematic representation of the interior of the soft matter dynamics exper-
iment container. The main components are the experiment container controller
unit (ECCU), the sample cells in the sample cell units, the stepper motor to drive
the carousel with the sample cell units, the barcode reader to verify the sam-
ple under investigation, and the components of the diagnostics laser, overview
camera, line camera, and avalanche photodiodes with a hardware-implemented
intensity correlator. See text for details.
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A. The sample cell carrier
The sample cell carrier facilitates remote control of the sample

in the measurement position and the on-orbit exchange of the SCUs.
Up to five SCUs are mounted onto a rotating tray (see Fig. 1). Each
SCU can accommodate several sample cells. The tray can be rotated
such that any of the sample cells in the SCUs can be placed into the
measurement position, where it can be accessed by the optical diag-
nostics. The rotating tray also contains a reference stop to identify
the absolute position of the tray. In addition, the SCUs are equipped
with Code 39 barcodes. A laser scanner (Intermec EV15) located
next to the measurement position (see Fig. 1) reads the barcodes
to ensure unambiguous identification of the sample under inves-
tigation. The rotating tray can be accessed through a hatch with a
protective shroud in the experiment container. Manual exchange of
the SCUs from the tray by the astronauts is possible through this
hatch when the experiment container is withdrawn from the drawer
in the Fluid Science Laboratory. The sample cell carrier has a con-
nector at every SCU position. Communication with the SCUs via a
RS422 serial bus is established through this connector so that tem-
perature sensors can be read and each inserted sample cell can be
selectively supplied with power.

B. The optical diagnostics
The SMD experiment container provides imaging and light

scattering diagnostics. A schematic drawing of the diagnostic ele-
ments and how they access the sample cells is given in Fig. 2, while
the actual arrangement can be inferred from Fig. 1. The light scat-
tering diagnostics were designed to probe the inner dynamics of
opaque samples using Diffusing Wave Spectroscopy (DWS17,18,21,22)
and Time-Resolved Correlation spectroscopy (TRC23) and to char-
acterize the inner structure of the samples using Diffuse Trans-
mission Spectroscopy (DTS,24). Video microscopy is used to give
visual impressions and to observe structural changes with incoher-
ent illumination. Calibration experiments and application examples
of these diagnostics are given in the descriptions of the SCUs for
foams and for granular media (see Sec. III).

1. Light scattering diagnostics
The arrangement of the components of the light scattering

diagnostics is illustrated in Fig. 2. A three-faced prismatic structure
is engraved into the front of the transparent sample cell for illumi-
nation with a laser, detection of backscattered light with avalanche
photodiodes, and detection of backscattered light with a line cam-
era. The faces of the prismatic surface structure are at an angle of
25○ with the surface normal of the sample cell. The illumination and
backscattering directions are thus at an angle of 33○ with respect
to each other. In transmission, the flat transparent cell walls allow
light detection with avalanche photodiodes. Transmitted light is thus
detected at an angle of 25○ with respect to the illumination direction.

A 532 nm diode-pumped laser with 200 mW power (Cobolt
AB, DPL 532) is used as a light source. An external attenuator is
used to adjust light intensity without affecting the laser stability.
A polarization-maintaining single-mode fiber and a collimator are
used to illuminate a 2.1 mm spot on the sample surface.

Fiber optics are also used to collect the backscattered and trans-
mitted light. A multi-mode fiber with collection optics guides the
light to the high speed line camera (Basler racer, raL2048-48gm,

FIG. 2. Schematic representation of the optical diagnostics of the soft matter
dynamics experiment container. Central to the scheme is a sample cell as used
in the experiments described in Sec. III. Up to four of such sample cells form a
sample cell unit located on the carousel as depicted in Fig. 1. One sample cell at
a time can be made accessible to the diagnostics by moving it with the carousel
to a measurement position. The intensity of the laser light is set by a motorized
attenuator before being guided and collimated onto the sample cell. The sample
cell body is made out of a transparent polycarbonate (PC) or a cyclic olefin copoly-
mer (COC) and comprises a three-faceted prismatic interface for the illuminating
light and the light being backscattered from the sample. In the upper left, a front
view of this interface is given. Two collimators oriented normal to their respective
facets collect the light for the line camera and the avalanche photodiodes in the
backscattering direction. In the transmission direction, the collimator collects light
transmitted through the flat cell wall and feeds it into the photodiodes. Polarizers
and bandpass filters ensure that only multiple scattered laser light is fed into the
fiber optics. The overview camera with a microscope objective images the sam-
ple through the top surface of the sample cell. The sample is illuminated by three
light emitting diodes (LEDs) mounted in the SMD experiment container for imaging
(LEDs not shown). A piston mechanism can be used for foaming or compressing
the samples, respectively.

2048 pixel, 8 bit) for multi-speckle DWS. This camera records up
to 10 000 lines per second.

Single-mode fibers collect the light for the avalanche photodi-
odes (ALV Corrtector, a hardware-implemented intensity correlator
equivalent to the ALV-7004/USB with integrated avalanche photodi-
odes) for single-speckle diffusing wave spectroscopy (DWS). Polar-
izers are used to ensure that only multiply scattered laser light is col-
limated into the fiber, while a bandpass filter blocks the incoherent
LED light used for video microscopy (see Sec. II B 2). Four avalanche
photodiodes are illuminated in each scattering direction, backscat-
tering or transmission, whose signals are fed into the input channels
of the hardware-implemented intensity correlator. The hardware
correlator can be remotely selected to calculate the auto- or cross-
correlation of the input intensity traces. The minimal delay for calcu-
lating the correlation is 12.5 ns. The monitoring and the correlation
channels of the hardware correlator as well as the intensity traces
are read out and stored so that the time segments used in the cal-
culation of the hardware correlation as well as arbitrary delay times
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in software-calculated correlation functions can be chosen during
post-processing.

2. Video microscopy
An optical microscope with a camera (Pointgrey P/N FL3-GE-

50S5M-C, equipped with a Sony ICX655 sensor with global elec-
tronic shutter to control exposure) is used to image the sample
through the top window of the sample cells. The custom-made apoc-
hromat microscope objective attached to the camera is corrected
for the 4 mm thick top window to the sample cells and provides a
focal length 26.6 mm with a numerical aperture of 0.07. The micro-
scope is mounted on a translation stage, which provides a scanning
of the focal plane through the sample over 15 mm with a resolu-
tion of 100 steps/mm. The depth of field is 300 μm, as determined
with a reference sample (see Fig. 3). The camera chip provides 2448
× 2048 pixel2, each corresponding to 5.9 × 5.9 μm2 in the object
plane. The full field of view (FOV) of the microscope is 14.4
× 12.2 mm2 (see Fig. 3), which can be recorded at a rate of 8 fps.
Higher frame rates are possible with smaller regions of interest. Blue
light emitting diodes (LEDs) illuminate the samples through the
transparent walls of the sample cells. Their intensity can be individu-
ally adjusted to create an approximately homogeneous illumination
of the sample and can be synchronized with the camera exposure to
minimize heat input.

The optical microscope with the overview camera is presently
used to inspect uniformity of foam samples after their production
and to determine the distribution and average bubble size. Since
foams strongly scatter light, only bubbles close to the surface can
be seen. Information about a bulk average of the bubbles size can
be obtained using the diffuse light transmission probe presented in

Sec. III A 3. Moreover, the optical microscope is used to visually
inspect the granular packings.

III. THE SAMPLE CELL UNITS
The experiment container provides only the optical diagnostics.

The preparation and processing of the samples thus are provided
by the sample cell units (SCUs). Some restrictions to the design of
SCUs are given by the rotating tray with its power and commu-
nication interface and the interface to the optical diagnostics. The
setup still provides flexibility to include very different functionalities.
Presently, two SCUs to study foams and granular media are used on
board the ISS. The foam SCU was developed by a scientific collabora-
tion on the hydrodynamics and coarsening of wet foams (FOAM-C).
The granular media SCU was developed by a collaboration on com-
paction phenomena in dense granular media (CompGran). A third
SCU to study foam rheology is developed, and conceptual studies
to use foam SCUs to study emulsion are ongoing within a collab-
oration on particle stabilized emulsions and foams (PASTA). The
requirements and the scientific background of the material classes
differ considerably and will be independently discussed in Secs. III A
and III B.

A. Foam sample cell units
Aqueous foams are a dispersion of gas bubbles in water. They

are metastable systems and evolve with time via different processes:
gravity-driven drainage of the liquid between bubbles, coalescence
due to the rupture of liquid films between bubbles, and coarsen-
ing due to gas transfer between bubbles driven by differences in
internal pressures.26–28 Coalescence and coarsening both lead to an

FIG. 3. Calibration images from the overview camera. (a) 14.4 × 12.1 mm2 FOV of the microscope. The outermost (partial) rectangle corresponds to 12.5 × 10.0 mm2 in
the object plane. Pictures from on-orbit commissioning of the SMD container with a reference SCU.25 (b) Depth of field sample in the reference SCU. The yellow rectangle
indicates the depth of field of 300 μm. The calibration of the camera on board the ISS allows accurate bubble size determination in space and calibration of the DTS data.
(c) Foam image obtained after foaming in a foam SCU on ground. (d) Granular sample at 59% volume filling in the granular media SCU aboard the ISS. Adapted with
permission from Sütterlin, 69th International Astronautical Congress (IAC 2018), Bremen, Germany. Copyright 2018 International Astronautical Federation.
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increase in the average bubble radius with time and are not easy to
distinguish. Drainage removes liquid from the foam and influences
both coarsening and coalescence. Experiments in microgravity can
thus clarify the time evolution of foams solely due to coarsening by
suppressing the drainage that rapidly dries out foams on the Earth.
Foams with a wide range of liquid fractions can thus be studied over
long times. Coalescence can be suppressed by the choice of surfac-
tants adsorbed to the gas–liquid interfaces, and it tends to be less
frequent in wet foams compared to dry foams.

1. Scientific motivation
The foam project is focused on coarsening, which proceeds over

long times. This is of interest because many studies have shown that
coarsening of foams of arbitrary initial structure leads to a statis-
tical self-similarity, where the bubble size distributions at different
times collapse on a master plot if the sizes are scaled by their aver-
age values.24 In this so-called scaling state, the average bubble size
grows with foam age following a power law whose exponent depends
on the liquid fraction. Theoretical models of this process are so far
available only in the limit of dry foams (von Neumann’s law) and for
highly dilute bubble dispersions (Lifshitz Slyozov theory).26–28 Aging
of foams and the existence of a scaling state at intermediate liquid
fractions is not yet understood, and this is a topical field of interest.
This context explains the need of experiments over long periods of
time in microgravity.

2. Description of the foam SCU
The sample cell units for experiments of foam coarsening con-

tain four hermetically sealed sample cells equipped each with a mag-
netic piston that can be actuated magnetically to produce foam. The
piston oscillates in the lower region of the cell with a height of
51.5 mm. The upper part of the cell is used for the measurements;
its dimensions are 11.25 mm in the beam direction and 14.25 and
14.5 mm in the perpendicular directions. A sketch of the sample cell
is given in Fig. 4.

The sample cells are made of cyclic olefin copolymer (COC), a
plastic material that exhibits reduced permeability to aqueous solu-
tions. Figure 5 shows the permeability of COC as compared with the
permeability of polycarbonate (PC), which is used for non-volatile
samples such as granular materials. The diffusion rate of water out
of COC cells is about 50 times smaller than the diffusion rate for PC
cells, with a loss of 2.5 mg of water in 90 days for COC cells and
100 mg for PC cells in the same period of time as indicated in Fig. 5.

The foam sample cells were stored in sealed aluminum bags
with a water vapor saturated environment to avoid potential liquid
loss from the cells. This countermeasure was shown to completely
prevent the loss of water by diffusion from the sample cells.

Every sample cell unit has three PT1000 temperature sensors.
For the foam SCUs, these are located between the four samples cells.
Additionally, one of the foam SCUs contains a humidity sensor to
detect leakage from foam samples.

3. Use of the diagnostics
The overview camera provides images of the foams that are ana-

lyzed using an image processing algorithm that extracts the bubble
size distribution. While this method is reliable for large bubbles typ-
ically found in well-aged foams, very small bubbles initially present

FIG. 4. Three views of a foam sample cell. The top cover and O-ring seal in
a well-defined quantity of gas and liquid. Each cell also contains a mobile pis-
ton that contains a magnet (shown in green) and that can be moved periodically
by an external magnetic field to create the foam. The foam in contact with the
top cover can be studied by the overview camera, while laser light transmission
and backscattering use the indicated “front optical interface” and “back optical
interface.”

after forming a fresh foam may escape detection. Reliable sizing of
bubbles is possible for bubble diameters of at least ten pixels under
the challenging imaging conditions of the dense bubble arrangement
in the foam coarsening experiments for bubbles with more than
100 μm diameter.

FIG. 5. Evolution of foam sample cell (SC) mass over time depending on the SC
material and storage conditions. Ensembles of polycarbonate (PC) (red squares
and green triangles) and cyclic olefin copolymer (COC) (blue circles). SCs were
filled with water and stored at 20 ○C in wet (99% relative humidity, red squares) and
ambient (55% relative humidity, green triangles and blue circles) conditions. The
wet packed polycarbonate SCs gained a fixed mass due to saturation of PC with
humidity, while the polycarbonate SCs under ambient conditions continuously lost
mass due to permeation of water vapor from the inside of the SC to the external
environment until they dried up. In the same ambient conditions, COC SCs on
average lost less than 2 mg of water (∼0.05% of SC internal volume) in 80 days.
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A complementary diagnostic called diffuse transmission spec-
troscopy (DTS) does not have this restriction: Measuring the aver-
age intensity of diffuse light transmitted through the sample using
the photodiode gives access to the scattering mean free path ℓ∗ of
the photons traveling through the sample29 after calibration against
imaging data. DTS is also complementary in that it measures a bulk
average of the bubble size, in contrast to surface observations.

Time-resolved information about intermittent dynamics in the
sample is obtained using the line camera that records multiple speck-
les in a nearly backscattering direction. In this geometry, most infor-
mation is sampled at depths inside the sample of around three times
ℓ∗, close to the entrance window of the laser light.30 This is crucial
for identifying individual local structural changes, such as bubble
rearrangements. This configuration has been used successfully in
previous ground-based investigations of dynamics in dry foams.31–33

From the line camera data, the time-resolved intensity auto-
correlation function is calculated. It is a generalization of the time-
averaged correlation function commonly used in the dynamic light
scattering literature,34

g2(τ) =
1
β
(
⟨I(t)I(t + τ)⟩
⟨I(t)⟩2

− 1). (1)

Here, β is a parameter depending on experimental details such as the
number of speckles detected per pixel, and the brackets ⟨⟩ represent
an average over time in the present case. We use the fact that g2 must
converge to 1 in the limit τ → 0 to estimate β from the experimental
intensity data. This yields the following expression for g2, which is
generalized to the case of time-dependent multispeckle detection and
where averages ⟨⟩p are performed over pixels of a given line camera
image, not over time. Its implementation is explained in more detail
in a previous publication,33

g2(t, τ) =
⟨I(t)I(t + τ)⟩p − ⟨I(t)⟩2p
⟨I(t)2⟩p − ⟨I(t)⟩2p

. (2)

To determine the quantities ⟨I⟩p and ⟨I2
⟩p, the pixel aver-

ages are taken over speckle patterns both at times t and t + τ to
make them fully representative of the intensity signal in the time
interval [t, t + τ]. The analysis based on Eq. (2) is a variant of
the time-resolved correlation (TRC) using a robust normalization
scheme.33

TRC is used to study the temporal correlations, rearrangement
events, and the speed of bubble motion during an event. This is done
by measurements of the temporal correlation g2(τ, t) of the speckle
pattern for a specified time lag τ vs time t.

In addition to TRC, foam samples are studied by conventional
DWS measurements in transmission and backscattering using the
photodiodes and hardware correlator. This approach only offers
time-averaged information about the dynamics, but DWS can be a
useful complement to TRC since the hardware correlator achieves
delay times down to 12.5 ns, while delay times are limited to 0.1 ms
by the line camera used for TRC.

4. Performance tests and ground-based
measurements

Optimal foaming and illumination settings were elaborated
during ground-based experiments using the model SMD experiment

FIG. 6. The time-resolved intensity autocorrelation function 1 − g2(t, τ) obtained
with the foam SCU is plotted vs time in units of 0.1 ms, which is the delay between
successive images of the line camera. This representation emphasizes the high
time resolution of the experimental setup. The signal is a measure of the average
relative displacements of bubbles in the scattering volume on the time scale of the
delay time. The delay time is set to τ = 0.8 ms. Red dots highlight prominent peaks
of the intermittent dynamics. The sample liquid fraction is 0.15 and the foaming
solution contains the surfactant TTAB.

container called “Elegant Bread Board” (EBB) at the Airbus Defence
and Space site in Friedrichshafen, Germany.

DWS and TRC experiments showed performance comparable
to those of standard laboratory DWS setups. Examples for DWS
measurements are discussed in Sec. IV B (see Fig. 15). Figure 6
shows typical TRC data from a sample with a liquid fraction of 0.15,
acquired using the line camera at an acquisition rate of 10 kHz, with
a delay time of 0.8 ms. In the representation of 1 − g2(t, τ), a sig-
nal close to zero indicates that the sample is almost static on the
selected delay time scale. Intermittent peaks indicate transient rear-
rangement events in the bubble packing. Such dynamics have been
seen in other ground experiments using TRC32,33 and Speckle visibil-
ity Spectroscopy (SVS)31,35 to probe bubble rearrangement dynamics
during coarsening of dry or moderately wet foams.

5. Preliminary microgravity results
In the first batch of foam samples, foams made with solutions

of 5 g/l TTAB (tetradecyl-trimethyl-ammonium bromide) in water,
alone or with 0.2 g/l dodecanol at different liquid fractions between
0.15 and 0.40, were produced and bubble growth and rearrangement
dynamics were studied. A typical example of a wet foam is shown in
Fig. 7. On the Earth, such a foam is destabilized by drainage in a
few minutes and the bubbles become polyhedral. The experiments
on the ISS enabled measurement of the aging of such foams with
spherical bubbles over several days.

The bubble growth due to coarsening was studied in the ISS by
observations both with the overview camera and with DTS. The two
techniques are complementary because the overview camera obser-
vations give the distribution of bubble sizes but only close to the
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FIG. 7. Foam at a liquid volume fraction of 0.325, observed using the overview
camera 2 min after production. The average bubble radius is close to 100 μm.

surface. DTS yields information about the average bubble size in the
bulk foam from the light transmission of the sample. The diffusive
light propagation in bulk foam is parameterized by the photon trans-
port mean free path ℓ∗. Previous experiments have shown that this
quantity is proportional to the average bubble size for bubbles larger
than ≈100 μm; the dependence of the coefficient of proportionality
on the liquid fraction has also been determined experimentally for
liquid fractions relevant to the experiments aboard the ISS.29

The theoretical description of diffusive light transmission
through an ideal slab of multiple scattering material with thickness
L and infinite lateral extent is well established.29 In the diffusive
regime, transmission depends on the ratio ℓ∗/L, with a correction
term that is a function of the optical boundary conditions and the
liquid fraction.29 However, the sample cells of the foam SCUs do not
have an ideal slab geometry and a fixed fraction of the incident light
is lost on the sides of the cell. In addition, the light collection and
illumination optics efficiencies depend on the coupling of the optical
fibers.

Therefore, the DTS measurements are calibrated using the
measured transmitted intensity at a known bubble diameter as deter-
mined with the overview camera. Complementary measurements
with a ground-based copy of the SMD experiment container with
a foam sample cell filled with calibrated latex bead suspensions are
ongoing. The optical boundary conditions and the efficiencies will
be determined with precisely known ℓ∗-values of the samples.

The transmission diagnostics provide bubble diameters dur-
ing the initial foam ages, where the bubble sizes are of the order of
100 μm and difficult to detect with the overview camera up to bub-
ble size where L/ℓ∗ is of the order of 10, where bubbles are easily
detected by the overview camera. The data in Fig. 8 illustrate the
excellent agreement between these two diagnostics, validating the
determination of the bubble growth over more than three decades
in time. The agreement of the two datasets on bubble size scales
where accurate measurements are possible with both techniques,
transmission measurements and camera observation, indicates that
there is no significant difference between the bubble growth near the
cell window and the bubble growth in the bulk. Note also the long
duration of these measurements, which would not be possible on a
sounding rocket.

The rearrangements detected in the foams appear qualita-
tively different from those occurring in the very dry foams on

FIG. 8. The growth of the average bubble diameter in a wet foam observed using
the overview camera is plotted vs foam age. The bubble diameter deduced from
the light transmission signal is superposed to these data. The transmission mea-
surement yields the average bubble size, multiplied by a scale factor that needs
to be determined experimentally. This calibration is deduced from the overview
camera data at a foam age of 104 s. The sample liquid fraction is 0.325 as in
Fig. 7.

the Earth. These differences are presently the focus of scientific
investigations.

B. Granular media sample cell units
Ensembles of athermal dry solid particles are granular media.

Such media are ubiquitous in nature as well on the Earth as on
other planets and in the interplanetary space. The physics of gran-
ular media in low gravity situations is fundamental to the forma-
tion of planets, the morphology of small interplanetary objects, and
the mechanical properties of regolith on moons and minor planets.
However, studying the physics of such granular media is limited on
ground, as gravity causes quick sedimentation of granular particles
and the formation of pressure gradients.

1. Scientific motivation
Upon tapping,36–38 thermal cycling,39,40 or just waiting,41 a

granular medium will exhibit time-dependent behavior due to
increasing density and increasing mechanical strength.42 The rate
and extent of this consolidation depends on external factors such
as tapping strength, frequency spectrum, or time. However, on the
Earth, the underlying mechanism for time-dependence is the min-
imization of the gravitational potential of the granular particles.38

This mechanism may become negligible in situations like on aster-
oids and comets or within protoplanetary dust, i.e., in low gravity
situations.43 In such low gravity situations, the interparticle interac-
tions may match or even exceed the gravitational potential. Time-
dependent behavior of granular media in such situations may rather
resemble the situation of aging colloidal gels, where the interparticle
forces cause slow evolution of the particle network.44 Presently, such
time-dependent behavior of granular media in low gravity is not
quantified. Models to predict consolidation of media like regolith
on asteroids or planetesimals have to rely on situations realizable
and properties measurable on ground45,46 or on measurements on
granular media prepared in microgravity with very limited waiting
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times.47–49 The granular media sample cell unit for the SMD exper-
iment allows one to study time-dependent mechanical properties of
granular media with long measurement or waiting times in micro-
gravity. The packing density of the samples can be recorded over
months, while the response of the samples to small-scale rearrange-
ments can be repeatedly probed using the light scattering diagnostics
of the SMD container.

2. Description of the granular media SCU
The sample cell units for experiments with granular media con-

tain a single sample cell machined out of polycarbonate and the elec-
tronics to control the integrated actuators. The sample cell dimen-
sions are 5 mm (in beam direction) times 10 mm (lateral direction)
times a height depending on the piston position between 9 and
16.5 mm, i.e., volumes between 0.45 and 0.83 ml. A sketch of the
sample cell is given in Fig. 9. The access to the optical diagnostics is
the same as for the foam sample cells. The smaller dimension of the
granular media SCU in comparison with the foam SCU is apparent
in the overview camera image (Fig. 3).

The piston compresses the sample with adjustable pressures
between 100 kPa and 1 MPa. In the first experiments, typically
500 kPa were used to probe the unidirectional compressibility of
the sample. The motion of the piston is monitored by a magnetic
encoder (RLS RLC2IC, Renishaw) with 1 μm precision to calculate
the volume of the compressed sample.

Four piezocrystals are fixed inside the granular medium in the
sample cell, outside of the central volume illuminated by the laser
(see Fig. 9). These piezos can be set to vibrate with frequencies
between 0 and 2000 Hz. The vibration amplitudes decrease from
2.2 μm (0–300 Hz) to 0 μm at 2000 Hz. The piezostrokes, on the
one hand, mobilize particles in dense packings50 and minimize the
effects of wall friction during consolidation.51 On the other hand,
the piezocrystals can be used to probe mechanical properties of the

FIG. 9. Cross section of the granular media sample cell. The granular medium
is located between the piston and the cell cover. The piston is motorized by a
spindle drive, and a stepper motor can be used to tap the sample and to probe the
packing fraction at selected pressures. Four piezocrystals inside of the granular
medium create small-scale rearrangements in the granular medium and are used
to probe the mechanical properties together with the light scattering diagnostics.

granular medium in the sample cell together with the light scat-
tering diagnostics. The light scattering diagnostics probe particle
rearrangements on microscopic scales averaged over many parti-
cles; thus, ensemble- and time-averaged information on the response
of the granular medium to the impact by the piezostrokes can be
gained.52,53

3. Use of the diagnostics
Light scattering probes displacements on microscopic scales.

This can be used to infer information on the dynamic properties
of a sample and link it to the periodic deformation.54–56 In the
granular media SCU, the sample is periodically deformed by the
small-amplitude vibrations of the embedded piezocrystals.

The light detected by the avalanche photodiodes of the SMD
experiment in the transmission direction has propagated through
the sample by multiple scattering events and thus carries informa-
tion on a large volume of the sample. The time-averaged intensity
autocorrelation function

G(τ) =
⟨I(t)I(t + τ)⟩
⟨I(t)⟩2

(3)

is calculated from the transmitted light intensity I(t) by the hard-
ware correlator integrated in the Corrtector unit with a logarithmic
spacing of the delay times τ. The sample changes its configuration
in response to the minute impacts by the piezos, which changes the
light signal transmitted through the sample. The piezos are set to
expand and contract with a fixed period T. If the sample inside the
sample cell would be a perfect elastic body, it would fully recover
its configuration after one period of the piezos.54 If the sample irre-
versibly acquires configurational changes during the stroke of the
piezos, it will not fully recover its original configuration during one
period, and the light signal will be altered. This is reflected by the
value of G(τ) at τ = T. For a perfect elastic body, G(T) will equal
G(0), as the sample reproduces exactly the same light signal after one
period. We introduce a recovery level R to quantify this behavior,

R(T) =
G(T)
G(0)

. (4)

A value of R = 1 indicates a perfect recovery, while a value of R = 0
indicates that all correlation in the light signal is lost within T.

4. Performance tests and ground-based
measurements

The functionality of the granular media SCU was tested using
the engineering model of the SMD experiment container at B.USOC
in Brussels, Belgium. Polystyrene powder (Microbeads AS, Norway)
with a mean particle diameter of 140 μm and a standard deviation of
17 μm was used as the sample material.

Average transmitted intensities of 20 kHz were obtained,
and the intensity autocorrelation functions G(τ) are determined
based on measurements of duration 10 min. The period T of the
piezostrokes was set to 3.3 ms, i.e., 300 strokes/s were performed.
G(τ) curves obtained under such conditions for various positions of
the piston are displayed in Fig. 10(a). The recovery of correlation at
τ = T is clearly visible, as well as the loss of correlation during the
piezostroke.
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FIG. 10. Intensity autocorrelation functions G(τ) [Eq. (3)] obtained with
polystyrene powder at piezostroke frequencies of 1/T = 300 Hz with the granular
media SCU. τ is displayed in units of T. The different datasets represent measure-
ments made at various piston positions, which are given as the distance Δh from
the piston positions h when the sample is compressed with a pressure of 500 kPa,
in units of the particle diameter d. The positions and the color coding in (a) and
(b) are the same. (a) Ground-based results. (b) Results from measurements in
microgravity on board the ISS.

On ground, the dynamical properties of the sample are inde-
pendent of the piston position as long as the sample cell volume is
large enough. This is already apparent from the G(τ) data but can
be seen even clearer from the R values (Fig. 11). If the volume of
the cell set by the piston is large enough, the recovery level of the
sample is constant. This behavior reflects that the granular medium
stays settled in a dense state confined by gravity as long as the piston
leaves enough space. If the volume is further reduced by the piston,
the recovery level of the sample increases.

5. Preliminary microgravity results
In Fig. 10(b), measurement results obtained using the same

parameters as in Fig. 10(a) are shown but from measurements per-
formed in microgravity on board the ISS. While on ground only two
different shapes of the intensity correlation functions G(τ) can be
observed, G(τ) does exhibit a variety of shapes with retraction of
the piston. This behavior indicates that the sample is in contact with
the piston at each piston position and continuously changes its elas-
tic properties with increasing sample cell volume, in contrast to the
measurements on ground.

From the respective first and last data point of each correlation
function in Fig. 10, the recoveries R can be calculated [Eq. (4)]. The

FIG. 11. Mechanical properties of the same granular medium on ground and in
microgravity (μg), as obtained from the measurements in Fig. 10. The individual
recovery levels R are the ratios of the first and last data point of an autocorre-
lation curve in Fig. 10 [see Eq. (4)] and are given as a function of the piston
displacement Δh. An R value of 1 indicates that the granular medium in the sam-
ple cell fully recovers after a small perturbation of a piezostroke and thus behaves
elastically, while a value of 0 indicates that all correlation is lost during a single
piezostroke. The wider range of recovery levels covered in microgravity than on
ground is apparent. Lines provide a guide to the eye.

R values obtained in microgravity span a larger range than the R lev-
els obtained with the same parameters on ground (see Fig. 11) and
continuously decrease with increasing volume of the sample cell.

This qualitative difference in the dynamical behavior of a gran-
ular sample on ground and in microgravity hints at differences in
the mechanical properties in the respective situation. The time-
dependence of these dynamic properties probed over months for
a variety of granular materials is currently in the focus of scientific
investigation.

IV. FUTURE DEVELOPMENTS
A key aspect of the soft matter dynamics experiment container

is its versatility and the possibility of quick turnover of SCUs. In
the following, we describe two developments for the SMD experi-
ment that highlight this versatility. The first example, an SCU for
experiments on foam rheology, is close to commissioning. The sec-
ond example is a foam sample cell unit approved to study emulsions
aboard the ISS.

A. Foam rheology sample cell units
The problematic situation with studying foam properties on

ground is sketched already in Sec. III A. There, the problem of study-
ing the time evolution of foams was in the focus of the experiment
design. Here, studying the flow behavior of foams (rheology) is the
motivation for the SCU design.

1. Scientific motivation
The flow behavior of foams strongly depends on the liquid vol-

ume fraction. Up to a liquid fraction ϕc close to 0.36, the number of
mechanical contacts among the bubbles is sufficient so that the foam
can respond elastically to a small static applied stress. As long as this
stress is smaller than a yield stress, the foam structure relaxes back
to a reference state if the stress is released and it behaves like a soft
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solid. For applied stresses beyond the yield stress and for liquid frac-
tions larger than the critical value ϕc, the bubble assembly flows like
a liquid.

This unjamming transition between the solid-like and liquid-
like response is a topical field of research raising many ques-
tions. Many simulation studies have suggested that the length and
times scales of the mechanical relaxation response diverge at the
transition.57,58 However, these simulations are based on simplified
2D models of bubble interactions, which have been shown to be a
very rough approximation.59,60 Therefore, experimental investiga-
tions of real foams near the jamming transition are of great interest,
requiring microgravity to avoid destabilization of the samples by
drainage.

Similar jamming transitions are encountered in other assem-
blies of randomly packed objects, from sand, clays, and emulsions
to pedestrian and car traffic, and currently attract much interest.57,61

The jamming transition has similarities (and differences) with the
glass transition, which is one of the open important problems in
physics.

On the application side, liquid foams have a very large number
of applications as detergents, as food products, in medicine, in oil
recovery, in flotation of minerals, and in firefighting. These foams
are wet during their creation, and knowledge of their properties will
greatly improve the design of foaming processes.

Cyclic flow of jammed or unjammed foams and emulsions has
been shown to induce a reorganization of their structure. Remark-
ably, depending on the liquid fraction and strain amplitude, this
flow induced reconstruction can lead to structures that no longer
change from one cycle to the next and that are able to respond elas-
tically. This has been called an “absorbing state,”62 and this kind of
flow induced self-organization offers a perspective for making new
foam structures with enhanced mechanical properties. Absorbing
state behavior in response to cyclic strain can be detected by a tech-
nique called diffusing wave spectroscopy echos63 and whose imple-
mentation in the SMD device has been successfully demonstrated, as
presented in Sec. III B.

2. Description of the foam rheology SCU
The sample cell units for experiments of foam rheology contain

a single sample cell equipped with two pistons, one to generate the
foam as in the cells of Fig. 4 and a second piston to perform the
rheology tests that squeezes part of the sample against the cell wall
(see Fig. 12). This can be used to apply a controlled uniaxial strain vs
time.

3. Performance tests and ground-based
measurements

The functionality of the SCUs for foam coarsening was tested
using the breadboard model at Airbus, Friedrichshafen, and, prior
to the flight, using the engineering model of the SMD experiment
container at B.USOC in Brussels, Belgium. Performance and valida-
tion tests of the sample cells modified for rheological experiments
were carried out at the Institut des NanoSciences de Paris, which is
a part of Sorbonne Université in Paris. These tests were restricted to
dry foams as it is impossible to stop drainage on ground.

Figures 13 and 14 show examples of rheological experiments
using the foam rheology SCU, combined with the TRC diagnos-
tic presented in Sec. IV A 3. In the case where the applied strain

FIG. 12. A modified foam sample cell enables rheological experiments: the pic-
tures show the top of this cell inserted into a dedicated sample cell holder unit. The
shape of the cell is close to those illustrated in Fig. 4 used to study foam coars-
ening; the laser illumination and backscattering diagnostics are also the same for
both types of cells. However, in the rheology cell, an additional piston is present
to strain the sample, connected to piezomotor outside the cell via a flexible poly-
mer membrane. Two magnets, located in the strain piston and at the end of the
piezomotor, link the two mechanically.

remains below the yield strain of the foam illustrated on Fig. 13, the
foam’s initial microstructure is recovered when the strain is released.
This is seen and analyzed using the backscattered speckle pattern,
shown in the middle of the figure: it is strongly perturbed during the
strain application but fully recovered when the strain is released. A
similar experiment with a larger strain amplitude induces an irre-
versible change of the speckle pattern that reveals irreversible
changes of the microstructure. This is the signature of a plastic
response. Recording speckle patterns obtained in such experiments
with a series of increasing strain amplitudes can thus be used to
determine the yield strain of the foam. The progressive relaxation
of the speckle pattern visible on Fig. 13 illustrates that viscoelastic
response can also be studied.

B. Emulsion sample cell units
Emulsions are dispersions of oil drops in water. Emulsions are

metastable systems because their surface energy is much larger than
that of the separated phases. Like foams, they therefore evolve with
time toward phase separation via gravity-driven drainage of liquid
between drops, coalescence, which is the rupture of liquid films
between bubbles, and coarsening (or Ostwald ripening), which is the
liquid transfer between drops due to different internal pressures. In
order to slow down these processes, surface active agents are used,
such as surfactant molecules, polymers, proteins, or particles. A cen-
tral topic in research on emulsions is the interplay of coarsening and
interfacial rheology. Emulsion stability, particularly in the regime of
low surfactant content, has large implications in the formulation,
production, and disposal of many products of everyday use, such as
food and pharmaceutics.

1. Scientific motivation
Stable emulsions show constant time behavior of the drop size

distribution (DSD) and a uniform distribution of droplets within
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FIG. 13. These three plots illustrate an experiment using the sample cell shown in
Fig. 12, allowing rheological experiments to be performed. The top plot shows the
imposed piston displacement vs time. The plot in the middle shows the intensities
of the backscattered light speckles recorded by the line camera as a function of
time on the same time scale as the top plot. The bottom plot shows the intensity
correlation between the initial speckle pattern and the one at later times, again on
the same scale.

the continuous medium. Emulsions presenting a DSD in the sub-
micrometric range are stable over a long time. In contrast, gravity-
driven phase separation due to sedimentation or creaming is typical
in emulsions with micrometric droplet sizes and different densi-
ties of the constituting liquids. Emulsion destabilization is directly
linked to different mechanisms promoting the increase in droplet
sizes: (1) coalescence, caused by the thinning of the liquid film sep-
arating droplets, a mechanism ruled by the chemico-physical prop-
erties of the surfactant layer at water–oil interfaces;64–69 (2) droplet
aggregation, resulting in segregation by gravity; (3) Ostwald ripen-
ing, a non-equilibrium dynamic process that leads to the growth of
larger droplets at the expenses of the smaller ones, which is ruled
by the difference in Laplace pressure among droplets and thus by
interfacial tension,70 by the Gibbs elasticity of the interfacial surfac-
tant film,66,71,72 by mutual solubility between the liquids, and by the
packing fraction of droplets.

FIG. 14. These three plots illustrate an experiment using the sample cell shown in
Fig. 12, allowing rheological experiments to be performed. The presentation is the
same as in Fig. 13, but the amplitude and duration of the applied piston displace-
ment are larger, leading to an irreversible mechanical response, as discussed in
the text.

All these destabilization mechanisms are strongly coupled with
creaming and sedimentation processes, hindering the possibility to
investigate them independently on ground. Thus, due to the sup-
pression of sedimentation or buoyancy, microgravity provides an
ideal environment for an effective study of all the basic processes of
coalescence, aggregation, and Ostwald Ripening and to understand
their relation with the chemico-physical features of involved surfac-
tant layers and liquids and how they influence the droplet dynamics
and the onset of specific dynamical regimes, discriminating between
Brownian diffusion and dynamics ruled by capillary phenomena and
Marangoni forces.

2. Description of the emulsion SCU
The same SCUs as described in Sec. III A used for foams exper-

iments will be used for experiments with emulsions. The magnetic
piston designed for foam generation instead is used to emulsify oil-
in-water mixtures. A small gas pocket has to remain within the
sample cell to compensate for volume changes of the liquids due to
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temperature changes during storage and transport of the SCUs from
the manufacturer to the experiment on board the ISS. One of the
main goals of the performance tests and ground-based measure-
ments is to ensure negligible influence of this gas pocket on the
experiments. In order to completely prevent the detrimental influ-
ence, Airbus has devised a special cell able to bear the related
mechanical stresses without a gas pocket, but this new cell has not
yet been implemented.

3. Performance tests and ground-based
measurements

The functionality of the emulsion SCU was tested using
the breadboard model at the Airbus Defence and Space site in
Friedrichshafen, Germany, as well as in the laboratory at Aristotle
University, Tessaloniki, Greece.

Emulsification tests aimed at determining the effects of piston
frequency and emulsification time on the DSD. The piston can oscil-
late at frequencies between 17 mHz and 20 Hz. Various emulsifica-
tion sequences with different oscillation frequencies and durations
were tested. After each emulsification experiment, the DSD was eval-
uated by analyzing overview camera images of drops close to the top
cell window.

The DWS performances of the SMD apparatus were evaluated
on ground by analyzing the aging behavior of an emulsion right
after its emulsification. The aging is characterized using the intensity
autocorrelation functions G(τ) − 1 obtained from the hardware cor-
relator in the backscattering and transmission direction at different
times after the end of the emulsification process.

The sample investigated is an emulsion of medium chain
triglyceride oil drops in water, stabilized by a food grade surfac-
tant in concentration equal to its critical micelle concentration. The
emulsion was prepared by operating the magnetic piston at 10 Hz
for 2 min. In Fig. 15, the obtained correlation curves are displayed.
The increase in the decay time with increasing waiting time indicates
the slowing of the internal dynamics of the emulsion.

The decay in correlation as well as in transmission in
backscattering can be described with compressed exponentials;
their shape evolves toward more stretched shapes as the emul-
sion ages. Mean relaxation times in transmission and backscat-
tering geometries were determined from fits of G(τ) − 1 using a
Kohlrausch–Williams–Watts decay [panel (c)]. For aging times up
to 15 min, times measured in transmission and backscattering grow
with the same exponential trend. For larger aging time, the two trend
starts to diverge; their ratio—which is directly linked to the value
of the photon mean free path—increases. This behavior might be
attributed to gravity-driven creaming of the emulsion drops, with
subsequent increase in their packing fraction in the measurement
volume.73,74 Inspection of the emulsion at the wop window of the
cell gives drop sizes ranging from a few micrometers up to 80 μm
(see the inset in Fig. 15).

In order to retrieve quantitative information on the aver-
age droplet size and on the internal dynamics of the emulsion,
the emulsion must be interpreted with the aid of accurate sim-
ulations and calibration measurements. These simulations will
have to account for a large value of the photon mean free path,
which in emulsions might be comparable to the size of the SCU

FIG. 15. DWS correlation functions mea-
sured on ground on a medium chain
triglyceride oil-in-water emulsion stabi-
lized by a food grade surfactant at the
critical micelle concentration. Measure-
ments are performed at different ages
beyond the end of the emulsification pro-
cess: (a) backscattering and (b) trans-
mission measurements. The mean relax-
ation time measured in both geometries
increases as a function of aging time
[panel (c), determined from fitting with a
Kohlrausch–Williams–Watts decay]. The
slowing of the dynamics is imputable
mainly to the creaming of drops, which
increases their packing fraction. The
image inset shows an overview image of
the emulsion right after emulsification.
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measurement volume as well as for the details of the experimental
geometry.75

V. CONCLUSION
The soft matter dynamics experiment container allows for flex-

ible experiments with a wide range of materials. The realized sample
cell units for foams, granular media, and emulsions indicate the vari-
ety of research topics that can be covered. Slow dynamics in such soft
matter samples, such as coarsening in foams, dynamics in granular
media, destabilization of emulsions, and foam rheology, can be stud-
ied without gravity over extended time periods, up to months. The
design of the container and the modular design of the cells allow
us to prepare, process, and manipulate the samples in micrograv-
ity. Comprehensive studies on the materials under consideration can
be performed with the light scattering diagnostics and the overview
camera.
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