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Granular cooling of ellipsoidal particles in microgravity
Sebastian Pitikaris1, Patricia Bartz2, Peidong Yu 1,2✉, Samantha Cristoforetti3 and Matthias Sperl 1,2

A three-dimensional granular gas of ellipsoids is established by exposing the system to the microgravity environment of the
International Space Station. We use two methods to measure the dynamics of the constituent particles and report the long-time
development of the granular temperature until no further particle movement is detectable. The resulting cooling behavior can be
well described by Haff’s cooling law with time scale τ. Different analysis methods show evidence of particle clustering towards the
end of the experiment. By using the kinetic theory for ellipsoids we compare the translational energy dissipation of individual
collision events with the overall cooling time scale τ. The difference from this comparison indicates how energy is distributed in
different degrees of freedom including both translation and rotation during the cooling.
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INTRODUCTION
The ideal gas equation as the relationship between pressure,
volume, and temperature is a well-known law for thermal gases.
Although there are many analogies between the statistical physics
of thermal and granular systems, granular particles exhibit a
unique cooling behavior when left without agitation. This is
because the interaction in granular systems happens exclusively
over particle contacts. In a granular gas these collisions between
particles are inelastic and the system will dissipate energy over
time, i.e., it will cool. Haff was the first to look at the cooling of
granular flows in 19831. He predicts that the mean velocity of the
constituent particles decreases algebraically for dilute systems, i.e.,
granular gases. This prediction has been tested and confirmed
several times2–6. Another consequence of the inelastic nature of
the particle interactions has been proposed to be the clustering of
the particles, as granular gases with large amount of particles can
separate into dense and dilute regions7–10. Apart from theoretical
ideas and numerical simulations, some experiments have also been
performed to validate this prediction. Experimentally, granular
gases can be established by placing granular particles into
weightlessness. Therefore, one either has to counter the gravita-
tional force in the framework of a levitation experiment11–13 or by
providing a microgravity environment such as in a droptower
experiment or a parabolic flight14–16. Most of the experiments were
conducted in two dimensions. Only recently also three-
dimensional systems were investigated6,13,17,18, which are
expected to show clustering already at rather low-volume
fractions19,20. Obviously, the driving protocol as well as the
detailed environmental parameters to establish weightlessness
have a strong influence on the dynamics of the system17,21.
In this work, we investigate the cooling behavior of a three-

dimensional granular gas constituted of ellipsoidal particles. The
investigation was conducted as an educational experiment on
board the International Space Station (ISS, cf. Fig. 1), which
provides a high-quality microgravity environment for long times
(~80 s for one experiment). Among the existing experimental
works, Harth et al.18 investigated similar non-spherical particles in
low-gravity conditions and verified the theoretical prediction of
the collision rate22 during homogeneous cooling. The relatively
short low-gravity time (~9 s) limited by the low-gravity platform

prevents analysis of long-term cooling behavior. To our knowl-
edge there is no other experimental investigation of non-spherical
particle systems under low-gravity before the current one.
Our granular system consists of 96 commercially available Mars

Inc. M&M candies, which have an ellipsoidal shape with a short
axis of radius a≃ 3.50 mm and two identical long axes of radius b
≃ 6.75 mm (i.e., an oblate ellipsoid). The mass of one such ellipsoid
m is about 0.91 g. The container has a spherical shape and is made
of synthetic material and has a diameter of about 150 mm. The
packing fraction of our system is thus about 3.6%. The video
footage is taken by a Canon XF305 at a frame rate of 29.97 fps. The
container is shaken up randomly by hand for several seconds to
reach an observable homogeneous spatial distribution of the
particles, and then placed onto a holder where the video camera
records the dynamics of the cooling particles from above. We
adopt two image-processing methods to analyze the videos and
obtain the mean translational velocity 〈v(t)〉 in two dimensions.
These results are then qualitatively and quantitatively compared
with the cooling theory and help us detect the signatures of
clustering.

METHODS
There are in total five experiments performed during the mission.
Four of them have problems of minor misplacement and/or
unstable positioning of the sample cell under the camera view,
which prevent us from applying image processing for quantitative
analysis. They are nevertheless useful for our qualitative observa-
tion of the clustering behavior as shown in Fig. 2.

Two image-processing approaches
We implemented two methods to evaluate the cooling dynamics
of the one experiment with the best quality. A first approach is
based on the optical flow method of Lucas and Kanade23. The
algorithm tracks so-called features that are unique regions in two
successive images determined by high-intensity gradients. We
subtract successive images with a distance of Δ= 2, 3, and 8
frames, with the former two parameters yielding very similar
results and thus only Δ= 2 presented in the Results section. The
resulting difference images provide the advantage of reducing the
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static reflections on the container walls (e.g., as can been observed
in Fig. 2). This rather robust algorithm is easy to implement and
gives a good estimate of the mean velocity of the particles if the
only changing pixels in the images are caused by particle
movement. A similar method was employed for the evaluation
in a dense granular system under X-ray radiography24. In our
evaluation, however, the artifacts such as the reflections can not
be completely removed by subtracting images. More importantly,
the changing features related with the particle movement
themselves are partially caused by particle rotation. The resulting
calculation of the translational velocities of the particles thus
overestimates the real values.
In a second approach, we try to reconstruct the trajectory of

each particle in the video footage. We miss depth information as
we have a two-dimensional projection of a three-dimensional
experiment. As a further consequence, we lose track of particles
that move behind each other in the projection. We reduced this
effect by performing the analysis for the different colors of the
particles separately. In each frame the particles are identified by
fitting an ellipse to connected objects of the same color. By means
of a proximity-based tracking procedure the trajectories can be
reconstructed among images (cf. Fig. 3a). Whenever particles get
out of sight, their positions are linearly interpolated.

Collision characterization
During the particle tracking, some collision events between the
particles are used for measurement of energy dissipation rate (cf.
Fig. 3b). We manually select those events with the motions of both
particles before and after the collisions approximately within a
plane vertical to the camera view. In other words, we consider in
our selected collision events that the changes of the depths of two
particles are small compared to their changes of speed in this
plane, and the measured translational kinetic energies from the
two-dimensional image analysis are close to their three-
dimensional values. We measure the translational speeds (v1, v2)
and ðv01; v02Þ of the two colliding particles before and after the
collision and calculate the translational kinetic energy T and T 0
before and after collisions. The ratio

r ¼
ffiffiffiffi
T 0

T

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v021 þ v022
v21 þ v22

s
(1)

is used along with the kinetic theory in the previous sections to
calculate the cooling time scale. Note that r is not the coefficient

of restitution ϵ that is commonly used in such calculations.
Discussions about its usage can be found in the previous section.
As discussed in the previous section, a three-dimensional

diagnostics of both the translational and rotational motion of the
particles shall be the major goal of our future improvement of
the setup.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

RESULTS
The first image-processing method analyzes the difference
between two images close to each other in the time sequence.
The optical flow method of Lucas and Kanade23 is then used to
track the movement of the features from the difference images to
estimate the velocity of the particles.

Comparison between the two methods
The second method is a direct two-dimensional tracking of
individual particles and a partially manual reconstruction of the
trajectories, which provides the translational velocity. Manual
collision event detection also becomes possible with these
trajectories, yielding the rate of translational energy dissipation
of individual collisions: r. The Methods section provides more
details of both approaches.
Both methods provide us v, the magnitude of the two-

dimensional projection of the three-dimensional translational
velocities of the particles onto the plane of the camera view.
Figure 4 exhibits the development of the average of these
velocities 〈v(t)〉 over time for different analysis methods. For the
nth and (n+ Δ)th frames extracted from the experiment video, the
parameter Δ is the index difference between two frames to
calculate a difference image, which is provided as the source data
for the optical flow method. All data shows the general trend of
cooling. However, if the index difference is small (Δ= 2), the
optical flow analysis shows an increase in the mean velocity at the
end of the experiment. This effect vanishes for larger Δ and it is
also not visible in the data obtained from particle tracking
(trajectories). Similar curves were measured by ref. 13, where
towards the end of the experiment particles gathered in a cluster

Fig. 1 Experiment in ISS. Astronaut Samantha Cristoforetti conducting the experiment on board the ISS during Expedition 42/43.
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and could thus not be tracked anymore. Consequently, only fast
moving particles outside the cluster are part of their statistics,
which leads to an over-estimation of the system’s kinetic energy in
the presence of a cluster. Here, we propose a similar origin: by
setting Δ to a low value, slowly moving particles can no longer be
detected from the difference of two temporally close images, and
can thus not be tracked anymore. In other words, fast particles are
in this case over-represented. With higher values of Δ or by
tracking particles’ trajectories, this effect disappears. This behavior
is only seen in a few measurements as it occurs only in
experiments where a phase separation into fast and slow moving
particles develops.

Cooling
The cooling dynamics of the system is exhibited in Fig. 5 as the
decay of the translational temperature in three dimensions T= 2m
〈v〉2/π. The two curves show the results for the two analysis
methods. The measurement from the trajectory tracking is in good
agreement with Haff’s law, which is indicated by the fit (solid red
line):

T ¼ T0

ð1þ t=τÞ2 ; (2)

where τ≃ 8.1 s and T0≃ 6.5 μJ is the fitted Haff time and the initial
temperature.
The values obtained by optical flow are on a higher scale in

comparison to data obtained from trajectory tracking. This is
expected as the optical flow method tends to over-estimate the
mean velocity of particles (see Methods section for details).
Artifacts in the source images are also tracked as features and
result in overall higher values than the true average velocities. This
explanation can be also verified by the apparent deviation of
Haff’s law fitting of the blue curve when t becomes large, since the
temporal development of this artifact-induced features do not
necessarily follow Haff’s cooling. We therefore use the fitting
results of the trajectory tracking data for further discussions.
As described in the Methods section, during the cooling, we

follow the particle motions of 86 collision events and measure the
ratios of the total translational kinetic energy of the pair of
particles before and after the collisions in three dimensions
r2 ¼ T 0=T , resulting in the average value 〈r〉= 0.952. To estimate
the overall cooling time scale from this collision property, we refer
to the kinetic theory for ellipsoids proposed by22,25,26, which gives

the collision rate:

Γ ¼ 4
πT
m

� �1
2

ngcSchDic: (3)

Here, n is the number density of particles, g is the value of the
particle pair distribution function at contact, 4πS is the exclusion
surface of two contacting ellipsoidal particles, and D is a function
measuring the energy transfer between rotational and transla-
tional degrees of freedom. The subscript “c” on the latter three
parameters means to take the average of them over all collision
situations. We follow22,27 and obtain gc= 1.104. We follow26 and
obtain Sc≃ 131mm2 for our oblate particles. As for the transfer
function, we follow22,26 and perform a numerical integral to obtain
〈D〉c≃ 1.218 (see the Supplementary Material for more details of
these calculations). Eq. (2) now becomes Γ(T)= C ⋅ T1/2, where the
prefactor C= 0.0712 g–1/2mm−1.
We then consider that, within a time interval Δt, a total number

of Γ(T) ⋅ Δt collisions happen with the average loss of translational
energy for each collision being (1− 〈r〉2) ⋅ T. We use this average
loss to calcualte the total change ΔT=− (1− 〈r〉2)Γ(T) ⋅ TΔt within
the time interval Δt, the validity of which is discussed in the
Discussion section. Setting the interval infinitesimal, we have:

dT
dt

¼ �ð1� hri2ÞΓðTÞ � T ¼ �ð1� hri2ÞC � T 3
2; (4)

the solution of which is Haff’s law of Eq. (1), with the cooling time
scale

τk:t: ¼ 2

ð1� hri2ÞΓðT0Þ
: (5)

Using T0≃ 6.5 μJ from the data in Fig. 5 and the average value
〈r〉= 0.952, we have τk.t.≃ 3.8 s, only about half of τ= 8.1 s
previously measured from the overall cooling curve. In other
words, the experiment cools significantly slower than the
theoretical prediction.

DISCUSSION
Cluster formation
There are experimental studies which report on the formation of
clusters in granular gases11–13. It should be noted, however, that
the preparation of the gas, in particular the agitation as well as the
establishment of the weightlessness can have a strong influence
on the outcome of the experiment21. A clean microgravity
environment in the absence of any other interaction force than
by collision is difficult to achieve. In this work, we had the benefit
of a very clean and enduring microgravity environment. As shown

Fig. 2 Particle clustering. In four out of the total five experiments we observe first a homogeneous distribution of the particles as shown by
a, and then a separation of the particles into dense and dilute regions as shown by b.
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in Fig. 2, we can visually find apparent clustering of the particles at
the later stage (>40 s) of most of the experiments, while as shown
in the Results section, different cooling behaviors derived by the
optical flow method using different Δ also indicate the existence
of clustering.

The cooling time scale and the limitation of r
By measuring the decay of the translational temperature and the
collision property we were able to quantitatively compare the
cooling time scale derived from the experiment with that from the
kinetic theory. The difference between the two time scales is in
contrast with previous results of three-dimensional works6,18,
which observed faster cooling in experiment than predicted by
kinetic theories. However, this difference is very sensitive to the
parameter r measured from the collision events.
Note that unlike the coefficient of restitution ϵ that is commonly

used in kinetic theoretical calculation, r only addresses the
apparent change of the translational energy. The measurement
of ϵ from the collision of two ellipsoidal particles requires the
tracking of the rotational motion in addition to the translational
motion, which can not be reasonably achieved by the current two-
dimensional diagnostics. Limiting ourselves only in the transla-
tional degree of freedom by using r, we are able to disregard the
distribution of the energy loss in n degrees of freedom when
deriving Eq. (3), while when using a proper ϵ, an additional
prefactor 1/2n must be added to the RHS of the equation. The r
values, however, can be very different from different collision
events, and the usage of their overall average value through the
whole cooling time period in Eq. (3) indeed needs to be examined.

Energy partition
Figure 6 shows the details of r measured from 86 collision events
at different times t after the onset of the cooling. The average
value 〈r〉= 0.952 is indicated by the black dashed line. As
described in the Methods section, these 86 events are manually
detected from the tracks of the 96 particles flying over each other.
Owing to the fact that our observation is only from one direction,
we sometimes can not distinguish clearly whether the apparently
overlapping particles are indeed in contact or just in different
depths of the view (e.g., those particles on the right side of Fig.
3b). This ambiguity, if happening during the tracking of the
particles before and after collisions, casts doubt to the measure-
ment of their velocities and r. If we adopt a stricter criterion to

Fig. 3 Particl tracking. a Proximity-based particle tracking: the ellipsoidal particles are tracked by fitting an ellipse to the individual objects in
the image. The trajectories are reconstructed by linking the positions of nearest neighbors in two successive images. If particles get lost in the
procedure, their trajectories are interpolated. b Collision tracking: a snapshot of one collision event: following the trajectory tracking, collisions
fitting with two-dimensional measurement are detected and analyzed. See supplementary videos collision1.avi and collision2.avi for complete
events.

Fig. 4 Mean velocities measured by two image-processing
methods. Spikes from optical flow results correspond to artifacts
from the experimenter’s hand motion reflected on the sample cell,
while the rising trend at the end of Δ= 2 curve is due to over-
estimation of fast moving particles.

Fig. 5 Cooling dynamics. Cooling dynamics of translational motion
of the particles.
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exclude those events encountering such ambiguity (shown as the
red circles in Fig. 6), the remaining events provide an average
value of 〈r〉= 0.982, as indicated by the blue dashed line.
This apparently small difference of 〈r〉, however, through the

factor of 1/(1− 〈r〉2) in Eq. (4), greatly changes τk.t. to the value of
about 10 s, now 23% larger than τ measured from the cooling. We
therefore conclude that the accuracy of our measurement of r is
limited by our available diagnostics condition. To meet the
requirement of such sensitive dependence on r and provide a
satisfactory quantitative comparison between the theory and the
experiment, a precisely calibrated multi-camera system is needed
for an unambiguous three-dimensional particle tracking. In
addition, the other unaccounted source of energy dissipation,
that from the collisions between the particles and the spherical
sample cell wall and that from the ambient air drag, also needs
three-dimensional analysis and theoretical model to be included
in the comparison (see the supplementary material for further
discussion).
Figure 6 also shows that we measured r > 1 for many collision

events, meaning that the translational energy sometimes
increases after these energy-dissipating collisions. This can be
explained by the conversion of rotational energy into translational
degree of freedom. The supplementary video collision2.avi records
one typical collision event with a strong and visible conversion
from rotation to translation, corresponding to an r= 1.26, while
collision1.avi shows one without such conversion, corresponding
to an r= 0.93.
Villemot et al. shows in theory and simulation22 that for prolate

ellipsoids with elongation e > 1.5, cooling, in the long term, leads
to equipartition of energy between the translational and the
rotational degrees of freedom. Our particles with e= b/a ≈ 1.9,
although indeed in oblate form, shows evidence of energy
equipartition as well. As indicated by the black triangles in Fig. 6,
the time development of the average r value for every 3 s starts
above 1 and then decreases below 1 after 6 s into the cooling. This
behavior can be interpreted as an initially stronger rotational
motion of the particles caused by the astronaut’s manual vibration
followed by an overall trend of conversion into translational
motion until a balance between the two degrees of freedoms is
reached. In this case, however, Eq. (3) becomes invalid since now a

time-dependent overall energy input from the rotational degree
of freedom can not be addressed by one average value of 〈r〉, and
a corresponding term needs to be added to the RHS of Eq. (3)
(cf.28, where the rotational and translational energy are coupled by
frictional forces between spherical particles). The cooling time
scale from Eq. (4) needs to be changed as well, leading to a
different expected value of τk.t.. However, due to the lack of
rotation measurement, we are not able to quantitatively verify the
onset of energy equipartition, as well as how the cooling should
behave before this onset. Future improvement in this regard also
calls for multi-camera three-dimensional particle tracking setup
such as that established in the work by Harth et al.18.
In summary, we present in this work a granular gas system of

ellipsoidal particles in a long-term low-gravity environment, which
enabled us to measure the cooling behavior for a time duration of
around 80 s. Two image-processing methods are used to measure
the cooling. While the optical flow method shows evidence of a
possible clustering behavior, we have to present it with
reservation since, again, the two-dimensional image processing
may mix clustering with overlapping and may not ascertain if the
clustering is caused by the sample cell wall. The trajectory
reconstruction and collision detection enabled us to verify the
Haff’s cooling of the system as well as to compare the cooling time
scale from the experiment with that from the kinetic theory. The
lack of accuracy of measuring the r value limits us with only a
match in the order of magnitude, while the time development of r
provides interesting evidence of energy equipartition in the
rotational and translational degrees of freedom.

DATA AVAILABILITY
The data and the codes that support the findings of this study are available from the
corresponding author upon request.

Received: 26 April 2021; Accepted: 21 March 2022;

REFERENCES
1. Haff, P. K. Grain flow as a fluid-mechanical phenomenon. J. Fluid Mech. 134,

401–430 (1983).
2. Ben-Naim, E., Chen, S. Y., Doolen, G. D. & Redner, S. Shocklike dynamics of

inelastic gases. Phys. Rev. Lett. 83, 4069–4072 (1999).
3. Nie, X., Ben-Naim, E. & Chen, S. Dynamics of freely cooling granular gases. Phys.

Rev. Lett. 89, https://doi.org/10.1103/PhysRevLett.89.204301 (2002).
4. Pöschel, T., Brilliantov, N. V. & Schwager, T. Long-time behavior of granular gases

with impact-velocity dependent coefficient of restitution. Physica A 325, 274–283
(2003).

5. Ramírez, R., Pöschel, T., Brilliantov, N. V. & Schwager, T. Coefficient of restitution of
colliding viscoelastic spheres. Phys. Rev. E 60, 4465–4472 (1999).

6. Yu, P., Schröter, M. & Sperl, M. Velocity distribution of a homogeneously cooling
granular gas. Phys. Rev. Lett. 124, 208007 (2020).

7. Jaeger, H. M. & Nagel, S. R. Physics of the granular state. Science 255, 1523–1531
(1992).

8. Goldhirsch, I. & Zanetti, G. Clustering instability in dissipative gases. Phys. Rev.
Lett. 70, 1619 (1993).

9. Kadanoff, L. P. Built upon sand: theoretical ideas inspired by granular flows. Rev.
Mod. Phys. 71, 435–444 (1999).

10. McNamara, S. & Young, W. R. Inelastic collapse in two dimensions. Phys. Rev. E 50,
R28–R31 (1994).

11. Kohlstedt, K. et al. Velocity distributions of granular gases with drag and with
long-range interactions. Phys. Rev. Lett. 95 https://doi.org/10.1103/
PhysRevLett.95.068001 (2005).

12. Aranson, I. S. & Olafsen, J. S. Velocity fluctuations in electrostatically driven
granular media. Phys. Rev. E 66, 061302 (2002).

13. Maaß, C., Isert, N., Maret, G. & Aegerter, C. M. Experimental investigation of the
freely cooling granular gas. Phys. Rev. Lett. 100, 248001 (2008).

14. Tatsumi, S., Murayama, Y., Hayakawa, H. & Sano, M. Experimental study on the
kinetics of granular gases under microgravity. J. Fluid Mech. 641, 521–539
(2009).

Fig. 6 r measured from 86 collision events (blue and red circles)
during one experiment with the overall average value indicated
by the black dashed line. When adopting the criterion of using
those collision events with only unambiguously tracked trajectories
before and after, 47 blue circles remain and give an average value
indicated by the blue dashed line. Black triangles show the average
values within every 3 s. Collision events after 30 s into cooling are
too difficult to be clearly detected due to the very slow motion of
the particles and possible clustering behaviors.

S. Pitikaris et al.

5

Published in cooperation with the Biodesign Institute at Arizona State University, with the support of NASA npj Microgravity (2022)    11 

https://doi.org/10.1103/PhysRevLett.89.204301
https://doi.org/10.1103/PhysRevLett.95.068001
https://doi.org/10.1103/PhysRevLett.95.068001


15. Hou, M. et al. Velocity distribution of vibration-driven granular gas in Knudsen
regime in microgravity. Microgravity Sci. Tech. 20, 73 (2008).

16. Grasselli, Y., Bossis, G. & Goutallier, G. Velocity-dependent restitution coefficient
and granular cooling in microgravity. Europhysics Lett. 86, 60007 (2009).

17. Harth, K., Trittel, T., May, K., Wegner, S. & Stannarius, R. Three-dimensional (3d)
experimental realization and observation of a granular gas in microgravity. Adv.
Space Res. 55, 1901–1912 (2015).

18. Harth, K., Trittel, T., Wegner, S. & Stannarius, R. Free cooling of a granular gas of
rodlike particles in microgravity. Phys. Rev. Lett. 120, 214301 (2018).

19. Falcon, E. et al. Cluster formation in a granular medium fluidized by vibrations in
low gravity. Phys. Rev. Lett. 83, 440–443 (1999).

20. Falcon, E. et al. Collision statistics in a dilute granular gas fluidized by vibrations in
low gravity. Europhys. Lett. 74, 830–836 (2006).

21. Van Zon, J. S. & MacKintosh, F. C. Velocity distributions in dissipative granular
gases. Phys. Rev. Lett. 93, 038001–1 (2004).

22. Villemot, F. & Talbot, J. Homogeneous cooling of hard ellipsoids. Granul. Matter
14, 91–97 (2012).

23. Lucas, B. D. & Kanade, T. An iterative image registration technique with an
application to stereo vision. Int. Joint Conf. Artificial Intelligence 674–679 (Van-
couver, BC, 1981).

24. Yu, P., Frank-Richter, S., Börngen, A. & Sperl, M. Monitoring three-dimensional
packings in microgravity. Granul. Matter 16, 165–173 (2014).

25. Evans, G. T. Transport coefficients of nonspherical hard bodies: a kinetic theory
approach. Molecular Phys. 74, 775–784 (1991).

26. Bereolos, P., Talbot, J., Allen, M. P. & Evans, G. T. Transport properties of the hard
ellipsoid fluid. J. Chem. Phys. 99, 6087–6097 (1993).

27. Song, Y. & Mason, E. A. Equation of state for a fluid of hard convex bodies in any
number of dimensions. Phys. Rev. A 41, 3121 (1990).

28. Herbst, O., Huthmann, M. & Zippelius, A. Dynamics of inelastically colliding
spheres with coulomb friction: relaxation of translational and rotational energy.
Granul. Matter 2, 211–219 (2000).

ACKNOWLEDGEMENTS
We appreciate the financial and administrative support from DFG and BMWi/DLR,
under project No. DFG-FG1394, 50WM1651, and 50WM1945 for data analysis and
scientific investigation. We thank ESA for providing ISS facility for our
experiments. We thank T. Kranz and K. Harth for in-depth discussions and critical
comments.

AUTHOR CONTRIBUTIONS
S.C. performed the experiment. S.P., P.B., and P.Y. conducted the data analysis. S.P.
and P.Y. wrote the paper. M.S. and P.Y. initiated and supervised the work.

FUNDING
Open Access funding enabled and organized by Projekt DEAL.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41526-022-00196-6.

Correspondence and requests for materials should be addressed to Peidong Yu.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

S. Pitikaris et al.

6

npj Microgravity (2022)    11 Published in cooperation with the Biodesign Institute at Arizona State University, with the support of NASA

https://doi.org/10.1038/s41526-022-00196-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Granular cooling of ellipsoidal particles in microgravity
	Introduction
	Methods
	Two image-processing approaches
	Collision characterization
	Reporting summary

	Results
	Comparison between the two methods
	Cooling

	Discussion
	Cluster formation
	The cooling time scale and the limitation of r
	Energy partition

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




