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The ballistic sorting effect has been proposed to be a driver behind the observed size sorting on the rubble pile asteroid
Itokawa. This effect depends on the inelasticity of slow collisions with granular materials. The inelasticity of a collision with a
granular material, in turn, depends on grain size. Here we argue that determining the inelasticity of such collisions in an
asteroid-like environment is a nontrivial task. We show non-monotonic dependency of the coefficient of restitution (COR) on
target particle size using experiments in microgravity. Employing numerical simulations, we explain these results with the
growing influence of adhesion for smaller-sized particles. We conclude that there exists an optimum impactor to target particle

size ratio for ballistic sorting.
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INTRODUCTION

Many asteroids are expected to be rubble piles'™. The evolution
and dynamics of such celestial bodies are therefore governed by
the mechanics of granular matter®. Recent exploration missions
have revealed a complex surface topology, in particular size-sorted
areas of rocks and regolith on the surface of asteroid Itokawa®,
giving further consideration to the granular mechanics of such
bodies. This size sorted surface is in contrast to the expectation
one might have from the random accretion of dust and rocks’~°.
Thus, a sorting mechanism is required.

Two processes based on the mechanics of dry granular
particles were suggested to cause the lateral size segregation
process, among others'®. The Brazil nut effect (BNE) is known to
cause size segregation in shaken or vibrated granular media''~'3.
The seismic activity required for such a planetesimal-spanning
mobilization of material can be triggered in asteroids by high-
velocity impacts onto the weakly bound rubble piles''>. In
contrast, the ballistic sorting effect (BSE) effectively guides
particles with low velocities to seas of small particles, while
keeping larger boulders free of pebbles and grains'®'”. The BNE
and BSE are not necessarily exclusive explanations for the
observed surface features on rubble pile asteroids, and a
combination of both effects might be at work'.

The BSE relies on the difference in the elasticity of low-velocity
collisions depending on the target composition. While an impactor
bounces off a massive boulder with little dissipation of kinetic
energy, it efficiently loses its velocity when impacting a bed of
smaller particles'®. Such low-velocity impacts can either occur
during the initial phases of planetesimal formation' or from
secondary impacts. Secondary impacts can happen when a high-
velocity impactor mobilizes particles from the asteroid surface. The
velocity at which the particles mobilized by the primary impact
settle again and re-impact the asteroid is limited by the asteroid’s
low escape velocity because faster particles will no longer be
gravitationally bound. This type of impact has been studied before
in low gravity, however, these studies mainly focused on ejecta
generation?%-2 or crater formation2*. We do not expect our results
to scale predictably for very high impact speeds where the

impactor carries enough energy to mobilize gravitationally and
cohesively bound particles without distinction.

So far, the BSE has only been tested numerically and
experimentally for millimeter-sized particles in the gravity-
dominated regime, i.e, a regime where gravity dominates over
cohesion'®. Under such conditions, the dissipation of energy
during impact depends on the number of mobilized contacts. A
bed of small particles provides a higher number of contacts per
volume and hence causes stronger dissipation for an impacting
particle than a bed of massive boulders.

In size distributions similar to those found in regolith on the
moon and other celestial bodies®®, fine grains overwhelmingly
outnumber larger rocks. This means that the majority of collision
events involve small particles. Additionally, while large rocks are
mostly unaffected by interparticle cohesion due to their high mass,
for small particles the force ratio between gravity and cohesion is
shifted in favor of the latter. On bodies like Itokawa, the cohesion-
dominated regime already starts at centimeter-sized particles due to
the low gravity. In order to fully understand size sorting on asteroids
this means that we need to investigate the interplay of gravity and
cohesion in an environment where both forces approach the same
magnitude. Another sign of “non-intuitive” behavior for cohesive
granular matter in low gravity is present in the data of Brisset et al.?°.
It already appears to show that impacts in fine JSC-1 regolith
simulant tend to be more elastic than impacts on beds of larger
quartz sand, counter the expectation for dry cohesionless granular
materials as expressed in the preceding paragraph.

This paper is organized as follows: Starting with the introduction
above, we first present our experimental results. We revisit the
scaling of the dissipation, as described by the coefficient of
restitution (COR), during impacts in particle beds with different
particle sizes and with different cohesion?® to gravitational forces
ratios. We perform a series of low gravity impact experiments and
complement our experimental results with numerical simulations
to monitor the scaling of the COR for impacts into beds of small
and cohesive particles. Our results show that the simple scaling of
the COR with particle size breaks down for beds of fine regolith
particles. The numerical simulations reveal that the observed non-
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Fig. 1 Experimental coefficient of restitution (COR) as function of
bed particle radius r. All points are obtained in reduced gravity of
g=2 x 1073£107° m/s Impact velocities are color coded. The
velocity range is not equal for all particle sizes due to experimental
constraints. Mean values are connected by a gray line to guide
the eye. Error bars for the COR-values indicate uncertainties in
particle tracking, and for the particle size the width of the particle
size distribution as supplied by the manufacturer. Interestingly, the
COR first decreases when comparing large (0.05-0.15cm) to
medium (0.025-0.05 cm) sized bed particles, but then is highest
for the smallest (<0.01 mm) bed particle size.

monotonic behavior of the COR is a consequence of inter-particle
adhesion. Details on the experimental and numerical setup can be
found in the Methods section at the end of the manuscript.

RESULTS
Drop tower experiment

The COR is a convenient parametrization of the energy dissipation
experienced by the impacting particle. The COR is defined to be
the ratio of the velocity before impact v and the velocity after
rebound v/, COR = |V/|/|v|*’. We measure the COR by tracking the
impactor before and after the collision with the particle bed,
yielding the velocities |v| and |v/| to compute the COR. In cases
where the impactor did not rebound, but, for example, was buried
beneath the bed surface, we assign a COR of 0.

Figure 1 shows the results of our drop tower experiments. Our
impactors are irregularly shaped basalt particles with a radius of
=0.15cm and a mass between 40 and 60 mg. We used three
different target material grain sizes: 0.05-0.15 cm irregular basalt,
0.02-50.05 cm irregular basalt, and finely powdered JSC MARS-1
simulant, which was available from a previous experiment.
For more details on the drop tower experiment setup and
performance see ref. 28,

The initial velocity of the impactor thereby varied between 3
and 74 cm/s. Contrary to the assumption in Shinbrot et al.'®, a
monotonic scaling of the COR with bed particle size cannot be
confirmed (see Fig. 1). The high level of restitution observed with a
bed of very fine particles strongly suggests a change of the scaling
of the dissipation. An effect of the different impact velocities on
the COR for the different particle beds might still be present, but is
dominated by a size effect in the observed parameter range.

Numerical simulations

The repetition rate and the number of experimental data points
are limited by the availability of the drop tower. A finer parameter
resolution, especially with respect to the bed particle size, is
necessary to test the COR scaling. Numerical impact experiments
are employed for this purpose. In those simulations, the bed
particle radius r was systematically varied between 0.06 and
0.46 cm, while the impact velocity and the microgravity were fixed
at 10cm/s and g =2 x 1073 m/s%
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Fig. 2 Simulation data for COR as a function of bed particle size.
The gravity is set to g = 2 x 1073 m/s2 a Without cohesion, b with a
cohesion defined b a surface energy of y=300 mJ/m2 Impact
velocity is kept constant at v=10cm/s. Error bars denote the
standard deviation of 5 simulation runs each. a Without cohesion, a
steady decline of the COR with smaller bed particles is observed.
b A local minimum appears to be present with cohesive particles for
bed particles with a radius of r=0.18 cm.

The results of the impact simulations are summarized in Fig. 2.
The numerical data reproduce the expectation for cohesionless
granular particles, with a monotonic decrease of the COR with
decreasing particle size (see Fig. 2a). However, including a realistic
cohesion of 300 mJ/m??° among the particles in the simulations
induces a more complex dependence of the COR on the particle
size. A regime for small particle sizes emerges, where the COR
grows with decreasing particle size. A local minimum in the COR
emerges with bed particles of 0.18 cm radius. Due to limited CPU
time no smaller particles could be simulated in this work. This
means we cannot make further assumptions about the COR for
systems made of smaller simulated particles.

The particle size and the cohesion can be varied indepen-
dently in the numerical study. In Fig. 3, we give the result of
varying the cohesion among particles of size r=0.6mm in
impact experiments as before. Three different regimes can be
discriminated in the COR: 1. The impactor can hit the bed and
sink in without rebounding. This sinking regime emerges at
sufficiently low cohesion among the bed particles, and can be
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Fig. 3 Simulated COR over surface energy y. All points are obtained
with g =2 1073 m/s?, bed particle size r=0.06 cm, and an impactor
velocity of 10cm/s. Error bars denote the standard deviation of
5 simulation runs each. The shaded areas emphasize different
characteristics of impactor-bed interaction. While the impactor sticks
to the particle bed at high surface energies, it sinks into the bed of
low-cohesive particles. In between, at moderate surface tensions, a
significant enhancement of the COR can be observed.

observed for surface energies y<10® mJ/m? in Fig. 3. A
significant displacement of bed particles by the impact is
observed in this regime, and the impactor comes to rest below
the point of the first collision. 2. The cohesion between impactor
and particle bed becomes so high that the impactor does not
rebound in a sticking regime. For the impact velocities and
impactor size in this study, this happens at y> 10> mJ/m2. This
value of y lies far beyond any realistic expectation for basalt or
similar materials. In the sticking regime the granular bed is
bound by cohesion instead of gravity. The impactor distorts the
structure of the bed far less than in the first regime and comes to
rest almost immediately, at the point of the first contact. 3. The
rebounding regime emerges in between those two extreme
regimes. A bed of cohesive granular material can thus provide a
range of collisional outcomes depending on the exact value of
gravity, cohesion, particle size, and impact velocity.

DISCUSSION

The microgravity experiment and the numerical results both
indicate the same: The COR is a complicated quantity for low-
velocity impacts in granular surfaces under conditions of low
gravity. This non-monotonic scaling of energy dissipation was
observed in a realistic experimental situation where impactors of
various velocities hit beds of irregular polydisperse particles, as
well as in idealized numerical simulations with spherical grains.

The simulations are a highly idealized replication of the
experiment. In particular, particle shape, material properties, initial
packing, and size distribution differ from the experiment. The
tighter packing of samples with a broad size distribution might
amplify the COR scaling in our experiment, still simulations show
that a tight packing is not needed to explain the results
qualitatively. The observation that both simulation and experi-
ment show a dip in the COR for a certain size ratio suggests that
this dip is a universal behavior and a consequence of cohesion as
seen in Fig. 2. Further investigation of the influence of material
parameters on the exact COR function could lead to even deeper
insight into the mechanisms of ballistic sorting.

Based on the monotonic COR-scaling assumed for ballistic
sorting, all impacting particles, regardless of their size, should
aggregate at places that initially were covered with small particles.
Our result now shifts this assumption. In particular, it implies that
the sorting depends on substrate particle size and cohesivity.
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Fig. 4 Schematic rendering of the experiment vacuum chamber.
The launcher for the impactor and the particle bed is situated inside
the chamber, while the hole chamber is mounted to a high-
precision linear stage to produce the desired microgravity during a
drop tower flight.

Further studies should address the question on whether the
impactor to bed particle size ratio for optimal dissipation also scales
with impactor size and/or velocity. The results presented here may
hint to a bias of ballistic sorting towards slowly impacting particles
being most efficiently captured by beds of particles with similar or
slightly smaller size. Observing such a biased sorting structure
would be strong evidence for ballistic sorting. Producing high-
resolution surface maps to determine such a possible bias the in
sorting efficiency of centimeter-sized and smaller objects would be
a challenge for future asteroid exploration missions. Similarly, a
higher experimental resolution of CORs, especially for low-speed
impact on fine powders, could complete the understanding we
have of sorting mechanisms.

METHODS

Impacts on asteroid surfaces were experimentally and numerically
simulated. Both simulations of the asteroid surface included the
gravity and the vacuum existing on an asteroid.

Experiments
The small gravity existing on an asteroid is simulated by linearly
accelerating a particle bed under minimal gravity. The ZARM drop
tower (Bremen, Germany) provides residual accelerations below
10~%g inside the drop capsule®®. We do not use a centrifuge to
generate the artificial gravity to avoid the coriolis forces the impactor
would experience when traversing the experiment chamber®'.
Instead, a high precision linear stage carries a vacuum chamber
inside the drop capsule. The experimental vacuum chamber is
sketched in Fig. 4. Its top section is comprised of a launcher
mechanism, which is able to accelerate impactors to cm/s velocities,
and its lower section includes the target material mimicking the
asteroid surface, shielded by a motorized cover for launch and
landing. A vacuum level of below 0.1 mBar is achieved by running a
turbo vacuum pump until shortly before launch. Three cameras are
used to observe the granular system, one through the main window
at the side and two through smaller windows on the top.

The experimental procedure followed during the 9.3s of
microgravity during a catapult flight in the drop tower consists
of several stages: during the first second, any residual motion from
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the apparatus is allowed to decay. Then the vacuum stage is
accelerated for one second five times stronger than the desired
asteroid gravity to settle any material that might have been
become loose during launch. The last second of the flight is
dedicated to mechanically securing the experiment for the high-g
levels of the landing. This leaves a usable observation time of =5s.
During this time, the acceleration is tuned to g=2 Xx
1073+ 105 m/s2 This gravity level corresponds to a body with a
diameter of 2.6 km and a mass of 5x 10'%kg. Surface gravities of
that magnitude would be found on asteroids with dimensions
similar to, for example, 4179 Toutatis. It is chosen to accommodate
full settling of particle bed movements within the available time,
while still keeping all used particle sizes in the cohesion-
dominated regime. The impactors are irregularly shaped basalt
particles with a radius of r; < 0.15 cm and a mass between 40 and
50 mg. We used three different bed particles: 0.5-1 mm irregular
basalt particles, 1-3 mm irregular basalt particles, and we used JSC
MARS-13? simulant as our fine target material, which was readily
available from a previous experiment. For technical details of the
drop tower experiment setup and its performance see ref. 2,

Numerical setup

The particle bed dynamics were simulated using the open source
DEM software LIGGGHTS 3.7%. The simulation box horizontally
spans 1.5cm x 1.5cm with periodic boundary conditions. The
spherical monodisperse particles are poured randomly into this
volume, until a filling height of approximately 3 cm is reached. A
spherical impactor with radius r; = 2.25 mm is inserted just above
the bed with a velocity of 10 cm/s. Gravity is set to g,=2x 1073
m/s2. Contacts between beads are computed using a dissipative
Hertzian model** as implemented in LIGGGHTS 3.7. The linearized
Johnson-Kendall-Roberts model is used as a numerically
inexpensive cohesion formula?®. The contact imposes an addi-
tional force of the form Fo, =4yndnr*, with surface energy
density y, normal overlap 6n, and reduced radius r*. The cohesion
is set to y = 300 mJ/m? if not denoted otherwise. The cohesion is
calibrated using the dynamic pull-off force as in ref. 3%, Simulation
parameters are furthermore set to a Young's-modulus of 1 GPa,
Poissons ratio 0.25, coefficient of friction 0.2, and restitution
parameter 0.5. The simulated particles are softer than the basalt
particles in the experiment. The short contact times of the rigid
basalt particles with high Young's-modulus would necessitate
extremely fine simulated time steps resulting in a computation
time beyond our capabilities.

Reporting summary

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

DATA AVAILABILITY

All data necessary to reproduce the plots and findings in this paper are available from
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Received: 20 December 2021; Accepted: 13 July 2022;
Published online: 17 August 2022

REFERENCES

1. Harris, A. W. The rotation rates of very small asteroids: Evidence for ‘rubble pile’
structure. In Lunar and Planetary Science Conference 27 (Lunar and Planetary
Institute, 1996).

2. Warner, B. D., Harris, A. W. & Pravec, P. The asteroid lightcurve database. lcarus
202, 134 (2009).

3. Britt, D. & SJ, G. C. Modeling the structure of high porosity asteroids. Icarus 152,
134 (2001).

4. Walsh, K. J. Rubble pile asteroids. Annu. Rev. Astron. Astr. 56, 593 (2018).

npj Microgravity (2022) 36

5. Daniels, K. E. Asteroids: Prospective Energy and Material Resources (ed Badescu, V.)
271-286 (Springer, 2013).

6. Fujiwara, A. et al. The rubble-pile asteroid Itokawa as observed by Hayabusa.
Science 312, 1330 (2006).

7. Donn, B. & Hughes, D. A fractal model of a cometary nucleus formed by random
accretion. ESLAB Symp . Exploration Halley’s Comet 250, 523 (1986).

8. Weidenschilling, S. Formation of planetesimals in the solar nebula. Icarus 127,
290 (1997).

9. Weissman, P. R. & Lowry, S. C. Structure and density of cometary nuclei. Meteorit.
Planet. Sci. 43, 1033 (2008).

10. Miyamoto, H. et al. Regolith migration and sorting on asteroid Itokawa. Science
316, 1011 (2007).

11. Matsumura, S., Richardson, D. C,, Michel, P,, Schwartz, S. R. & Ballouz, R. L. The
Brazil nut effect and its application to asteroids. Mon. Not. R. Astron. Soc. 443,
3368 (2014).

12. Maurel, C, Ballouz, R. L., Richardson, D. C,, Michel, P. & Schwartz, S. R. Numerical
simulations of oscillation-driven regolith motion: Brazil-nut effect. Mon. Not. R.
Astron. Soc. 464, 2866 (2016).

13. Chujo, T., Mori, O., Kawaguchi, J. & Yano, H. Categorization of Brazil nut effect and
its reverse under less-convective conditions for microgravity geology. Mon. Not.
R. Astron. Soc. 474, 4447 (2018).

14. Richardson, J. E., Melosh, H. J. & Greenberg, R. Impact-induced seismic activity on
Asteroid 433 Eros: A surface modification process. Science 306, 1526 (2004).

15. Richardson, J. E. Jr, Melosh, H. J., Greenberg, R. J. & O'Brien, D. P. The global
effects of impact-induced seismic activity on fractured asteroid surface mor-
phology. Icarus 179, 325 (2005).

16. Shinbrot, T., Sabuwala, T., Siu, T, Lazo, M. V. & Chakraborty, P. Size sorting on the
rubble-pile asteroid Itokawa. Phys. Rev. Lett. 118, 111101 (2017).

17. Bogdan, T., Kollmer, J. E,, Teiser, J., Kruss, M. & Wurm, G. Laboratory impact splash
experiments to simulate asteroid surfaces. Icarus 341, 113646 (2020).

18. Wright, E. et al. Ricochets on asteroids: Experimental study of low velocity grazing
impacts into granular media. Icarus 351, 113963 (2020)

19. Weidenschilling, S. J. & Cuzzi, J. N. Protostars and Planets lll (ed Levy, E. H. &
Lunine, J. ) 1031 (1993).

20. Brisset, J. et al. Regolith behavior under asteroid-level gravity conditions: low-
velocity impact experiments. Prog. Earth Planet. Sci,; Heidelb. 5, 1 (2018).

21. Brisset, J. et al. Regolith behavior under asteroid-level gravity conditions: Low-velocity
impacts into mm- and cm-sized grain targets. Astron. Astrophys. 642, 13 (2020).

22. Colwell, J. E. Low velocity impacts into dust: Results from the COLLIDE-2 micro-
gravity experiment. Icarus 164, 188 (2003).

23. Colwell, J. E. et al. Ejecta from impacts at 0.2-2.3 m/s in low gravity. Icarus 195,
908 (2008).

24. Kiuchi, M., Nakamura, A. & Wada, K. Experimental study on gravitational and
atmospheric effects on crater size formed by low-velocity impacts into granular
media. J. Geo. Res-Planet 124, 1379 (2019).

25. Tsuchiyama, A. et al. Three-dimensional structure of Hayabusa samples: Origin
and evolution of Itokawa Regolith. Science 333, 1125 (2011).

26. Johnson, K., Kendall, K. & Roberts, A. Surface energy and contact of elastic solids.
Proc. R. Soc. Lon. Mat. 324, 301 (1971).

27. Hinrichsen, H. & Wolf, D. E. The Physics of Granular Media (John Wiley & Sons,
2006).

28. Joeris, K. et al. Experiments on rebounding slow impacts under asteroid condi-
tions. EPJ Web Conf. 249, 13003 (2021).

29. Kimura, H.,, Wada, K, Senshu, H. & Kobayashi, H. Cohesion of amorphous silica
spheres: Toward a better understanding of the coagulation growth of silicate
dust aggregates. Astrophys. J. 812, 67 (2015).

30. ZARM Drop Tower Bremen User Manual (2012) https://www.zarm.uni-bremen.de/
fileadmin/user_upload/drop_tower/Users_Manual_0412.pdf

31. Asphaug, E. et al. A cubesat centrifuge for long duration milligravity research. NPJ
Microgravity 3, 16 (2017).

32. Allen, C.C, Morris, R. V., Lindstrom, D. J,, Lindstrom, M. & Lockwood, J. JSC Mars-1-
Martian regolith simulant. In Lunar and Planetary Science Conference 28 (Lunar
and Planetary Institute, 1997).

33. Kloss, C, Goniva, C, Hager, A, Amberger, S. & Pirker, S. Models, algorithms and
validation for opensource DEM and CFD-DEM. Prog. Comput. Fluid Dy. 12, 140 (2012).

34. Kuwabare, G. & Kono, K. Rerstitution coefficient in a collision between 2 spheres.
Jpn. J. Appl. Phys. 1, 1230 (1987).

35. Steinpilz, T. et al. Electrical charging overcomes the bouncing barrier in planet
formation. Nat. Phys. 16, 225 (2020).

ACKNOWLEDGEMENTS

We Acknowledge helpful discussions with Tobias Steinpilz, Jens Teiser, and Gerhard
Wurm as well as technical support by Manfred Aderholz. We further acknowledge
Vrinda Desai and Lars Schmidt for help in the construction of the experiment setup.

Published in cooperation with the Biodesign Institute at Arizona State University, with the support of NASA


https://www.zarm.uni-bremen.de/fileadmin/user_upload/drop_tower/Users_Manual_0412.pdf
https://www.zarm.uni-bremen.de/fileadmin/user_upload/drop_tower/Users_Manual_0412.pdf

AUTHOR CONTRIBUTIONS

KJ., MK, and J.E.K. conducted the experiment. K.J. ran the numerical simulations. K.J.
and L.S. analyzed the data. K.J,, P.B,, and J.EK. wrote the paper. P.B. and J.EK. initiated
and supervised the work.

FUNDING

This work was supported by the DLR Space Administration with funds provided by
the Federal Ministry for Economic Affairs and Climate Action (BMWK) based on a
decision of the German Federal Parliament under grant number 50WM1943. 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/10.1038/541526-022-00221-8.

Correspondence and requests for materials should be addressed to Kolja Joeris.

Published in cooperation with the Biodesign Institute at Arizona State University, with the support of NASA

K. Joeris et al.

npj

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

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium 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

npj Microgravity (2022) 36


https://doi.org/10.1038/s41526-022-00221-8
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The influence of interparticle cohesion on rebounding slow impacts on rubble pile asteroids
	Introduction
	Results
	Drop tower experiment
	Numerical simulations

	Discussion
	Methods
	Experiments
	Numerical setup
	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




