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Abstract

Understanding the mechanical behavior of lunar regolith under low-g conditions is essential for processing
regolith in the lunar environment. While well understood for many granular materials on Earth, these
properties have yet to be studied for lunar regolith. For ground-based experimental investigation of regolith
properties, simulants are used, which mimic certain physical or chemical aspects of lunar regolith. However,
rheology is significantly influenced by particle size and shape, which has not yet been thoroughly characterized
for lunar regolith particles. Moreover, it remains unclear how well common simulants approximate the
morphology of lunar regolith particles. In this paper, we quantify the multivariate distributions of size and
shape descriptors of actual lunar regolith particles and seven commonly used mare and highlands regolith
simulants, using 3D tomographic image data obtained via micro computed tomography. Quantitative analysis
confirms that there are large differences in morphology within regolith simulants and between simulants
and lunar regolith. This highlights the need to develop regolith simulants with accurate morphologies
for experimental investigations of mechanical properties. Alternatively, statistically representative digital
models of lunar regolith can be used as input for numerical simulations, enabling simulation studies of
morphology-driven mechanical behavior under lunar conditions.
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Introduction

Space exploration activities are expected to grow significantly over
the next decades as evidenced by current trends and numerous
roadmaps presented at national and global levels, beginning with
the International Space Station and continuing to the lunar
vicinity, the Moon, asteroids and Mars [Seidel et al., 2022]. This
trend is fueled by advancements in technology and, in particular,
decreasing launch costs. Central to these ambitions is the concept
of In-Situ Resource Utilization (ISRU), or “living off the land,”
which emphasizes the production of essential resources such as
oxygen and metals locally rather than supplying them from Earth.
These resources are critical for life support, fuel production,
construction, and other applications [Seidel et al., 2022, Laurini

and Gerstenmaier, 2014]. ISRU activities are expected to grow
to a market of 63 billion dollars by 2040, predominantly driven
by oxygen production from local resources. The ROXY (Regolith
to Oxygen and Metals Conversion) molten salt electrolysis
process developed by Airbus meets the requirements for an
economically viable ISRU process to extract oxygen and metals
from regolith [Seidel et al., 2022, Haeming et al., 2020, Seidel
et al., 2021]. A lunar demonstration mission with a miniaturized
version of a ROXY reactor, called Mini-ROXY, is currently in
preparation [Seidel et al., 2023].

As ISRU and lunar exploration efforts progress [Deng et al.,
2025, Li et al., 2025], the handling and processing of lunar regolith
will play a pivotal role. The Mini-ROXY mission exemplifies
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this focus as regolith handling involves signicant challenges,
including clogging and ow inconsistencies in transport and
storage systems, which could jeopardize mission success. These
issues arise from the unique and complex behavior of regolith under
lunar conditions, where extreme temperature variations, reduced
gravity and electrostatic interactions in uence its rheological and
mechanical properties. One key objective of the Mini-ROXY lunar
demonstration mission is therefore to improve our understanding
of the behavior of lunar regolith in dynamical situations. This
general approach, which has been coined UPREB (Universal
Predictors of Regolith Behavior) [Birch et al., 2025], will help
to fully exploit the potential of regolith for ISRU and further
applications on the Moon and, with suitable adaptations, even
beyond. The overarching question is how regolith behaves when
being handled, mobilized, processed and transported on the
lunar surface in partial gravity and in the lunar environment.
Understanding these properties, namely, the rheology of lunar
regolith, is crucial for predicting how regolith can be handled and
processed for scienti c experiments and ISRU.

A crucial component of this understanding is the quantitative
characterization of particle morphology. The distributions of
morphological and textural descriptors of regolith particles govern
mechanical properties and ow behavior. Accurate quanti cation
of morphology thus represents an essential step toward predicting
mechanical behavior of regolith and facilitates reliable design of
equipment and risk assessment for ISRU applications.

Despite research progress [Pourakbar et al., 2025, Tsuchiyama
et al, 2025, Tute and Goulas, 2024, Zanon et al., 2024],
substantial knowledge gaps remain in understanding the rheology
of lunar regolith [Azami et al., 2024]. Large-scale experimental
investigations of mechanical properties of regolith are currently
unfeasible on the Moon and reproducing lunar conditions on
the Earth requires elaborate experimental setups, e.g., parabolic
ights or drop towers. Additionally, large quantities of lunar
regolith are unavailable for mechanical experiments and while
lunar regolith simulants exist, their applicability for such
experiments is questionable.

In the past, the analysis of lunar regolith has focused on its
chemical and mineralogical composition and properties [Martin
and Wagoner, 2022, Sibille et al., 2006]. In order to mimic lunar
regolith in that regard, various types of regolith simulants [Li
et al., 2022] have been developed. Additionally, mechanical
properties of regolith simulants have been investigated [Otto et al.,
2018]. However, it remains unclear whether regolith simulants are
representative for lunar regolith with respect to their mechanical
properties, as these are not only inuenced by mineralogical
properties but also by the size and shape of regolith particles.
While these relationships are well understood for many granular
materials and mechanical processes on Earth [Schulze, 2021], the
shapes of lunar regolith particles have only been analyzed for
single [Baidya et al., 2022] or a small number of particles in
the past [Katagiri et al., 2015, Tsuchiyama et al., 2022]. Due to
these concerns and constraints on experimental designs, regolith
simulants may be insu cient to reliably predict the mechanical
behavior of actual regolith under lunar conditions.

This gap may be bridged by numerical simulations applied
to a digital twin of the 3D morphology and mineralogical
composition of lunar regolith particles. Such a digital twin of
lunar regolith can be obtained by stochastic 3D modeling of the
shape and inner composition of regolith particles, based on highly-
resolved image data which are gained by computed tomography

(CT). Investigating material properties by the combination of
a digital twin and numerical simulations is known as virtual
materials testing and has been successfully applied to various other
materials [Jung et al., 2022, Neumann et al., 2018, Weber et al.,
2024]. For developing a realistic digital twin of lunar regolith, a
better understanding of the 3D morphology and texture of lunar
regolith particles is required.

In addition to the 2D characterization of statistically relevant
guantities [Ilsachenkov et al., 2022], 3D X-ray micro- and
nano-CT measurements of large numbers of particles from
samples of lunar regolith from the Apollo 11 and Apollo 14
missions [Chiaramonti and Garboczi, 2024] and, most recently,
the Chang'e-5 mission [Wu et al., 2025], have only recently been
performed and analyzed [Goguen et al., 2024, Kafka et al., 2025].
In contrast to lunar regolith, many studies of regolith simulants are
also limited to the investigation of a single regolith simulant [Peng
et al., 2023] and therefore do not allow direct comparisons of
inherent properties between di erent simulants.

In addition to the analysis of univariate descriptors of particle
shape as discussed in [Goguen et al., 2024], a multivariate
analysis, incorporating information of chemical composition
obtained from the raw CT data, will prove benecial for a
better understanding of regolith properties and behavior. In
particular, it is well established for various other materials that
their mechanical behavior on Earth typically depends on numerous
in uencing descriptors for their size, shape, surface roughness
and composition [Spettl et al., 2016]. For particle systems, these
descriptors are typically random, making their characterization
naturally suited to probability distributions. However, dierent
types of descriptors are often correlated (e.g., when shape
depends on size), meaning that describing them solely with
univariate distributions results in a signi cant loss of information.
To capture the full complexity of these interdependencies,
it is essential to utilize multivariate probability distributions,
which can account for the relationships and interactions among
the descriptors, providing a more comprehensive and accurate
statistical representation of the particle properties.

Additionally, univariate or multivariate distributions of
morphological particle descriptors are useful targets for the
development of a digital twin for the 3D morphology of lunar
regolith particles, i.e., for developing stochastic 3D models from
which virtual, but realistic regolith particles can be generated
for the purpose of virtual materials testing. While matching
the precise shapes of individual particles could be considered
over tting of the stochastic 3D model, tting of univariate
distributions of individual morphological particle descriptors or,
even better, multivariate distributions can be used for assessing
the performance of a stochastic 3D model for particle sizes, shapes
and composition [Priing et al., 2019].

In the present paper, multivariate statistical analysis and
parametric models for multivariate non-Gaussian probability
distributions of descriptor vectors are used to better understand
similarities and di erences of regolith simulant particles. We apply
these methods to 3D X-ray micro-CT data of dierent regolith
simulants representing mare and highlands regolith. Additionally,
we compare these simulants to three dierent samples of lunar
regolith, highlighting the necessity for a thorough investigation of
the shapes of lunar regolith particles to better understand their
mechanical behavior.



Analysis and modeling of lunar regolith simulants

Materials and Methods

In the following, we introduce the materials and methods
used throughout this paper, including the regolith simulants,
measurement techniques and considered particle descriptors.

Regolith Simulants
For analysis by X-ray CT, we chose four di erent mare and three
di erent highland types of regolith simulants. Table 1 shows the
di erent mineralogical compositions of these materials according
to the manufacturer.

Table 1. Mineralogical composition (wt.%) of regolith simulants. The

considered mineralogical phases, ordered from lowest to highest X-ray

attenuation are: Plag = Plagioclase, Ol = Olivine, Px = Pyroxene, Bas =
Basalt, lIm = limenite, m = Mare, h = Highland.

Name | Type | Glass Plag Ol Px Bas Ilim
CSM-LHT-1 h - 70.0 - - 300 -
OB1A h 432 444 63 06 - -
LHS-1 h 242 744 02 03 05 04
JSC-1A m 493 371 9.0 - - -
LMS-1 m 320 198 111 328 - 4.3
OPRL2N m 90.0 10.0 - - - -
CSM-LMT-1 m - - 100 - 86.0 40

For further analysis, in particular when using X-ray CT, only a
limited range of particles sizes can be observed at the same time.
Thus, in a rst step, we chose to sieve all samples to < 250um.
Table 2 shows information on the particle size distribution after
sieving determined with laser diraction (Malvern, Mastersizer
3000). For the actual CT measurements, we additionally removed
the nes below 25 um by wet sieving. Note that the size interval
of the middle fraction from 25 pm to 250 um is commonly used
in other studies as well and is a trade-o between practical
imaging constraints (like the minimum number of voxels for a
reasonable description of particle shape). However, this selection
may lead to bias. Finer and coarser particles often dier in
shape and composition, which may aect the overall trends.
Therefore, our results, and comparable studies as well, represent
only part of the particle size distribution, and caution should be
taken when generalizing. Following studies will include correlative
measurements for evaluating excluded fractions.

Acquisition and Processing of Image Data

The acquisition and processing of image data considered in this
paper consists of three steps: particle-discrete sample preparation,
X-ray tomographic measurements, and data pre{processing and
segmentation.

Particle-Discrete Sample Preparation

The basis for multivariate statistical data analysis is a set of
particle-discrete morphological and textural descriptors of regolith
simulants. To avoid time-consuming post-processing of image data
prior to segmentation into individual particle volumes, an adapted
sample preparation work ow was used that keeps the regolith
particles at a distance. Here, the well{known immobilization
through epoxy embedding was complemented by introducing

Table 2. Grain density , and quantiles dip ; dso;dgo Of the particle size
distribution (sieved below 250 um, determined with laser di raction) for
mare (top three) and highland (bottom four) regolith simulants, where the
following abbreviations are used: CSM = Colorado School of Mines, EL =
Exolith Lab, DI = Deltion Innovations Ltd., OPR = O Planet Research.

Name Manufacturer d 1o dso dgo

(g/em3) (m) ( m) ( m)
CSM-LHT-1 CSM 2.85 4.2 51.7 216.8
LHS-1 EL 3.30 9.9 82.9 234.7
OB1A DI 3.03 189 80.3 185.2
JSC-1A ORBITEC 2.90 18.1 749 233.2
LMS-1 EL 2.92 11.9 88.7 2405
OPRL2N OPR 2.85 3.8 31.2 156.5
CSM-LMT-1 CSM 2.90 4.7 54.8 206.7

weakly X-ray absorbing carbon black spacer particles in the
nanometer size range|much below the actual isotropic voxel

resolution of (2 :3um) (2:3um) (2:3 um)|to avoid agglomerates
and sedimentation e ects, which cannot be neglected in the
present size and mass density range of the particles [Ditscherlein
et al., 2022].

X-ray Tomographic Measurements

Non-destructive X-ray tomographic measurements have become a
standard characterization method in recent years [Withers et al.,
2021], especially when characterizing particulate systems [Lin
and Miller, 2005]. A typical lab-based X-ray system uses a
polychromatic source where electrons, accelerated from a cathode
to a target anode (e.g., tungsten), generate X-rays. The interaction
within the target creates a bulb-shaped volume, producing
two types of X-rays. One of them are characteristic X-rays,
determined by the target material, which are primarily useful
for chemical analysis but irrelevant here, since the mineralogical
composition of the target material is known. The other one is
bremsstrahlung, a continuous spectrum in uenced by lItering and
electron acceleration voltage, which determines the main part
of the integral spectrum used for the measurements. Here, the
stability of the X-ray interaction bulb is critical for sharp and
reproducible imaging. The conical X-ray beam passes through the
sample, projecting onto a 2D at panel detector. Unlike medical
CT, the sample rotates while the detector remains xed. Each
rotational step produces a projection image, forming a series
of 2D projection images to be processed into a 3D tomogram
using reconstruction algorithms such as Itered back projection
(FBP). For more details, we refer e.g. to [Buzug, 2008]. Exemplary
particles of the regolith simulants in Table 2 measured via X-
ray tomography are visualized in Figure 1, where it is clearly
visible that the particles show large variations in shape and surface
modi cations.

In order to make the measurements of the regolith simulant
samples, i.e. their gray value distributions, as comparable as
possible, the measurement parameters were kept constant (sample
diameter: 2 mm, acceleration voltage: 80 keV, beam power: 7
W, exposure time: 1.5 s, binning: 2, lter: Zeiss standard LE4).
Figure 2 shows exemplary slices from the seven regolith simulants.

A standardization of the gray values is needed to enable
a quantitative analysis. This can only be done by utilizing
correlative methods such as scanning electron microscopy (SEM)
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Fig. 1: 3D models of selected particles (150 um to 250 um) from
regolith simulants in Tab. 2 illustrating the diversity in shape
and surface texture. A scale bar is omitted, as the models
are not rendered isometrically and are intended for qualitative
visualization only.

Fig. 2: Exemplary slices of tomographically reconstructed samples
of the regolith simulants in Table 2, measured via X-ray
tomography. Highly X-ray attenuating phases are brighter,
whereas less attenuating phases are darker. Spherical black areas
are air bubbles due to the sample preparation procedure, which
can later be used as markers for correlative scans.

combined with energy-dispersive X-ray spectroscopy (EDX),
which is possible on the micrometer [Schulz et al., 2020] and sub-
micrometer scale [Englisch et al., 2023]. However, these methods
are limited to 2D measurements and cannot be carried out without
further sample preparation. State-of-the-art spectral CT scanners
can do this also in the 3D volume of the sample [Sittner et al.,
2020], but not yet with the resolution required here and, due to
the large amount of data, not yet for a large number of densely
packed samples with a large number of particles. To nevertheless
create a valid starting point for gray value evaluation, all regolith
samples were scanned and examined for the most highly absorbing
phase, which represents the upper limit of the normalization
condition. The other data sets were then reconstructed from the
raw data within the new limits. Given a stable X-ray source
and short consecutive measurements, the gray values can then
be quantitatively compared with each other.

Data Pre{Processing and Segmentation

For discrete particle segmentation, a two-step supervised llastik
training algorithm [Berg et al., 2019] was used, starting with the
creation of a pixel classier. In this step, the material phase
is separated from the background phase (see Figure 3. In the

next step, an automated routine processes the entire image stack,
identifying individual volumes of the material phase and assigning
them distinct colors. These color codes are then converted into
unique gray values, referred to as labels, which are utilized in
a second object-classi er routine to extract quantitative data.
However, for particle-discrete analysis of the material phase
distribution, it is crucial that the information about an aggregated
gray value or histogram is preserved for each particle. This can be
done by reusing the generated particle labels in combination with
the original image data.

Fig. 3: Exemplary reconstructed slice from the OB1A dataset with

magni ed region showing markers for the particle (yellow) and

background phase (blue) to train the pixel-based classi er with

llastik giving a segmented image (visual validation showing no
missing particles) that can be used for an object-based classi er
assigning a distinct false color map.

Particle Descriptors

The regolith simulants are analyzed with respect to dierent
particle-discrete descriptors. In particular, descriptors of particle
size and shape as well as such of texture are investigated, where
the shapes of particles can be directly related to various rheological
properties of bulk regolith like owability, vulnerability to clogging
and sieving behavior. Additionally, texture observed in CT images
is analyzed as this relates to their chemical and mineralogical
composition and, thereby, electrostatic properties. All particle
descriptors considered in this paper are computed directly from
the voxelized image-data representation of particles described in
the previous sections.

Morphological Descriptors

The most fundamental descriptors of particle morphology are
the volume V and surface area A of a particle, where the
particle volume is simply calculated by counting the voxels
associated with that particle. The surface area is computed by
the algorithm proposed in [Schladitz et al., 2007], which is based
on a convolution of the image with a 2 2 2 kernel and thus
avoids the reconstruction of the actual surface while yielding more
accurate results compared to simply counting voxels which touch
both the interior and exterior of a particle. The latter would
introduce a signi cant bias depending on the voxel-resolution of
the measurement.

A commonly used descriptor of particle shape, being a measure
of roundness, is the so-called sphericity S of a particle, which is
given by

Q2

3A '

Additionally, the aspect ratio R of particles is considered, which
is given as the ratio of the lengths of the longest and shortest
principal axes of an ellipsoid with the same normalized second

S=
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