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Planetary defense efforts rely on estimates of the mechanical properties of
asteroids, which are difficult to constrain accurately from Earth. The
mechanical properties of asteroid material are also important in the inter-
pretation of the Double Asteroid Redirection Test (DART) impact. Here we
perform a detailed morphological analysis of the surface boulders on Dimor-
phos using images, the primary data set available from the DART mission. We
estimate the bulk angle of internal friction of the boulders to be 32.7 + 2. 5°
from our measurements of the roundness of the 34 best-resolved boulders
ranging in size from 1.67-6.64 m. The elongated nature of the boulders around
the DART impact site implies that they were likely formed through impact
processing. Finally, we find striking similarities in the morphology of the
boulders on Dimorphos with those on other rubble pile asteroids (Itokawa,
Ryugu and Bennu). This leads to very similar internal friction angles across the
four bodies and suggests that a common formation mechanism has shaped the
boulders. Our results provide key inputs for understanding the DART impact
and for improving our knowledge about the physical properties, the formation
and the evolution of both near-Earth rubble-pile and binary asteroids.

Part of the history and physical properties of an asteroid is recorded
in the morphological characteristics of the boulders observable at
its surface'”. Geological processes such as impacts’, thermal
processing’, weathering and erosion® leave morphological markers
on the boulders at different scales’. Past work has shown that the
boulder shape can also be linked to specific formation mechanisms?,
and that the angularity of constituent boulders is directly linked to

the mechanical properties (angle of internal friction) of the bulk
medium’™,

Morphological analysis of sands or crushed sand particles from
images is a standard technique for investigating terrestrial sites™ 2’
However, on Earth the morphological analyses are often combined
with direct geotechnical testing either in-situ with field studies® or in a
laboratory setting (e.g., triaxial testing'®'>"* or direct shear testing®).

A full list of affiliations appears at the end of the paper. e-mail: colas.robin@isae-supaero.fr

Nature Communications | (2024)15:6203


http://orcid.org/0000-0002-2424-0039
http://orcid.org/0000-0002-2424-0039
http://orcid.org/0000-0002-2424-0039
http://orcid.org/0000-0002-2424-0039
http://orcid.org/0000-0002-2424-0039
http://orcid.org/0000-0002-0385-5755
http://orcid.org/0000-0002-0385-5755
http://orcid.org/0000-0002-0385-5755
http://orcid.org/0000-0002-0385-5755
http://orcid.org/0000-0002-0385-5755
http://orcid.org/0000-0002-9701-4075
http://orcid.org/0000-0002-9701-4075
http://orcid.org/0000-0002-9701-4075
http://orcid.org/0000-0002-9701-4075
http://orcid.org/0000-0002-9701-4075
http://orcid.org/0000-0001-6575-3079
http://orcid.org/0000-0001-6575-3079
http://orcid.org/0000-0001-6575-3079
http://orcid.org/0000-0001-6575-3079
http://orcid.org/0000-0001-6575-3079
http://orcid.org/0000-0001-7413-3058
http://orcid.org/0000-0001-7413-3058
http://orcid.org/0000-0001-7413-3058
http://orcid.org/0000-0001-7413-3058
http://orcid.org/0000-0001-7413-3058
http://orcid.org/0000-0002-3144-1277
http://orcid.org/0000-0002-3144-1277
http://orcid.org/0000-0002-3144-1277
http://orcid.org/0000-0002-3144-1277
http://orcid.org/0000-0002-3144-1277
http://orcid.org/0000-0002-9434-7886
http://orcid.org/0000-0002-9434-7886
http://orcid.org/0000-0002-9434-7886
http://orcid.org/0000-0002-9434-7886
http://orcid.org/0000-0002-9434-7886
http://orcid.org/0000-0002-1320-2985
http://orcid.org/0000-0002-1320-2985
http://orcid.org/0000-0002-1320-2985
http://orcid.org/0000-0002-1320-2985
http://orcid.org/0000-0002-1320-2985
http://orcid.org/0000-0002-3578-7750
http://orcid.org/0000-0002-3578-7750
http://orcid.org/0000-0002-3578-7750
http://orcid.org/0000-0002-3578-7750
http://orcid.org/0000-0002-3578-7750
http://orcid.org/0000-0002-7478-0148
http://orcid.org/0000-0002-7478-0148
http://orcid.org/0000-0002-7478-0148
http://orcid.org/0000-0002-7478-0148
http://orcid.org/0000-0002-7478-0148
http://orcid.org/0000-0002-0884-1993
http://orcid.org/0000-0002-0884-1993
http://orcid.org/0000-0002-0884-1993
http://orcid.org/0000-0002-0884-1993
http://orcid.org/0000-0002-0884-1993
http://orcid.org/0000-0002-1821-5689
http://orcid.org/0000-0002-1821-5689
http://orcid.org/0000-0002-1821-5689
http://orcid.org/0000-0002-1821-5689
http://orcid.org/0000-0002-1821-5689
http://orcid.org/0000-0001-6121-705X
http://orcid.org/0000-0001-6121-705X
http://orcid.org/0000-0001-6121-705X
http://orcid.org/0000-0001-6121-705X
http://orcid.org/0000-0001-6121-705X
http://orcid.org/0000-0001-8417-702X
http://orcid.org/0000-0001-8417-702X
http://orcid.org/0000-0001-8417-702X
http://orcid.org/0000-0001-8417-702X
http://orcid.org/0000-0001-8417-702X
http://orcid.org/0000-0001-6696-461X
http://orcid.org/0000-0001-6696-461X
http://orcid.org/0000-0001-6696-461X
http://orcid.org/0000-0001-6696-461X
http://orcid.org/0000-0001-6696-461X
http://orcid.org/0000-0002-3427-2974
http://orcid.org/0000-0002-3427-2974
http://orcid.org/0000-0002-3427-2974
http://orcid.org/0000-0002-3427-2974
http://orcid.org/0000-0002-3427-2974
http://orcid.org/0000-0002-9939-9976
http://orcid.org/0000-0002-9939-9976
http://orcid.org/0000-0002-9939-9976
http://orcid.org/0000-0002-9939-9976
http://orcid.org/0000-0002-9939-9976
http://orcid.org/0000-0001-8628-3176
http://orcid.org/0000-0001-8628-3176
http://orcid.org/0000-0001-8628-3176
http://orcid.org/0000-0001-8628-3176
http://orcid.org/0000-0001-8628-3176
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50147-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50147-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50147-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50147-w&domain=pdf
mailto:colas.robin@isae-supaero.fr

Article

https://doi.org/10.1038/s41467-024-50147-w

The combination of techniques allows for better constraints on the
characterization and differentiation between different materials.
However, despite laboratory mechanical testing of rare asteroid
samples” and some recent missions that favoured direct surface
interactions® %, it is still relatively rare for asteroid space missions to
make in-situ measurements or physical interactions that can be used to
infer the asteroid’s geotechnical properties. Images, however, are a
common data set®, as all small body missions are equipped with a
camera for remote sensing”>°. The ability to infer the physical prop-
erties of surface material from remote sensing images is, therefore, a
very powerful tool.

The morphology of surface boulders has previously been studied
for different planetary bodies including rocks at the Mars Pathfinder
landing site?*. These morphological analyses, in particular the rock
roundness, quantifying the sharpness of the corners and edges of a
particle’™®', highlight the impact processing and catastrophic flood-
ing the boulders went through, matching predictions from other
analyses. Isolated boulder fields on comet 67P/Churyumov-Ger-
asimenko have also been studied, mainly showing that boulders have
similar shapes across 67P’s surface®’. For asteroids, the size
distributions®?* and the axial ratio of large boulders (>5 m) have been
studied, notably, on asteroid (25143) Itokawa®, asteroid (162173)
Ryugu®® and asteroid (433) Eros”, but a detailed investigation of their
morphology has not yet been performed.

This study focuses on the natural satellite of the S-type asteroid
(65803) Didymos: Dimorphos. The secondary of the binary system,
was the target of the NASA Double Asteroid Redirection Test (DART)
mission®®, where the spacecraft deliberately slammed into Dimorphos
to modify the asteroid’s trajectory as a planetary defense test®. The
DART impact produced at least an estimated = 6 x 10° kg of ejecta’®*?,
changed the asteroid’s orbital period by 33 min*’, and resulted in a
momentum enhancement factor of between 2.2 and 4.9, depending on
the (currently unknown) mass of Dimorphos*. In the DART impact
predictions**%, and the subsequent modelling work to interpret the
observables*™' the internal friction angle of the target asteroid
material was one of the key model parameters.

Given that the primary mission objective was to impact Dimor-
phos, the only instrument onboard the DART spacecraft was the
Didymos Reconnaissance and Asteroid Camera for Optical navigation
(DRACO)*°. Here we use a dedicated image-processing pipeline to
analyse the last complete image captured by DRACO and compute the
detailed morphological characteristics of boulders on the surface of
Dimorphos around the DART impact site. The morphological para-
meters are then used to constrain the internal angle of friction of the
asteroid surface material and to investigate the mechanism by which
the boulders may have formed. Additionally, we conduct a compara-
tive analysis of the morphology of boulders on Dimorphos using the
same image-processing pipeline on carefully selected images of the
surfaces of three other rubble-pile asteroids; Itokawa, a 0.32 km dia-
meter large S-type asteroid with estimated 40% porosity****, Ryugu, a
0.90 km diameter large C-type asteroid with estimated 50% porosity**,
and Bennu, a 0.49 km diameter large C-type asteroid with estimated
50% porosity> (see Fig. 1). This study aims to provide important con-
straints on the mechanical properties of rubble pile asteroids, while
also providing insights into rubble pile and binary asteroid formation
mechanisms.

Results

Morphological analysis of boulders at the DART impact site
We conduct an in-depth examination of the last complete image cap-
tured by DRACO 2.78 s before the DART impact (Figs. 1a and 2a) to
retrieve the boulder dimensions and several dimensionless morpho-
logical parameters: roundness, sphericity, circularity, solidity, and two
different axial ratios : ellipsoidal ratio and bounding box ratio (see
Methods—Determination of morphological parameters). The image

covers an approximate area of 880 m? on the surface of Dimorphos
with a resolution of 0.055 m/pixel®. Our analysis centers on 53 selected
boulders situated around the impact site of DART for non resolution
dependant parameters and 34 boulders for resolution dependant
parameters. The process to detect and retrieve the contours of
boulders (Fig. 2) was semi-automatized (see Methods—Semi-automatic
image segmentation). An automated image analysis pipeline was used
for the morphological analysis (see Methods—Determination of mor-
phological parameters). The average values and the standard devia-
tions of all of the computed morphological characteristics are
displayed in Table 1. The Dimorphos boulders selected close to the
DART impact site have an average equivalent diameter of
215+0.94m, are slightly elongated (circle ratio sphericity of
0.61+ 0.12) and sub-rounded in shape (roundness of 0.49 +0.10), as
defined by Wadell'®. The roundness value of 0.49 should be considered
as an upper limit (Methods—Boulder sample selection for smaller scale
descriptors). The Dimorphos boulders do not exhibit a large degree of
small-scale or large-scale roughness (solidity of 0.95+0.02 and cir-
cularity of 0.84 + 0.09).

Implications for Dimorphos’ mechanical properties and boulder
formation mechanisms

The mechanical properties such as the internal angle of friction are
critical parameters with direct implications for the modelling and
comprehension of the DART impact event***’*°, notably on the
behaviour and responses exhibited by the asteroid*®. We use our cal-
culated roundness characteristics of individual boulders to deduce the
regolith’s internal friction angle based on an empirical relationship
derived in laboratory experiments using particle roundness computed
in a similar way” (see Methods—Determining the internal friction
angle). The average roundness of the boulders at the DART impact site
has a mean of 0.49 + 0.10 (Fig. 3). This leads to a mean internal friction
angle of at least 32.7 + 2. 5°, estimated from a sample of the boulders
with diameter >30 pixels at the surface of Dimorphos (See Methods—
Boulder sample selection for smaller scale descriptors).

Fragments formed during laboratory impact experiments typi-
cally have an average axial ratio (b/a) of 0.70-0.74. Moreover, frag-
ments formed by catastrophic disruptions are more oblate (c/a = 0.5)
while fragments formed by impact cratering are flatter (c/a=0.2)%.
Previous work has relied on such experiments to conclude that most
boulders of diameters ranging from 5 to 85m on Itokawa and
Ryugu®¥, have likely been formed by catastrophic disruption based
on the observed axial ratios of the surface boulders and boulders on
Eros were formed by impact cratering”. In these studies, the axial
ratios, obtained by fitting ellipses on the boulders observed at Ryugu
and Itokawa surfaces, were found to be slightly smaller than in the
laboratory experiments (0.68 and 0.63 respectively) whereas boulders
at the surface of Eros were less elongated (ratio of 0.72)”’. However, the
observed discrepancy between the ellipsoidal ratios and the laboratory
impact ratio is attributed to the inclination of boulders on asteroid
surfaces. For Itokawa and Ryugu, where the gravity is lower and then
does not force most boulders to lie on their ¢ axes perpendicular to the
asteroid surface, which inclination influences the apparent axial ratio.
For Eros, the gravity is relatively high, i.e. the c axes of the boulders is
most likely to be perpendicular to the surface and thus the apparent
axial ratio is closer to the actual axial ratio”.

The apparent axial ratio has been computed in two ways in this
study : with the minor and major axis of a fitted ellipse on a boulder
(the ellipsoidal ratio) or with the width and length of the minimum
bounding box of the boulder (the bounding box ratio) (see Methods—
Determination of morphological parameters). The ellipsoidal ratio
tends to be smaller than the bounding box ratio (Table 1, Supple-
mentary Figs. 30 and 31), due to the differences in the axis selection in
both methodologies. For Dimorphos, the upper range of the ellipsoid
ratio and the bounding box ratio (0.66 + 0.15 and 0.70 + 0.17, Table 1)
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Fig. 1| Rubble pile asteroids visited by space missions. a Dimorphos

(208 x 160 x 133 m), the secondary of the (65803) binary system Didymos visited by
the NASA DART mission®, (b) Asteroid (25143) Itokawa (607 x 287 x 264 m) visited
by the JAXA Hayabusa mission*?, (c) Asteroid (162173) Ryugu (1040 x 1020 x 880 m)
visited by the JAXA Hayabusa-2 mission*, (d) Asteroid (101955) Bennu

(565 x 535 x 508 m) visited by the NASA OSIRIS-REx mission®’. The diamonds indi-
cates the approximate geographical locations of the images that we used of these
asteroids and the blue ones are the images displayed in Fig. 2. Images are not

to scale.

also fall within the axial ratio acquired from the laboratory impact
fragmentation experiments®. Figure 4 shows the histogram and the
kernel density estimate (see Methods—Kernel Density Estimate) for
the apparent axial ratio. Following the same logic as previous
interpretations®, we can therefore conclude that the boulders on the
surface of Dimorphos were likely formed by catastrophic disruption.

Image selection of rubble pile asteroids surfaces

We selected the most suitable images available for our study of the
surfaces of Itokawa, Ryugu and Bennu (Figs. 1 and 2) in order to pro-
duce the most reliable morphological analyses possible. These aster-
oids were selected based on their rubble pile nature’**** and the high
resolution images we have of their surfaces” . The selection of

images was based on several criteria: the resolution, the phase angle
and, if available, a varied geographical location. (See Methods—Image
selection). Based on our image selection criteria, the detailed boulder
analysis of these asteroids were determined from 7 images with a total
of 277 boulders detected for Itokawa (Supplementary Figs. 1-6), 8
images with a total of 318 boulders detected for Ryugu (Supplemen-
tary Figs. 7-13) and 12 images with a total of 955 boulders (Supple-
mentary Figs. 14-24).

The images of Itokawa were taken by the AMICA” instrument on
board the Hayabusa spacecraft, the images of Ryugu were taken by the
ONC-T camera® instrument onboard the Hayabusa-2 spacecraft, and
the images of Bennu were taken by OCAMS? onboard the OSIRIS-REx
spacecraft.

Nature Communications | (2024)15:6203
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Fig. 2 | Images of studied asteroids surfaces. Examples of one of the High-
resolution images for each asteroid surfaces studied. The images contrast have
been enhanced with a CLAHE filtering for visualisation purposes only”.

a Dimorphos of the (65803) binary system Didymos taken by DRACO® (dar-

t 0401930049 43695 02 iof) (the only image analyzed for this body), (b)
Asteroid (25143) Itokawa taken by AMICA” (st_2539437177_v) (1 of the 7 images
analyzed), (c) Asteroid (162173) Ryugu taken by ONC-T*®

(hyb2_onc_20180921 041826_tvf) (1 of 8 images analyzed), (d) Asteroid
(101955) Bennu taken by OCAMS™ (20210407T0336295004 pol iofL2pan) (1 of
the 12 images analyzed). All other images analyzed can be find in the supplementary
information. Boulders selected and analyzed are coloured in blue and red. The red
boulders indicate the smaller resolved boulders (<30 px), which haven’t been
included in the analysis of the resolution dependant morphological parameters.

Comparative morphological analysis of boulders on rubble pile
asteroids

The contours of boulders were detected and retrieved semi-
automatically (see Methods—Semi-automatic image segmentation
and Fig. 2). The subsequent morphological analysis was performed
using the same analysis pipeline as for the image of Dimorphos (see
Methods—Determination of morphological parameters). The average
values and the standard deviations of calculated morphological para-
meters are displayed in Table 1 for all studied asteroids.

The boulders analyzed on the surface of the four rubble pile
asteroids are all between 0.33 m and 12.15 m. These four rubble pile
asteroids exhibit striking similarities in the distributions and average
parameters of boulder shapes (Table 1). The mean roundness values
span from 0.49 to 0.56, circularity ranges between 0.84 and 0.90 and
solidity varies from 0.95 to 0.96. The ellipsoidal axial ratio extends
from 0.66 to 0.71 and the bounding box axial ratio extends from 0.70
to 0.75 (Fig. 4). Both of these axial ratios are consistent with previous
measurements made for boulders >5m on Itokawa® and Ryugu®¢;
0.62+0.19 and 0.70, respectively.

As for Dimorphos, the roundness values of the surface boulders
analysed here can also be used to estimate the angle of internal friction
of the surface material of each of these asteroids (Fig. 5) giving values
of 32.2+2.5°,31.6 +2.5° and 31.1+ 2. 7° for asteroids Itokawa, Ryugu
and Bennu, respectively. These values are consistent with numerical
simulations suggesting a friction angle <35° for Bennu*, and the sur-
face slopes on Bennu at the site of the sample collection, which were

<40°°%%°_ This gives an average value for all of the boulders on the four
rubble pile asteroids of 31.8 + 5.1°. Similarly to the analyses of Dimor-
phos, we only selected boulders with a diameter >30 pixels (Methods—
Boulder sample selection for smaller scale descriptors). We note that
these are estimates for the bulk internal friction angle for a material
constituted only from the boulders. This provides a reasonable
approximation of the bulk internal friction angle for bodies that seem
to be dominated by such boulders. However, any finer material present
will also influence the bulk material properties, so this value should
only be interpreted as the internal friction angle of the boulder-
material.

Despite the diverse global morphologies and varying spectral
classes (indicative of different lithologies) of these four rubble pile
asteroids, the shared resemblance of boulder morphology strongly
suggests a common formation mechanism as well as a common
response to this mechanism, responsible for shaping the boulders
across their surfaces. By comparison with laboratory impact
experiments®, the measured axial ratio for boulders on all four aster-
oids supports the catastrophic disruption hypothesis®°, as previously
suggested for Itokawa and Ryugu” and suggested above for
Dimorphos.

Discussion

In the absence of direct measurements of mechanical properties,
images can be used to constrain the angle of internal friction of
asteroid material through a detailed morphological analysis of

Nature Communications | (2024)15:6203



Article

https://doi.org/10.1038/s41467-024-50147-w

Table 1| Mean values of the morphological characteristics of the studied boulders

Asteroid (65803) Dimorphos (25143) Itokawa

All >30 px All >30 px
Number of boulders analyzed 53 34 277 230
Average boulder diameter (m) 2.15+0.94 2.55+0.96 2.36+1.71 2.60+1.76
Boulder diameter (min/max/median) (m) 1.07/6.64/1.89 1.67/6.64/2.26 0.33/10.70/2.12 0.66/10.70/2.33
Roundness* 0.49+0.10 0.54+0.10
Circularity* 0.84+0.09 0.90+0.08
Solidity 0.95+0.02 0.96+0.02
Circle ratio Sphericity 0.61+0.12 0.67+0.12
Axial ratio: Bounding box 0.70+0.17 0.74+0.16
Axial ratio: Ellipsoidal 0.66+0.15 0.71+0.15
Asteroid (162173) Ryugu (101955) Bennu

All >30 px All >30 px
Number of boulders analyzed 318 267 955 703
Average boulder diameter (m) 3.52+1.67 3.77+1.70 2.04+0.98 2.35+0.96
Boulder diameter (min/max/median) (m) 1.22/10.39/3.04 1.65/10.39/3.29 0.51/12.15/1.85 1.45/12.15/2.10
Roundness* 0.56+0.11 0.51+0.10
Circularity* 0.90+0.09 0.86+0.09
Solidity 0.96+0.03 0.95+0.02
Circle ratio Sphericity 0.67+0.1 0.63+0.11
Axial ratio: Bounding box 0.75+0.16 0.72+0.72
Axial ratio: Ellipsoidal 0.71+0.14 0.68+0.14

Mean and standard deviation values of the morphological characteristics of boulders at the surface of different rubble pile bodies. The boulder diameters reported here are the equivalent diameters.
Morphological characteristics with * are resolution-dependant and are computed only using boulders with diameter >30 px, and these should be considered as higher limits.
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Fig. 3 | Roundness distributions of the studied boulders. (Left) Distribution of
the roundness of the boulders with a diameter >30 px at the surface of Dimorphos.
The orange histogram shows the distribution and the blue shaded region repre-
sents the kernel density estimate of the internal friction angle for Dimorphos.

(Right) Kernel density estimates of the roundness of surface boulders with a dia-
meter >30 px on Dimorphos (blue with 34 boulders), Itokawa (orange with 230
boulders), Ryugu (green 267 boulders) and Bennu (red with 703 boulders).

the surface boulders. Our analyses show that the boulders on the
surfaces of four different small (<1km) rubble pile asteroids show
strikingly similar morphologies suggesting a common boulder
formation mechanism as well as a common response to this
mechanism. In general, many factors can influence the observed
shapes of boulders on planetary surfaces such as their original
shapes, their lithology or the nature, violence and duration of the
alteration process that the boulders went through®. Usually, it is
difficult to attribute the observed morphology to one factor such
as the formation mechanism. However, in the case of the dry- and
atmosphere-less asteroid surface, alteration and erosion pro-
cesses are likely to be minimal; the material is transported around
asteroid surfaces®>** but due to the low gravity environment, any
motion will occur at low speed, and the small normal force will

reduce friction interactions®*®. This decreases the influence of
erosion, except for episodic events such as impacts®. In the case
of impact disruption, it was found that the original target shape
does not strongly affect the final fragment shape but are strongly
influenced by the kinetic energy of the projectile®. Furthermore,
although the lithologies of the studied asteroids are different, we
still find similar boulder morphologies. Consequently, a shared
formation process can explain the similarities in boulder shape
amongst the four asteroids. The measured boulder axial ratios
support the catastrophic disruption formation hypothesis for
small rubble pile asteroids®’, as previously suggested for Itokawa,
Ryugu and Eros®. Following the same logic as previous work, our
results suggest that the boulders on Dimorphos were also formed
through catastrophic disruption, later followed by rotation-driven

Nature Communications | (2024)15:6203
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Fig. 4 | Ellipsoidal ratio distributions of the studied boulders. (Left) Distribution
of the ellipsoidal ratio of the boulders at the surface of Dimorphos. The orange

histogram shows the distribution and the blue shaded region represents the kernel
density estimate of the internal friction angle for Dimorphos. (Right) Kernel density
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estimates of the ellipsoidal ratio of surface boulders on Dimorphos (blue with 53
boulders), Itokawa (orange with 277 boulers), Ryugu (green with 318 boulders) and
Bennu (red with 955 boulders).
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Fig. 5 | Internal friction angle as derived from the roundness of the studied
boulders. Boxplots of the internal friction angles values from the boulders >30
pixels analyzed on the images of Dimorphos 34 boulders, Itokawa (230 boulders),
Ryugu (267 boulders) and Bennu (703 boulders), see Fig. 2. The red dotted line is
the mean internal friction angle of boulders on each asteroid, the black line is the
median, the limit of the boxes are the lower and upper quartiles of the distribution
and the limits outside the boxes are the lower and upper extremes. The red line in
the background is the average of the 4 asteroids and the shaded area lies between
the propagated standard deviation between all 4 asteroids.

mass transfer between the two satellites in the binary system.
This implies either that catastrophic disruption was involved in
the binary asteroid formation, or more likely that the process
forming the secondary did not significantly modify the boulder
morphology, since we are still witnessing morphological markers
indicating catastrophic disruption. Also note that Dimorphos
have the smallest value of mean axial ratios probably because the
image was taken with a higher phase angle than the other images
of asteroids, which can influence the shape distribution®.

Other processes could shape boulders at the surface of asteroids
such as thermal fatigue®®“’. Indeed, cracks that may have been formed
by such a process have been identified at the surface of Dimorphos and
it is predicted that 10-100 Myr are needed to break the boulders®.
However, Dimorphos’ surface is relatively young (0.3 Myr)®. It is,
therefore, unlikely that thermal processing has had sufficient time to
reshape boulders after the formation of the binary asteroid”.

From our measurements of the angularity of individual boulders,
we constrain what should be considered a lower limit (Methods—
Boulder sample selection for smaller scale descriptors), the mean bulk

angle of internal friction of the surface boulders of these rubble pile
asteroids to be 31.8 +5.1°. The bulk angle of internal friction of the
ensemble of boulders at the DART impact site is found to be 32.7 + 2.5°,
indicating that Dimorphos boulders are typical rubble pile boulders,
and that the angle of internal friction of a rubble pile is independent of
spectral type and, by extension, composition. However, we note that
certain characteristics such as porosity, are not accessible through a
morphological analysis.

In addition to providing information about the behaviour of
asteroid surfaces, our findings are useful for the continued inter-
pretation of the DART impact, for planetary defense efforts that rely on
estimates of asteroid mechanical properties in order to estimate the
potential damage an asteroid may cause if it were to impact the
Earth’"7*, and to evaluate the effectiveness of key asteroid deflection
techniques™. The insights about the likely boulder formation
mechanism will be useful for improving our knowledge about the
formation and evolution of both rubble pile asteroids and binary
asteroids.

In the future, it would be interesting to include more images
of Dimorphos’ surfaces in these analyses. The European Space
Agency Hera mission’® will provide global images of the surfaces
of both Dimorphos and Didymos allowing more detailed analyses
to be made of the DART target, and allowing for a comparison of
the boulder morphology on the surfaces of the primary and
secondary asteroids.

Methods

Image selection

The images of Itokawa, Ryugu and Bennu have been selected with the
following criteria : the pixel resolution must be under 0.1 m/px; if
available, the phase angle should be under 20° to minimize boulder
shadowing effects; and finally if available, we tried to select images
from varied locations on the surface of the asteroids. Based on the
pixel resolution and phase angle criteria, 7 images of Itokawa were
selected. These images are located at 2 different areas on the asteroid
with a total of 277 boulders identified semi-automatically. On Ryugu, 8
images were selected based on the distance of the spacecraft with the
asteroid (i.e. resolution) but the phase angles were not available.
However, each image has been randomly selected at 8 different loca-
tions in order to avoid overlapping images, where the spacecraft was
close enough to the asteroid to retrieve well-resolved images of its
surface for a total of 318 boulders semi-automatically identified.
Finally, 12 images were selected at 12 different locations at the surface
of Bennu. The images retrieved by the OSIRIS-REx missions offered an
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almost global coverage of very high resolution images. For this reason,
we chose 12 separate locations on Bennu’s surface and selected an
image around the location following the criteria cited above for a total
of 955 boulders semi-automatically identified. The detailed data of
each images are detailed in Supplementary Table 1.

Semi-automatic image segmentation

The images selected for the study were segmented in a two-step pro-
cess using a Python package, segmenteverygrain”, that enables to
detect grain-like objects in images. This segmenteverygrain pack-
age uses a machine learning model to obtain precise and accurate
outlines of the grains. It also possess functionalities to let the user
delete and merge objects, and add grains that were not segmented
automatically at first, by clicking inside the grain outline.

The first step of the process segments the raw images selected as
input (Supplementary Fig. 25a) and the boulders outlines can be
retrieved. However, depending on the images, visible errors reside in
the detection of the boulders outline. To improve the quality of the
boulder morphology analysis, a second step is necessary: manual
confirmation by the user of the detected boulders and adding any
boulders that may have not been selected automatically in the first
step (Supplementary Fig. 25b, outlines are always retrieved auto-
matically). The selected boulders had to verify one main criterion: they
have to not be cut-off from the image edges, or buried under some
regolith material that may be hiding a significant part of the boulder, or
either hiding in the shadow (from the cast or self shadows). This cri-
teria is checked manually, and, therefore, contains some component of
subjectivity. All boulders of the images were checked, and when a
doubt existed, the object was discarded to minimize any subjectivity
from the human interpretation.

This semi-automatic method enables to process more images in a
smaller amount of time than if the images were segmented completely
manually and therefore allows to analyse more areas on asteroids. Even
if more boulders could be identified manually on a single image, this
method decreases the biases from human interpretation in the
boulder outline definition.

Determination of morphological parameters
Most morphological parameters studied in this paper are dimension-
less quantities used in image analysis to describe the shapes of parti-
cles regardless of their sizes. The pipeline used for this has been
developed in MATLAB. From the particle contour coordinates, it
automatically computes the morphological parameters. The defini-
tions and method of calculation of the morphological parameters
provided in Table 1 are provided below.

The metric used as the size parameter is the equivalent diameter'®,
D, is the diameter of the circle with the same projected area as the
particle (Supplementary Fig. 26):

D.=2*/A/n )

with A being the projected area of the particle ("area" property of the
Image Processing MATLAB Toolbox regionprops function).

The circularity’, C, (or compactness) of a particle represents how
closely the polygon shape of that particle matches a circle of same area
(Supplementary Fig. 26):

4mA
=5 @)
where Ps is the perimeter of the particle, computed by counting the
pixels defining the boulder edge ("perimeter” property of the Image
Processing MATLAB Toolobox regionprops function). The circularity is
a measure of the large-scale roughness of a particle. A circularity of 1
indicates that the particle is circular.

The solidity or convexity ratio’® represents how closely does the
shape of a particle match its own convex hull (Supplementary Fig. 27):

Solidity = 3)

Il >

with H the area of the convex hull of the particle ("ConvexArea"
property of the Image Processing MATLAB Toolobox regionprops
function). It is a measure of the small-scale roughness of the boulders.
A solidity of 1 indicates that the particle is its own convex hull.

The axial ratios of a 3D shape are the ratios between the dimen-
sions in the three orthogonal plane of the particle, often referred as a,
b, and ¢ (a = b =c). When analysing 2D images, the particle axial ratio
can only be studied with its two apparent axis. The apparent axial ratio
can be computed two different ways:

* Ellipsoidal ratio (Supplementary Fig. 28): the axial ratio is com-
puted with the minor and major axis of the fitted ellipse of the
particle.

* Bounding box ratio (Supplementary Fig. 29): the axial ratio is
computed with the width and length of the minimal bounding box
of the particle.

Ellipsoidal ratio = g 4)

Bounding box ratio = % (5)
1

with a and b being the major and minor axis of the fitted ellipse of the
particle, respectively ("MajorAxisLength” and “MinorAxisLength"
properties of the regionprops function), and d; and d5, the minimal
bounding box length and width, respectively. The bounding box is a
rectangle which include all coordinates of the particle outline, and
which minimize the area of the rectangle. This one is found using a
preexisting MATLAB function®’.

Both the ellipsoidal and bounding box ratio can be used to obtain
the apparent axial ratio of a particle. An ellipsoidal or a bounding box
ratio of 1 indicates that the studied particle is equidimensional. The
ellipsoidal ratio has been used in previous studies®*”’° to measure the
axial ratio of asteroid boulders. These methods, are similar, but do
differ from each other, as seen in the results when using both meth-
odologies to compute the axial ratios (Supplementary Figs. 30 and 31).

Sphericity, S, is a three-dimensional parameter that can also be
studied in two dimensions. In three dimension, it is the relationship of
the shape of a particle to a sphere and the relationship of the shape of a
particle to a circle in two dimensions. It can also be referred as the
circle ratio sphericity® (Supplementary Fig. 32):

(6)

with D;, the diameter of the minimum circumscribing circle, and D;,s
the diameter of the largest inscribing circle. A sphericity equal to 1
indicates that the particle is a circle, with the minimum circumscribing
circle being equal to the maximum inscribing circle.

A previously defined methodology® is used to find the minimum
circumscribed circle of a particle (red circle in Supplementary Fig. 32).
In this method, the concave points around the contour are used to
define a first circle of a diameter corresponding to the largest distance
between two points. If all points of the contour are inside the circle, the
minimum circumscribed circle has been found. Otherwise the proce-
dure is repeated by including the outside point the furthest away from
the previous circle to fit a new circle from 3 points.
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The maximum inscribed circle (blue circle in Supplementary
Fig. 32) is found by computing the Euclidian distance transform of the
particle®® with the bwdist function in the Image Processing MATLAB
ToolBox. The distance transform computes the minimum distance to
the contour from each pixel inside the particle. The maximum value of
the distance transform map corresponds to the most enclosed point of
the particle that is the furthest away from the contours. The maximum
inscribed circle has a radius equal to the maximum value of the dis-
tance transform.

Roundness, R, indicates the relative curvature of the projected
shape of the particle. It quantifies the sharpness of its corners and
edges™'*’.. The definition of roundness® is the ratio of the average
radius of curvature of the corners of the particle to the radius of the
maximum inscribed circle (Supplementary Fig. 33):

R= Zf\il I (7)

Nx Tins
with N being the number of corners, r; the radius of each corner circle
and r;,s the radius of the largest inscribing circle. Higher roundness
indicates the particle is more round and lower roundness indicates the
particle is more angular.

In order to find the corners of the particle and their associated
radius r; the discrete curvature around the smoothed contour is
computed. The contour is smoothed by 5% with the LOESS (LOcally
Estimated Scatterplot Smoothing)®* method as a means to remove the
angular/square shape contour from the pixels. The curvature y of a 2D
closed line is the second derivative of the contour coordinates. A
curvature equal to O corresponds to a straight line. A negative (y<0)
and positive (y > 0) curvature are concave and convex points, respec-
tively. For one given point of curvature y,, the associated radius r, is its
inverse, as r, = i

In Wadell’s definition®, the corner circle’s radius cannot be larger
than the radius of the maximum inscribed circle (r; < =r;,s). Therefore,
a corner is defined by being successive concave points of a curvature
higher or equal to 1/r;,,. For each corner, the local maximum of the
curvature is identified, and corresponds to the radius of the biggest
circle that can fit in the corner.

The roundness of two additional samples was measured in
order to emphasize and demonstrate the roundness differences in
granular samples. For the angular sample, an image of broken glass
was analysed (Supplementary Fig. 34a), as for the rounded sample,
an image of pebbles found on the surface of Mars was used for the
analysis (Supplementray Fig. 34b). These images and samples were
selected as extreme cases for the roundness computation of gran-
ular samples. The broken glass and pebbles on Mars has an average
roundness and standard deviation of 0.26 +0.10 and 0.69 + 0.07,
respectively. The normal distribution of the roundness for these two
samples are compared with the roundness distribution of the
boulders of Dimorphos (Supplementary Fig. 35). The distributions of
the three different samples enables to demonstrate the differences
in range in the roundness computation for different granular
materials.

Boulder sample selection for smaller scale descriptors

The resolution of the image, or more precisely, the size in pixels of a
particle, may affect the results of the morphological descriptors,
especially for the smaller scale descriptors such as the roundness®,
and circularity®. All larger scale descriptors (sphericity, solidity, and
axial ratios) are not resolution-dependant. Thus, in order to avoid
computational errors and increase the reliability of our results we
selected boulders with diameters >30 pixels to compute the round-
ness and circularity. The 30 pixels threshold size was defined for our
analysis, in order to have a large enough sample size for each body
studied (>30 boulders®**®) to have reliable statistics. Dimorphos was

the limiting case, where only one image was analysed: to have a sample
size of at least 30 boulders to compute the smaller scale descriptors, all
boulders with a resolution above 30 pixels were included. For the
circularity, the error lies in the calculation of the perimeter; with too
few pixels defining the outline of the particle, the perimeter will be
underestimated. This behaviour can result in a circularity exceeding
the value of 1, as the circularity is the ratio between the perimeter of
the particle and the perimeter of a circle with the same area. As for the
roundness, if the particle is made of a few too pixels, then its corners
curvature are underestimated, and results in higher roundness values
computed. For the two smaller scale descriptors, roundness and cir-
cularity, the values were computed with all boulders with a diameter
>30 pixels. The roundness values presented here should be considered
as a higher limit due to the low resolution of the sample. As for the
angle of friction derived from the roundness, this should be con-
sidered as a lower limit.

Determining the internal friction angle
The empirical relationship between the bulk internal friction angle, ¢,
and average roundness of the constituent particles”, R, is:

$=25.02x(1—R)+20 ®

The relationship between the roundness distribution and the
resulting angle of internal friction distribution is displayed as bivariate
kernel density (see Methods—Kernel Density Estimate) in Supple-
mentary Fig. 36.

This relationship has been obtained in laboratory experiments
studying several types of sands, crushed sands and glass beads. The
roundness of the particles was computed from binarized 2D images
with a MATLAB code®. The internal friction angles (¢) of these dif-
ferent soils were measured using a triaxial shear test. The experiment
measures under which shear stress a material fails for a given normal
stress. The internal angle of friction (along with the material cohesion)
is then determined from the Mohr-Coulomb law®, Given that these
parameters are intrinsic to the material, the results are not gravity
dependant, unlike surface slopes or the angle of repose (often used as
a proxy for the internal angle of friction), which can vary under dif-
ferent gravitational conditions®.

There are also three other equations linking roundness and the
bulk internal friction angle following the same experimental approach,
but the method for calculating roundness is different from that of this
paper: one is measuring roundness by comparing a sample of grains
with the Sloss & Krumbein roundness chart'®’®, another one is using
the combined roundness”, taking in account mixed materials' and the
last one taking in account the coefficient of uniformity of the
material'.

Kernel Density Estimate

Kernel density estimation®® or the Parzen’s window®' is an approach to
estimate the underlying probability function of a data set®. In our case,
it smooths the histograms of our data to compare them more effec-
tively (For example, see Fig. 4). This smoothing is the reason why
values can exceed 1 on Fig. 4 even if no value exceeds 1 in the dataset.
The bivariate density estimation® shows the correlation between
kernel density estimates of two variables from the same data set (See
Supplementary Fig. 36). It is computed using the seaborn Python
library®* with the kdeplot and jointplot functions.

Data availability

The DART DRACO, the Hayabusa AMICA, the Hayabusa 2 ONC and the
OSIRIS-Rex OCAMS data are publicly available in the Planetary Data
System : DRACO AMICA ONC OCAMS Source data generated in this
study have been deposited in the Zenodo database: https://doi.org/10.
5281/zenodo.10848982 Source data are provided with this paper.
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Code availability
The segmenteverygrain code used to semi-automatically detect the
boulders contours is available on GitHub: https://github.com/
zsylvester/segmenteverygrain. The code used to retrieve the mor-
phological parameters of the boulders is available on demand to the
corresponding author.
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