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Abstract 

The Martian Moons eXploration (MMX) mission will study the Martian moons Phobos and Deimos, Mars, and their 
environments. The mission scenario includes both landing on the surface of Phobos to collect samples and deploying 
a small rover for in situ observations. Engineering safeties and scientific planning for these operations require appro‑
priate evaluations of the surface environment of Phobos. Thus, the mission team organized the Landing Operation 
Working Team (LOWT) and Surface Science and Geology Sub‑Science Team (SSG‑SST), whose view of the Phobos 
environment is summarized in this paper. While orbital and large‑scale characteristics of Phobos are relatively well 
known, characteristics of the surface regolith, including the particle size‑distributions, the packing density, and the 
mechanical properties, are difficult to constrain. Therefore, we developed several types of simulated soil materials 
(simulant), such as UTPS‑TB (University of Tokyo Phobos Simulant, Tagish Lake based), UTPS‑IB (Impact‑hypothesis 
based), and UTPS‑S (Simpler version) for engineering and scientific evaluation experiments.
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Introduction
Phobos and Deimos, the two moons of Mars, are the 
target bodies of Japan Aerospace Exploration Agency 
(JAXA)’s Martian Moons eXploration (MMX) mission, 
scheduled to be launched in 2024 (Kuramoto et al. 2021). 
The spacecraft will land on Phobos’ surface and collect 
samples of the surface soil to bring them back to Earth 
for detailed analysis in terrestrial laboratories. The space-
craft carries the small detachable-type rover, developed 
by Centre National d’Etudes Spatiales (CNES) and the 
German Aerospace Center (DLR), which will be deployed 

on Phobos’ surface to perform scientific observations 
(Michel et al. 2021).

Previous asteroid sample-return missions, such as Hay-
abusa, Hayabusa-2, and OSIRIS-REx, did not attempt a 
landing, while they collected samples of the target bod-
ies using a touch-and-go approach (Bierhaus et al. 2018; 
Tachibana et al. 2013). Such a sampling method was pre-
ferred to minimize spacecraft interaction with the sur-
face both in time and spacecraft surface area, reducing 
potential risks posed by both the low-gravity and the lack 
of knowledge in terms of surface response to an external 
action. The sampling method of MMX will be different 
from the one used in these past missions because the 
gravity of Phobos is considerably larger (Phobos’ surface 
gravity is more than 50 times larger than that of Ryugu), 
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preventing immediate ascent after touching down due to 
engineering constraints. Instead, the MMX mothership 
will land on the surface of Phobos for a few hours, and 
thus, the mission team must design both the landing and 
sampling devices appropriately to comply with the sur-
face conditions on Phobos. Such a type of landing is a big 
challenge for the team because this is the first time that 
a mission plans to land on a small natural satellite, and 
observations to date provide a very limited knowledge of 
the surface conditions of Phobos. For example, we need 
to constrain how the surface reacts to an external action, 
even though the actual composition and structure of the 
surface soil is still unknown and competing hypotheses 
can explain the observational data. Nevertheless, reason-
able estimates of the possible range of surface conditions 
are required in order to design a robust mission within 
given budget constraints.

The MMX team organized the Landing Operation 
Working Team (LOWT) and the Surface Science and 
Geology Sub-Science Team (SSG-SST) for handling 
issues regarding the surface conditions on the Martian 
satellites. After years of discussions, we decided to take 
the following approach for engineering purposes: (1) 
compiling relatively reliable information regarding the 
possible environment of the surface of Phobos based 
primarily on reviews of previous works; (2) develop-
ing a conceptual model of the horizontal and vertical 
structures of the near-surface regolith, and (3) develop-
ing simulating materials (simulants) of Phobos for engi-
neering tests to provide insights into the properties and 
mechanical response of the soil. This paper summarizes 
our assessment of the surface conditions of Phobos 
developed by the LOWT and SSG-SST activities, which 
provided the necessary engineering constraints to design 
the MMX mission.

Surface environment of Phobos
As a part of the LOWT/SSG-SST activities, we reviewed 
previous publications discussing the surface of Phobos, 
Deimos, small bodies, and the Moon to constrain plausi-
ble surface conditions of Phobos from known data. Main 
findings are summarized below.

General characteristics of Phobos
The general characteristics of Phobos have been stud-
ied by both terrestrial observations and previous Mars 
missions. As a result, unlike previous asteroid missions, 
the MMX spacecraft’s design could start with some 
well-constrained physical properties, some of which are 
summarized in Table  1. Further, photomosaics, maps, 
and numerical shape models have been built by several 
researchers, leading to the knowledge of the total surface 
area and the average slope angle of Phobos. Note that 

comprehensive reviews are also found in other works 
(Jacobson 2010; Kuzmin et al. 2003; Murchie et al. 1999, 
2014; Willner et al. 2010).

Global shape and slopes
The surface slopes and roughness are particularly impor-
tant for designing a landing mission. Large-scale slopes 
and roughness are determined primarily by the global 
shape of the body and by orbital parameters. Like the 
synchronous rotation of our Moon around the Earth, 
Phobos revolves synchronically around Mars, where the 
near side is always facing Mars. Phobos has an equato-
rial and almost circular orbit around Mars with a period 
of 7  h and 39  min and an eccentricity of 0.015. Unlike 
similarly sized asteroids, the orbital dynamics and the 
gravitational heterogeneity of Phobos are particularly 
complex due to the irregular shape and the strong tidal 
forces resulting from the short distance between Mars 
and Phobos. Importantly, Phobos orbits at an altitude of 
about 6000 km from the surface of Mars, making it closer 
to Mars than its Roche limit (i.e., the tidal force would 
destroy the satellite if it behaved like a fluid).

The total mass of Phobos is insufficient to make 
it a spherical body. We also do not expect any heat 
flux driven from the deeper subsurface. However, we 
note that the plasma and magnetic field perturbations 
observed by Phobos 2 spacecraft can be interpreted as 
outgassing from Phobos (Dubinin et  al. 1990) whose 
nature is not ascertained yet because the Mars Global 
Surveyor (MGS) orbiter and the Hubble Space Telescope 
did not detect any evidence of such outgassing (Oieroset 
et al. 2010; Showalter et al. 2006). Phobos’ overall shape 
is very irregular due to several large craters, which cause 
significant variations in local slopes. Even with a classi-
cally developed numerical shape model, determining 
the local gravity direction is not simple due to its close 
proximity to Mars (Ballouz 2019) and its inferred hetero-
geneity. A large-scale density heterogeneity of Phobos is 
likely given the libration observations (Le Maistre et  al. 
2019). Nevertheless, we calculate the gravity field with a 
constant density value for Phobos’ entire body to evalu-
ate the slope angle’s-frequency distribution. We find that 
slopes with respect to the local gravity are mostly less 
tilted than 40 degrees (Scheeres et  al. 2019; Wang and 
Wu 2020; Willner et al. 2014), with plenty of < 10 degrees 
slope areas (Fig. 1) preferred by a lander and a rover.

The above estimates of the gravity and tilt are based on 
a shape model, whose averaged facet area is about  104  m2 
(Willner et al. 2014). However, the size of the spacecraft 
is only 14  m across. Thus, in terms of landing hazard 
evaluation, we need further discussions on the surface 
roughness at a higher resolution, discussed in an accom-
panying paper (Takemura et al. 2021).
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Composition of the surface of Phobos
The composition of Phobos is not constrained unambigu-
ously. Phobos’ spectral properties have been investigated 
at both visible-to-near-infrared and mid-infrared wave-
lengths (Fraeman et al. 2012, 2014; Murchie et al. 1999; 
Pieters et al. 2014; Rivkin et al. 2002). Phobos is generally 
spectrally featureless and very dark, sharing essentially 
the same characteristics as P- and D-type asteroids (Frae-
man et al. 2014). In this sense, the low albedo value can 
be explained by the presence of organic compounds, as 
found on meteorites like CM2 chondrites. We also note 
that the overall spectral characteristics of D-type aster-
oids and the Tagish Lake meteorite are similar in terms of 
the brightness, the redness, and the overall shape of spec-
tra (Hiroi et al. 2001; Pajola et al. 2013). Thus, Tagish lake 
and CM2 chondrites could be good compositional analog 
materials for Phobos.

Estimating the composition of Phobos largely 
depends on weak characteristic absorptions in observed 

reflectance spectra. The overall shapes of the reflectance 
spectrum may also be useful to evaluate the nature of 
Phobos’ material. We compiled and resampled reflec-
tance spectra of 369 asteroids and 741 meteorites from 
mostly the RELAB database (Pieters and Hiroi 2004) to 
perform principal component and cluster analyses using 
16 standard schemes to calculate the relative distance of 
reflectance spectra (Miyamoto et  al. 2018). The results 
indicate (1) the spectral characteristics of both the blue 
and red units are not that different from each other; (2) 
their reflectance spectra characteristics are mostly simi-
lar to those of Tagish lake and CM2 chondrites; and (3) 
the reflectance spectra of Phobos are plotted at the edge 
of the cluster of darker asteroids (Fig. 2).

We note that the absorption features in 1.65–3.5 µm 
match quite well to mature lunar soils and heated car-
bonaceous chondrites (Rivkin et  al. 2002). Also, the 
darkness and the featureless spectra of Phobos could 
be explained by shock-darkened silicates (Pieters et al. 

Table 1 General characteristics of Phobos

Parameter Value References

Dimension 26.06 × 22.80 × 18.28 km Willner et al. (2014)

Mean radius 10.993 km Willner et al. (2014)

Mass 1.0668 ± 0.003 ×  1016 kg Andert et al. (2010)

1.065 ± 0.015 ×  1016 kg Pätzold et al. (2014)

1.0604 ± 0.0011 ×  1016 kg Yang et al. (2019)

Volume 5742 ± 35  km3 Willner et al. (2014)

Surface area 1567.9  km2

Mean density 1.860 ± 0.013 g/cm3 Willner et al. (2014)

1.846 ± 0.011 g/cm3 Yang et al. (2019)

Surface gravity 0.003–0.007 m/s2 Thomas (1993)

Escape velocity 11.39 m/s

Rotation period 7 h 39 min 19.47 s Jacobson (2010)

Semi‑major axis of the orbit 9375 km (2.76 Mars radii) Jacobson (2010)

Mean orbital velocity 2.138 km/s Jacobson (2010)

Equatorial rotation velocity 2.97 m/s

Eccentricity 0.0151 Jacobson (2010)

Inclination 1.0847 deg to Mars’ equator Jacobson (2010)

1.0756 deg to local Laplace plane

26.04 deg to the ecliptic plane

Geometric albedo 0.071 Simonelli et al. (1998)

IR emissivity 0.98

Thermal inertia 20–70  Jm−2  K−1  s−1/2 Lunine et al. (1982), Kührt et al. (1992)

Surface slope 0–40 degree Willner et al. (2014), Wang and Wu (2020)

Dust deposition rate 14–26 µm/year

Dust electric charge 10–16 C/particle Senshu et al. (2015)

Small meteorite flux 10–16 g/cm2/s Grün et al. (1985), Divine (1993)

Meteorite impact velocity 8.5–15 km/s Divine (1993)

Internal thermal flux 0.0 W/m2

Surface temperature 60–330 K @N ± 60° Kührt and Giese (1989)
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2008). MGS thermal emission spectrometer (TES) 
observations of Phobos indicate that the Tagish Lake 
meteorite may not be the best mid-IR spectral analog 
for Phobos and the TES spectra are best matched 
by the silicate transparency feature found for finely 
grained particulate basalt and other features observed 
from phyllosilicate components (Glotch et  al. 2018). 
Thus, the results of previous observations can be 
interpreted differently along with two hypotheses of 
the formation of Phobos: a captured asteroid and an 
in situ formation (Usui et al. 2020).

We interpret these results as follows: (a) if Phobos is 
a gravitationally captured asteroid, the origin of Pho-
bos is basically an asteroid similar to the parent bod-
ies of those meteorites, such as Tagish Lake and CM 
chondrites; (b) if the giant-impact hypothesis is cor-
rect, Phobos is composed of both Mars and impac-
tor fragments, with impactor fragments dominating 
the spectral characteristics. The latter may be sup-
ported by theoretical studies of Phobos and Deimos’ 
formations, which favor the giant-impact hypothesis, 
suggesting that about 50% of the materials forming 
Phobos originate from Mars, although this percentage 
must be taken with caution as numerical simulations 
of giant impacts are extremely challenging and still 
rely on various simplifications (Hyodo et al. 2017).

Behaviors of dust particles
The weak gravitational field of Phobos may enhance per-
turbations of dust particle trajectories on the surface. 
Dust particles could be released from the surface due to 
some reason: i.e., outgassing from subsurface (Hu et  al. 
2017), impact shaking invoked by impact or gravitational 
interaction with other celestial bodies (Richardson et al. 
2020), cracking due to thermal fatigue (Dombard et  al. 
2010), or electrostatic repulsing invoked by solar EUV 
irradiation (Lee 1996).

The asteroid 433 Eros has been precisely observed by 
NEAR (Veverka et al. 2000). Although the spectral types 
of Eros and Phobos are different, the heliocentric dis-
tance, size, and estimated gravitational acceleration of 
Eros are similar to that of Phobos. Thus, the observa-
tion result on Eros is worth considering as a reference for 
Phobos.

Veverka et  al. (2001) found several craters on the 
asteroid 433 Eros being filled with dust grains. Colwell 
et  al. (2005) and following studies (e.g., Senshu et  al. 
2015; Wang et  al. 2016) proposed the possibility that 
the characteristic structure called “pond” is formed by 
electrostatic dust levitation. Solar EUV irradiation to 
the bedrock and dust grains charges them up by photo-
electron emission. Dust grains can be launched from the 
surface due to electrostatic repulsion and eventually they 

Fig. 1 a Phobos’ 2D map, color‑coded with respect to dynamic surface slope. Tidal effect is included; b binarized slope map at 10 degrees; c 
frequency distributions of dynamic surface slopes (bars) and its cumulative plot (red line)
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settle in a concave structure to form a dust pond (Hargi-
tai and Kereszturi 2015). On the contrary, Hartzell and 
Scheeres (2011) pointed out that only the electrostatic 
force by itself is not sufficient to force dust particles 
detach from the surface against cohesive force. Thus the 
lateral dust particle transportation might need external 
trigger such as impact.

The typical size of a “pond” structure on Eros is smaller 
than 100  m (Robinson et  al. 2001) and it is not clear 
whether or not there are similar structures on Phobos. 
The MMX mission will allow us to detect their possible 
presence by providing data on crater floors in the equato-
rial regions of Phobos, where lateral dust transfer is pos-
sible like on Eros.

Dust deposition rate at the surface
Phobos may have experienced accumulations of dust par-
ticles over time because of its proximity to Mars. As a 
result, the surface of Phobos has evolved differently rela-
tive to the surface of small bodies and the Moon. Surface 
irregularities and the dust environment are likely to be 
totally different from other known bodies and continuous 

depositions of dust particles may affect the functions of 
the lander and the rover.

To estimate the current flux of the dust deposition on 
the very surface of Phobos, we consider ejecta particles 
produced by micrometeorite impacts. We estimate ejecta 
velocity from impact cratering scaling laws (Housen 
and Holsapple 2011), using for projectile’s conditions, a 
model of impact fluxes and velocities of micrometeor-
oids. The upper limit of the deposition rate is realized in 
the case of impacts on sand (gravity regime) while the 
lower limit is estimated in the case of impacts on rock 
(strength regime).

We also assume cratering scaling laws both in the grav-
ity regime (for giving the upper limit) and in the strength 
regime (for giving the lower limit). We then assume that 
ejected particles are deposited if their ejection veloci-
ties are lower than Phobos’ escape velocity. Assuming a 
wide range of strength values for the materials on Phobos 
(from 0.01 to 10 MPa), we can calculate the total volume 
of ejected materials, whose velocity is slower than the 
escape velocity, for a single impact event.

Micrometeorite flux on the surface of Phobos is esti-
mated to be  10–16  g/cm2/s (Grün et  al. 1985; Divine 
1993), in agreement with the estimated interplanetary 
dust flux to Mars (5.2 ×  106  kg/year) based on Flynn 
(1997) and the most recent estimate of both asteroidal 
and cometary dust fluxes to Mars of 2.96 ± 0.23 ×  106 kg/
year (Borin et al. 2017). We expect that the impact veloc-
ity of micrometeorites on the surface of Phobos can range 
from 8.5  km to 15  km/s (Divine 1993), which includes 
the estimated impact velocities of asteroids on Mars of 
9.4  km/s (Ivanov 2001). Our calculation then gives sta-
tistical estimates of the total deposited ejecta volume 
from impacts based on the current frequency distribu-
tions of micrometeoroids, which results in the averaged 
dust deposition rate when divided by Phobos’ surface 
area. Depending on the average impact velocity of micro-
meteoroids (U), the deposition rates vary from less than 
14 µm/year (U = 8.5 km) to 26 µm/year (U = 15 km). We 
conclude that the dust deposition rates on Phobos are 
less than ~ 20 µm/year.

The fate of the ejected materials at speeds faster than 
Phobos’ escape velocity is strongly influenced by the 
Martian gravity field. Significantly different from other 
similarly sized asteroids, particles once ejected from Pho-
bos can be captured in orbits around Mars. The escape 
velocity from the Mars system at the current orbit of Pho-
bos is 3.03  km/s, which is similar to the average orbital 
velocity of Phobos (2.14  km/s) but significantly faster 
than the escape velocity from Phobos (4–10 m/s). Thus, 
most ejected particles are expected to be captured into 
orbits around Mars and later possibly re-impact Pho-
bos (Ramsley and Head 2013a). The estimated re-impact 

Fig. 2 Correlation‑based mutual distances of 556 meteorites, 
259 asteroids, and Phobos’s blue and red units visualized by t‑SNE 
approach, which shows the correlations between C‑type asteroids 
and C‑type meteorites. Colors represent types of asteroids and 
meteorites as denoted in the bottom. Inset is the closeup of the 
upper middle part of the plot, which shows both the red and the 
blue units of Phobos is best matched with the Tagish Lake meteorite, 
which is surrounded by the greenish rectangle
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velocity is significantly slower than the impact velocities 
from solar system projectiles (Ramsley and Head 2013b), 
which could form homogenized depositions on the sur-
face because the perturbation by the re-impact would be 
limited.

Nature of the Phobos regolith
Regolith of small bodies and satellites
The Moon and asteroids’ surfaces are covered by loose 
deposits of fragmented debris, commonly called regolith 
(Walsh 2018). Lunar regolith has been studied intensively 
through Apollo missions. Trenches and core tubes into 
the regolith reveal that it is stratified with many buried 
cobbles and boulders. The surface is continuously and 
extensively impacted by micrometeorites, resulting in 
the breaking up of soil particles, the melting of some por-
tions of the soil, and the mixing with lithic fragments. 
The surface materials are subsequently altered and 
reworked by a combination of chemical and physical pro-
cesses until they are buried by fresh ejecta or broken up 
by further impacts. Over billions of years, such processes 
form the uppermost lunar regolith that consists of loose 
but somewhat cohesive, gray-colored, very-fine-grained, 
and mechanically disintegrated materials. The typical 
grain size of the surface regolith ranges from < 40  μm 
to > 800  μm with a median of about 70  μm. Individual 
lunar soil particles are glass-bonded agglutinates or frag-
ments of various rocks and minerals. The chemical com-
position of the lunar soil ranges from basaltic (mafic) to 
anorthositic and includes a small (< 2%) meteoritic com-
ponent (Niihara et  al. 2019). Importantly, even though 
lunar soils’ chemical compositions vary considerably, 
variations in mechanical properties such as grain size, 
density, packing, and compressibility appear to be small.

Regolith on asteroids and comets has also been stud-
ied by previous missions, and more than 10 bodies have 
been observed at close distances (Britt et al. 2019; Chap-
man, 1996; Lauretta et al. 2019; Russell et al. 2012; Wata-
nabe et al. 2019). Based on these proximity observations, 
we now know that the surface of an asteroid is covered 
by regolith whose properties can be very different from 
one object to the next depending on a number of factors 
including the asteroid’s mineralogy and its gravity field 
(size). This regolith evolves and transforms over its his-
tory as a result of diverse processes, including impact 
cratering (e.g., Schmedemann et al. 2014), earlier internal 
aqueous and thermal alterations (e.g., Wilson et al. 1999), 
mass movements (e.g., Miyamoto et  al. 2007), thermal 
fatigue (e.g., Delbo et al. 2014) and space weathering (e.g., 
Sasaki et  al. 2001). These processes are often driven by 
the fundamental mineralogical differences between aster-
oids which range from primtive to igneous materials. 
These surface processes result in characteristic evolutions 

of regolith on small bodies, including a certain homoge-
neity/heterogeneity in material chemistry, mechanical 
variations, a range of particle sizes from sub-microns to 
meter-scale, sometimes up to boulder sizes (e.g., Lau-
retta et al. 2019; Saito et al. 2006; Sugita et al. 2019). The 
knowledge of regolith properties and processes is essen-
tial for science, landing safety, and selecting landing sites 
(Yano et al. 2006).

Particle size and its vertical structure of Phobos regolith
Unlike the Moon, Phobos’ orbital configuration allows 
almost all ejecta from Phobos to re-impact on Phobos 
after orbiting Mars for years (Ramsley and Head 2013a). 
Repeated ejections and depositions of impact ejecta on 
Phobos may contribute to forming a geographically iso-
tropic regolith (Ramsley and Head 2013a), which may 
explain the smooth-looking surface texture in high-res-
olution images. The particles orbiting Mars may be per-
turbed by Martian gravity and solar radiation pressure, 
which can deplete fragments < 300 µm before re-impact-
ing on Phobos. In this case, Phobos’ surface materials 
may be deficient in fine-particles smaller than 300  µm 
(Ramsley and Head 2013a).

On the other hand, as observed on the Moon, surface 
rocks on Phobos may be broken by collisions of repeti-
tious small impact events. The median survival time of 
rock fragments > 2 m in diameter is estimated to be about 
40–80 Ma on the Moon (Basilevsky et al. 2013). Diurnal 
temperature cycling and associated stress may also con-
tribute to the destruction of rocks (Delbo et  al. 2014). 
Given the differences in the impact environments, the 
survival times of rock fragments on Phobos are slightly 
shorter than those on the Moon. In this sense, Phobos’ 
surface may contain plenty of fine particles as observed 
on the Moon.

A significant difference in survival times between the 
leading and trailing hemispheres was theoretically sug-
gested (Basilevsky et  al. 2015). Interestingly, such a 
difference in regolith maturity is not evident in higher-
resolution images. This apparent homogeneity may be 
caused by the limited image resolution, but it could be 
due to particles’ homogenization by certain horizon-
tal motions of surface particles. Such activities may be 
caused by periodic variations in dynamic slopes driven 
by orbital eccentricity (Ballouz et  al. 2019) or by about 
1-µm-scale dust, which could cover the surface of Phobos 
(Popel et al. 2019).

Arecibo 2380  MHz radar data indicate that Phobos’ 
radar albedo can be very low (OC radar albedo, oppo-
site-sense circular polarization to that transmitted, is 
0.021 ± 0.006). This implies that the bulk density of the 
surface can be 1600 ± 300  kg/m3 (Busch et  al. 2007), 
which is smaller than the range of possible bulk densities 
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of Phobos of about 1867–1885  kg/m3 (Willner et  al. 
2010). This low surface density suggests that the top of 
the surface can be covered by low bulk-density materials 
such as accumulated dust or lag, implying a high porosity 
of the upper layer.

Another useful information to estimate the particle 
size-distribution is surface thermal inertia, which is esti-
mated to be 40–70 J  m−2  K−1  s−1/2 based on Viking obser-
vations (Lunine et  al. 1982) or 20–40  J   m−2   K−1   s−1/2 
based on Phobos 2 observations (Kührt et al. 1992); these 
suggest that the average particle diameter is expected to 
be < 2 mm in most regions. Assuming a thermal inertia of 
55  J   m−2   K−1   s−1/2, the most probable particle diameter 
and porosity values are < 1  mm and > 53%, respectively 
(Sakatani et al. 2012).

Another approach to understanding regolith prop-
erties is to understand the formation of geologic struc-
tures on Phobos, namely the systems of grooves that are 
found, both parallel and criss-crossing networks of lin-
ear features that appear to correlate with the increasing 
tidal strain (Hurford et al. 2016) as Phobos spirals closer 
to Mars due to tidal friction. It has long been suggested 
(Yoder et al. 1982) that these features may be granular fis-
sures, and in order to match these features, a low surface 
cohesion is required. Note that some resemble secondary 
crater chains.

Accounting for these considerations, we assume for 
our reference model that the regolith of Phobos holds 
the characteristics listed in Table 2 and that the surface 
of the regolith has at least three layers (Fig. 3): (1) a thin, 

Table 2 Reference model properties of the surface regolith of Phobos

Estimated range Likely values

Particle size 30 µm–10 cm Model 1: very fine (< 300 µm)

Model 2 (nominal): 100 µm‑5 mm

Model 3: > 1 mm

Particle size distribution Power index 0.0–4.0 Power index ~ 3.0

Particle shape Round to very angular Subangular to angular

Internal friction angle of the particles < 10 to > 55 degrees 30–50 degrees

Cohesion of particles 0–2000 N/m2 50‑700 N/m2

Compressional strength of particles 0.5–70 MPa Model a: 1–10 MPa

Model b: 30–50 MPa

Macroscopic porosity < 10–70% 40–70%

Surface mobile particle‑layer thickness < 1 to > 100 m 5 m (can continue much deeper, but deeper 
parts are considered as mechanically stable)

Fig. 3 Estimated surface and subsurface structure
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extremely under-dense uppermost layer (< 3 cm in thick-
ness) of micron-scale accumulated dust; (2) a 10-cm- to 
3-m-thick regolith layer with particles accumulated at 
relatively high porosity, and (3) a > 10-m-thick regolith 
layer with lower porosity.

Development of Phobos simulant
Necessity of simulant
Mechanical properties of the surface soil, such as bear-
ing capacity, bulk frictional coefficient, and other param-
eters related to granular material behavior, are essential 
for designing a lander, a rover, and a sampler. However, 
theoretical estimates of these parameters are generally a 
challenge due to our limited understanding of granular 
material’s behavior under a low-gravity environment. For 
example, the bearing capacity depends on several param-
eters, including the cohesion, the effective weight of the 
soil, and the external friction angle, which may signifi-
cantly vary with depth. Even on Earth, these values are 
estimated empirically with additional safety factors. Fur-
thermore, fundamental assumptions regarding the soil 
deformations resulting from local shear failure may have 
further limitations when applied to the dynamic situa-
tion under a low-gravity environment, where the timing 
of interacting particles and artifacts (such as landing pad 
and rover wheels) can differ significantly. Thus, answer-
ing engineering needs regarding essential parameters for 
grasping the bulk response of soils to artifacts under the 
low-gravity environment remains a great challenge.

In the civil engineering field, mechanical properties 
of soil are experimentally measured before developing 
mission hardware. However, this is usually very difficult 
for planetary exploration. Even though NASA’s Stardust 
and JAXA’s Hayabusa and Hayabusa2 spacecraft success-
fully returned samples from small bodies, those extra-
terrestrial materials are too precious to perform the 
measurements and experiments necessary for the above 
purposes. Some fundamental parameters may be evalu-
ated using meteorites, but their availability is also limited. 
Thus, materials aimed at simulating these solid bodies 
(simulants) become important substitutes for obtain-
ing reasonable constraints on original material behavior 
(Britt et al. 2019; Zeng et al. 2019).

Simulants have been used in previous space missions 
for engineering purposes. For example, the well-known 
products JSC-1 (Willman et al. 1995), JSC Mars-1 (Allen 
et al. 1998), and NU-LHT (Stoeser et al. 2008) are used 
to simulate lunar and Martian surface materials (for more 
details, see Planetary Simulant Database at the Center for 
Lunar and Asteroid Surface Science web-page at https:// 
simul antdb. com). Simulants of asteroids are different 
from those of the Moon and Mars because asteroids 
have different histories and much lower surface gravities 

than planetary bodies and the Moon. Moreover, aster-
oids’ properties are known only for the few asteroids 
that have been visited by spacecraft, and even for those, 
the mechanical properties of the regolith are not well 
understood. Nevertheless, using meteorites as asteroid 
analogues, well-prepared asteroid simulants have been 
produced at many different research facilities (Metzger 
et  al. 2019), including the Center for Lunar and Aster-
oid Surface Science (CLASS) at the University of Cen-
tral Florida (UCF) (Britt et al. 2019). In fact, developing 
and measuring the physical properties of simulants has 
become an essential aspect in the design of new asteroid 
missions (Zeng et  al. 2019) and even for ongoing mis-
sions (Miyamoto and Niihara 2020).

Development of Phobos simulants
As we discussed in “Nature of the Phobos regolith”, our 
partial understanding of the nature of Phobos regolith is 
insufficient to constrain the mineralogical compositions 
of Phobos regolith. Even if the chemical and mineralogi-
cal compositions were precisely understood, the behav-
ior of the bulk soil could not be fully determined without 
knowing particle sizes, particle shapes, and their distri-
butions. However, current observations do not allow 
constraining those parameters. Nevertheless, some com-
binations of those parameters are not physically possi-
ble, so we can at least eliminate such combinations. For 
example, microscopic porosity and friction angle depend 
on mineral composition and shape of particles, and thus 
we can use this dependency to define realistic sets of 
those parameters. An additional effort needs to be made 
to limit the parameter space to a range that can be cov-
ered by experiments.

Therefore, we decided to take a practical approach 
to evaluate the bulk behavior of the surface soil and its 
interactions with a spacecraft/rover. We first developed 
blocks of simulated materials with appropriate chemical 
compositions and mineral abundances based on observa-
tional constraints, especially on the reflectance spectra. 
We then modified the particle shapes and size distribu-
tions to make the materials match the likely ranges of 
bulk properties of surface soil, such as the bulk density, 
the bulk internal friction angle, and the grain sizes, which 
are weakly constrained from observations.

To cover the two considered scenarios for the origin of 
Phobos (capture and giant impact) that are still consist-
ent with current observational data (Usui et al. 2020), at 
least two types of materials needed to be prepared.

Observations by the high-resolution imaging science 
experiment (HiRISE) and high-resolution stereo cam-
era (HRSC), respectively, onboard Mars Reconnaissance 
Orbiter (MRO) and Mars Express, indicate a level of 
color heterogeneity of the areas in and around Stickney 

https://simulantdb.com
https://simulantdb.com
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crater. However, the spectral characteristics of these 
areas are very similar, and thus the mechanical proper-
ties of the surface soil may not be that different in these 
areas (Hemmi and Miyamoto 2020). We also note that 
the amount of Mars ejecta delivered to Phobos within 
500 Myr is estimated to be ~ 1700 ppm in Phobos rego-
lith (Hyodo et al. 2019). This is a significant amount for 
the MMX science, but still negligible for the surface soil’s 
bulk material properties.

We conclude that the best choices for simulated mate-
rials for engineering purposes are materials whose 
compositions are similar to either (1) Tagish Lake (carbo-
naceous chondrite of petrologic type 2 that is ungrouped; 
C2-ung) and CM2 chondrites for the captured asteroid 
scenario for the origin of Phobos or (2) mixtures of phyl-
losilicate and Mars-originated materials such as basalts 
or dunites for the giant-impact scenario. Therefore, 
through our interaction with UCF, we developed two 
types of simulants such as a Tagish Lake-based simulant 
(UTPS-TB; Univ Tokyo Phobos Simulant, Tagish lake-
based) and mixtures of UTPS-TB and mars-like materials 
as powders of dunite/basalts (UTPS-IB; Univ Tokyo Pho-
bos Simulant, impact hypothesis based). We also devel-
oped a simpler version of the simulant (UTPS-S).

UTPS‑TB: Univ Tokyo Phobos simulant, Tagish Lake based
UTPS-TB (University of Tokyo Phobos simulant, Tag-
ish Lake based) is a simulant based on the asteroid cap-
ture theory. The dark and featureless reflectance spectra 
of Phobos in the visible and near-infrared wavelengths 
are interpreted as indicating that the overall constituent 
materials of Phobos could be analogous to carbonaceous 
chondrite-like materials. As discussed in Chapter  3, we 
assume that Tagish Lake meteorite is the best analog 
material from the similarity in the reflectance spectra to 
Phobos and we thus aimed at developing materials with a 
similar mineral abundance.

After the fall of the Tagish Lake meteorite (10  kg) in 
2000, numerous mineralogical and cosmochemical works 
have been performed. This chondrite has a trace amount 
of chondrules, while the majority (> 60 vol.%) is a fine 
matrix composed of phyllosilicate material made of Mg-
rich phyllosilicates (saponites and serpentine; Mg# = Mg/
(Mg + Fe) = ~ 0.80) (Bland et  al. 2004; Izawa et  al. 2010; 
Nakamura et al. 2003; Zolensky et al. 2002).

As we discussed above, we decided not to try to 
develop materials precisely matching the meteorite. We 
obtained several tons of different types of ore to develop 
simulants, including dunite from the Hidaka area, pow-
dery magnetite from the Kamaishi area, limestone and 
dolomite from the Kuzū area, pyrite from the Awashiro 
area, and asbestos-free serpentinite from the Ube area. 
Although majority of matrix component of Tagish Lake 

meteorite is saponite (Zolensky et  al. 2002; Nakamura 
et al. 2003), we used Mg-rich serpentinite because of the 
easiness of acquisition. Such raw materials are stored at 
our storage field in the Kakioka campus of the University 
of Tokyo in Ishioka-shi, Ibaraki prefecture, Japan, where 
about 460,000  m2 of open space is available.

We, then, crushed Mg-rich phyllosilicates (asbestos-
free serpentinite), Mg-rich olivine, magnetite, Fe–Ca–Mg 
carbonates, and Fe–Ni sulfides into very fine particles 
by using various crushers depending on the strengths of 
materials. We darkened the crushed rocks using nano-
particle carbon that has a very flat spectrum in the visible 
range. In fact, carbonaceous chondrites have variations 
in their color, which result from different abundances 
of carbon and might affect reflectance characteristics 
(Kring et  al. 1996). Tagish Lake, the darkest among all 
meteorites, contains more than 3.6 wt.% of carbon with 
4% reflectance (Brown et al. 2000) (Figs. 5 and 6). Thus, 
to simulate this reflectance signature, we mixed nano-
particle carbon with polymer organic materials. All the 
constituents were mixed under wet conditions and then 
dried completely. The initial liquid content is adjusted 
to control the compressible strength. The bulk mineral 
abundances of UTPS-TB and Tagish Lake are summa-
rized in Table 3.

The procedure for the development of the UTPS-TB is 
as follows:

1) Crushing the serpentinite to sizes under 4 cm at the 
mining company mostly for the ease of handling.

2) Placing the rocks in the sun to remove water, then 
drying them in an air-conditioned room.

3) Crushing the rocks to sizes under 100  μm (with 
a majority under 45  μm), using the cage-mill and 
roller-mill.

4) Mixing the powdered rocks of different minerals in 
wet condition.

Table 3 Mineral abundance of UTPS‑TB

*Data from Bland et al. 2004

**Data from Izawa et al. 2010

Mineral Tagish Lake* Tagish Lake** UTPS‑TB
Vol.% Vol.% Wt.%

Phyllosilicate 71.2 65 60.5

Olivine 7 7.3

Magnetite 4.5 6 7.7

Sulfide 5.6 12 9.2

Carbonate 11.7 12 10.3

Ferrihydrite 6.5

Carbon ~ 5

Total
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5) Adding nano-carbon suspension water with organic 
matter to adjust the color.

6) Baking the mixed materials under 100 °C in an oven 
to make blocks, each of a mass about ~ 10 kg.

7) Crushing the blocks with hammers and a stamp-mill.
8) Sieving and mixing to adjust the particle size-distri-

butions.

UTPS‑IB: Univ Tokyo Phobos simulant, impact‑hypothesis 
based
UTPS-IB (Univ Tokyo Phobos Simulant, Impact-hypoth-
esis Based) is a simulant based on the giant impact the-
ory. We developed this simulant based on the idea that, 
as a result of the asteroid giant impact on Mars, material 
from the Martian crust and upper mantle was excavated 
and distributed in orbit around Mars together with a frac-
tion of the asteroid material, generating a debris disk in 
which re-assembly occurred, eventually forming Phobos 
and Deimos. Based on this scenario, Phobos’ constituent 
materials are likely mixtures of asteroidal materials and 
debris originated from Martian crust and mantle mate-
rials. Following this scenario, we mixed UTPS-TB, dun-
ite, and basalt, which are assumed to represent impactor 
asteroid material, Martian mantle materials, and Martian 
crust, respectively.

We mixed basalt and dunite with the weight ratio of 1:1 
as Martian crust and upper mantle materials. We then 
darkened them with nanophase carbon (adjusted for 
carbon contents of 4% in weight) to simulate the darken-
ing of Phobos by FeS and/or carbon material after it was 
formed. The simulant is used for spectral measurement 
to test how it differs from UTPS-TB. We find that car-
bon and fine particles of sulfide materials (even in low 
abundance) covering the surface of constituent materi-
als cause dark color and features signature. In summary, 
the procedure for the development of the UTPS-IB is as 
follows:

1) Crushing the dunite and basalt rocks to sizes under 
4 cm at the mining company mostly for the ease of 
handling.

2) Placing the rocks in the sun to remove water, then 
drying them in an air-conditioned room.

3) Crushing the rocks with a jaw crusher.
4) Crushing the blocks of UTPS-IB simulant.
5) Sieving and mixing to adjust the particle size-distri-

butions.

UTPS‑S: Univ Tokyo Phobos simulant, simpler version
UTPS-TB and UTPS-IB are designed to be very dark 
and fragile to simulate the Tagish Lake meteorite. Thus, 

handling these simulants requires some special care. For 
example, due to the nature of powdery materials, they 
can easily absorb water vapor. Also, they can easily fly 
through the air by wind and stay on the floor. Further-
more, they leave dark stains on hands, containers, and 
instruments. Therefore, for some conventional engi-
neering tests at an early stage, much more manageable 
materials are preferred. As our estimates of mechanical 
properties of Phobos’ soil are still within a large param-
eter space, materials with properties at some endpoints 
within the observational constraints are sufficient for 
mechanical tests, even if their optical characteristics are 
not necessarily similar to Phobos soils.

We prepared various powdery materials by crushing 
rocks of serpentinite, dunite, silica sands, pyrites, mag-
netites, dolomites, calcites, and other phyllosilicates as 
well as UPTS-TB and -IB for measuring the strength of 
fine materials. We then selected the materials and deter-
mined mixing ratios for our simplified simulants, cover-
ing a wide range of mechanical strengths. We baked these 
materials and UTPS-TB and UTPS-IB under 110 °C in an 
oven for more than 24 h before roughly estimating each 
soil’s strength by a penetration test with a sample tube 
with an outside diameter of 50 mm and an inside diame-
ter of 10 mm (in a way similar to the standard penetration 
test). We performed the penetration tests at least three 
times for averaging. Based on these results, we developed 
UTPS-S (Univ Tokyo Phobos Simulant, Simpler version) 
to simulate the mechanical behaviors of UTPS-TB and 
UTPS-IB.

We developed three types of UTPS-S simulants. 
UTPS-S1 is mostly a powdery material with two types of 
crushed serpentinite, which is the major constituent of 
the Tagish Lake meteorite and CM2 chondrites. UTPS-
S2 is composed of a 1:1 mixture of both serpentinite and 
dunite powders of 2–4 mm in diameter. UTPS-S3 is also 
a 1:1 mixture of both serpentinite and dunite powders 
of under 4 mm in diameter. Note that UTPS-S is devel-
oped for mechanical tests, so the optical characteristics 
are totally different from (significantly brighter than) 
UTPS-TB.

Particle size distributions of simulants
Particle size distributions of Phobos’ soil are difficult to 
constrain from available observations. As discussed in 
“Particle size and its vertical structure of Phobos reg-
olith”, we assume that the surface soil is composed of 
three layers, starting from 0 to 3 cm depth of microme-
ter-sized fluffy dust particles, then high-porosity debris 
from 10 cm to 3 m depth, and finally more than 10 m 
of stable regolith. Our focus is in the upper several 
meters, where the lander and the rover interact with 
the surface. Thus, we assumed the following conceptual 
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models for the particle size distributions for the upper 
regolith of Phobos (Figure  4). Our references behind 
the models 1, 2, and 3 are lunar surface regolith, pos-
sible regolith of the smooth area of Itokawa, and those 
between 1 and 2, respectively.

We use the Japanese standard sieve series with mesh 
opening of 32, 53, 75, 106, 250, 500, 1000, and 2000 
μm to sieve crushed materials. After sieving, we mixed 
them to adjust the particle size distributions to follow 
the models 1–3 for UTPS-TB. As for the UTPS-S, we 
took different particle size-frequency distributions, 
as discussed above, to simulate the bulk behaviors of 
UTPS-TB.

Preliminary results of properties of UTPS simulants
The general appearance of the UTPS-TB is very similar 
to the Tagish Lake meteorite. Figure 5 shows a centime-
ter-sized block of UTPS-TB in comparison with a Tagish 
Lake meteorite of similar size.

Figure  6 shows the reflectance spectrum of Phobos 
simulant in the visible-to-near infrared wavelength range 
to compare with those of Phobos’s blue and red units, 
and the reflectance spectrum at wavelength from 0.5 to 
20 µm to compare with that of the Murchison meteorite. 
These suggest that the UTPS-TB shares the same optical 
characteristics as both Phobos and CM2 meteorites as 
expected. The reflectance spectrum of the UTPS-IB sim-
ulant is also similar to that of carbonaceous chondrites 
and UTPS-TB. Thus, both UTPS-TB and UTPS-IB are 
reasonable simulants for Phobos’ optical characteristics 
based on different origin scenarios.

We measured the grain density, the poured bulk den-
sity (i.e., the bulk density just poured into a cylinder), and 
the tapped density (the bulk density after tapped the cyl-
inder) of each simulant. The grain density is measured by 
the pycnometer method (typically used for non-porous 
solids) with a pycnometer of 25 ml and an electronic bal-
ance with 0.1 mg readability at room temperature. Typi-
cal values are summarized in Table 4. The grain density of 
UTPS-TB measured by the pycnometer method is 2.8–
2.9 g/cm3, which is consistent with the Tagish Lake mete-
orite (grain density of 2.5 ~ 2.9; Hildebrand et al. 2006).

The bulk density of a few cm-sized blocks of UTPS-
TB is measured using 65-μm glass beads following the 

Fig. 4 Conceptual model of particle size distributions of regolith on 
Phobos

Fig. 5 Optical and backscattered electron images of UTPS‑TB (A–C) simulant and Tagish Lake meteorite (D–F). UTPS‑TB simulate petrographical 
signature: phenocrysts of silicate and opaque minerals are embedded in a loosely jammed fine grained (< 20 µm) serpentine matrix. UTPS‑TB 
simulates mineral abundance and visible and near‑infrared reflectance of Tagish Lake meteorite
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method proposed for meteorites (Consolmagno et  al. 
2008). We find that the bulk apparent density of the 
block is 1.68 ± 0.03  g/cm3, which means the micro-
porosity of the block is 40.8 ± 1.0% based on the grain 
density of UTPS-TB (2.84  g/cm3). Figure  5 shows the 
SEM (backscattered electron) image of Tagish Lake 
(left) and UT Phobos Simulant (UTPS-TB), whose 
appearances, including the sizes of matrixes and cracks, 
are similar. Such similarity may explain the similarities 
in the bulk density of UTPS-TB and the Tagish Lake 
meteorites.

Poured bulk densities and tapped densities of various 
simulants are listed in Table 5. Note that these values are, 
as expected, lower than the packed bulk density, which 
may be achieved at deeper parts of Phobos (i.e., at the 
layer 3 or deeper in Fig.  4). Thus, we assumed that the 
density of simulants should be lower than the averaged 
density of Phobos (1.860 ± 0.013 g/cm3).

The angles of repose of simulants are measured by 
the pouring method with the base acrylic ring of 5  cm 
in diameter poured from 8  mm diameter funnel for 
50 g simulant. The overall shapes of the cone are meas-
ured from video images to obtain the averaged value of 
the angle of repose. Table  5 shows the summary of the 
measurements. We checked the particle shapes by look-
ing at microscope images of particles. Aspect ratios for 
2- to 4-mm sized particles of UTPS-TB and UTPS-S2 are 
1.47 ± 0.02 and 1.62 ± 0.02, respectively.

The tensile strength and compressive strength were 
measured at a loading rate of 0.001 mm/s for a cylinder 
with a diameter of 20  mm and a height of 6 −  21  mm. 
The results were 0.222 ± 0.087 MPa and 1.11 ± 0.31 MPa, 
respectively (Shiomoto et  al. 2020). Note that the 
reported compressible strength of Tagish Lake var-
ies from 0.7  MPa and larger, so we typically arranged 
the compressible strength to be as large as about 1 MPa 
(Brown et al. 2000; Tsuchiyama et al. 2009).

Concluding remarks
The design of the rover, the lander (mother spacecraft), 
and its sampling approach requires the following knowl-
edge of the surface conditions: the thermal inertia, the 
emissivity, and the albedo of the soil influence the space-
craft thermal conditions. Specifications needed for the 
navigation of the mothership and the rover include spec-
tral albedo in the visible wavelengths and small-scale 
topographic irregularities. Those for landing operations 
and rover operations include the gravity vector, surface 
accelerations, as well as surface inclinations and local 
surface roughness. Those for safe and stable landing 
include dust deposition rate, meteoroid flux, and regolith 
electrostatic conditions, which are important to evalu-
ate the possible deposition of dust on solar panels. Other 

Fig. 6 Reflectance spectra for UTPS‑TB, ‑IB, and the Murchison 
meteorite compared with Phobos I/F spectra (red and blue units; 
data extracted from Fig. 4 of Fraeman et al. 2012)

Table 4 Averaged grain density

materials Grain 
density [g/
cm3]

Dunite 3.26

Serpentinite 2.61

UTPS‑TB 2.84

UTPS‑S1 2.62

UTPS‑S2 2.86

UTPS‑S3 2.83

Table 5 Averaged density (poured and tapped), porosity, and angle of repose

Simulant type Poured bulk density 
[g/cm3]

Bulk porosity (Poured 
sample) [%]

Tapped density [g/
cm3]

Bulk porosity (Tapped 
sample) [%]

Angle of 
repose[°]

UTPS‑S1 0.82 68.7 1.51 42.4 55.1

UTPS‑S2 1.33 53.5 1.44 49.7 48.4

UTPS‑S3 1.67 41 1.85 34.6 47.1

UTPS‑TB (model1) 1.15 59.5 1.39 51.1 41.6

UTPS‑TB (model2) 1.11 60.9 1.28 54.9 40.8

UTPS‑TB (model3) 1.09 61.6 1.26 55.6 38.5
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important parameters are regolith particle size, density, 
vertical structure, ground strength parameters (such as 
cohesion, internal friction angle, bearing capacity), fric-
tion between footpad and regolith, ground deformation 
parameters (Young’s modulus, Poisson’s ratio), as well as 
terra-mechanical parameters for the mechanical proper-
ties of the regolith.

The Landing Operation Working Team (LOWT) and 
the Surface Science and Geology Sub-Science Team 
(SSG-SST) are organized for handling scientific and 
engineering issues regarding the surface conditions and 
environments of the Martian satellites. Through the 
LOWT activities, we categorized the related param-
eters into three groups, such as (1) relatively precisely 
known parameters, (2) reasonably estimated parameters, 
and (3) parameters that remain a challenge to be evalu-
ated. Parameters of the group (1) such as the dimension, 
the mass, and the volume of Phobos, constrain orbital 
parameters. The group (2) parameters include the local 
gravity, the local slope angle, the surface temperature, the 
magnetic field, the chemical variations, the dust deposi-
tion rate, and the meteorite flux. The group (3) param-
eters include regolith’s mechanical properties, such as 
the vertical structure and particle-size distributions of 
regolith.

The mechanical properties of regolith, including the 
coefficient of settlement, bearing capacity, and strength, 
are essential for designing the landing pad, the sampler, 
and the rover. However, the expected range of these val-
ues is even more difficult to constrain as they also depend 
on the packing density and particle size distributions that 
are other big unknowns. To practically evaluate the bulk 
behavior of the soil against artifacts, we developed three 
types of Phobos simulants (UTPS-TB, UTPS-IB, and 
UTPS-S). These are used for engineering tests to provide 
insights into properties of the soil.

The optical characteristics of each of the simulants are 
similar to the surface of Phobos. This similarity is useful 
to simulate small topography of Phobos in the laboratory. 
Figure 7 shows the simulated surface of Phobos with vari-
ous size-distributions of UTPS-TB, which we assume to 
best represent the surface conditions of Phobos. Such a 
simulated surface was useful for simulating the naviga-
tion of spacecraft and scientific evaluations of images in 
earlier phases of the mission design (Miyamoto and Nii-
hara 2020).

Our work led to the development of more than 1000 kg 
of simulants, which offer unique opportunities for inter-
national collaborators to perform scientific and engineer-
ing studies in preparation to and during space missions 
as well as for data interpretation. The simulants are 
provided to the MMX engineering team and scientists 
in Japan and Europe and stored in the storage area for 

further investigations in the future. Previous missions to 
asteroids and comets discovered many unexpected facts 
about the surface conditions of these bodies. When this 
happens, a simulant of the target body might need to be 
modified to reflect the new observational data, which 
occurred during the Hayabusa2 mission.
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