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Abstract: From the 2000s onwards, unprecedented space missions have brought about a wealth of
novel investigations on the different aspects of space geomechanics. Such aspects are related to the
exploratory activities such as drilling, sampling, coring, water extraction, anchoring, etc. So far, a
whole range of constitutive research projects on the plate tectonics, morphology, volcanic activities
and volatile content of planetary bodies have been implemented. Furthermore, various laboratory
experiments on extraterrestrial samples and their artificial terrestrial simulants are continually
conducted to obtain the physical and mechanical properties of the corresponding specimens. Today,
with the space boom being steered by diverse space agencies, the incorporation of geomechanics
into space exploration appreciably appears much needed. The primary objective of this article is to
collate and integrate the up-to-date investigations related to the geomechanical applications in space
technologies. Emphasis is given to the new and future applications such as planetary drilling and
water extraction. The main impetus is to provide a comprehensive reference for geoscience scientists
and astronauts to quickly become acquainted with the cutting-edge advancements in the area of
space geomechanics. Moreover, this research study also elaborates on the operational constraints in
space geomechanics which necessitate further scientific investigations.

Keywords: drilling; water extraction; regolith; planetary bodies; space exploration; Moon; Mars;
tectonics; anchoring; TBM

1. Introduction

The early era of space exploration started in 1957 when two artificial spacecrafts,
Sputnik 1 and Sputnik 2, were launched into the space by the Soviet Union. In 1958, the US
initiated its space missions by launching the Explorer 1 satellite. From that time, there has
been a wide range of spaceflights and space missions to explore the different features of
planetary bodies, especially the Moon and Mars.

From a geomechanics standpoint, it can be said that the first investigation was con-
ducted for the sampling of the lunar regolith by the Luna 9 space probe in February 1966 [1].
This space probe successfully landed on the Moon’s surface and measured a set of physical
properties of the lunar top regolith. Before that time, the estimations of the physical prop-
erties of the lunar soil were based on astronomical and radio-physical investigations [1].
In the same year, Luna 10, Luna 11 and Luna 12 were launched into the Earth’s orbit and
recorded the X-radiation and gamma-radiation reflected by the lunar surface. A compari-
son of those radiation spectra with Earth’s rocks illustrated that the lunar soil’s composition
was identical to that of basaltic rocks. This was the first outstanding achievement in the
branch of space geomechanics.

From that date onwards, many artificial terrestrial analogues, such as basaltic volcanic
ash and sand admixtures, have been synthesized to provide artificial simulants for the
conduction of various geomechanical tests. Consequently, the laboratory experiments
brought about a better comprehension of the potential properties of lunar soils. Viking
1 was the first spacecraft that successfully landed on Mars in 1975. Regarding Mars, the
data acquired by the remote sensing and new investigations have demonstrated that the
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Martian regolith possesses a basaltic composition [2]. Furthermore, in February 2006, the
Opportunity rover detected some sediments such as sandstone rocks on the Martian surface.
In this article, an expansive description of the geological conditions of the Moon and Mars
is recounted.

As other investigations acquired more knowledge about the lunar and Martian re-
golith, scientists came up with the idea of the building permanent habitats (outposts) on
the Moon’s and Mars’ surfaces. They contemplated developing the surface outposts to
shelter the astronauts from space radiations, meteorite collisions and extreme tempera-
ture fluctuations. Detailed descriptions of such environmentally harsh conditions can be
found in [3–5]. So far, plenty of different layouts of outposts have been conceptualized
by construction professionals and civil engineers [6–16]; however, the description of their
details is out of the scope of this article. The main geomechanical aspect of building such
non-terrestrial structures is the crucial requirement for the foundation installment. Without
a strong foundation, the structure cannot be consistently stable on the site due to the
microgravity effect on the lunar and Martian surfaces. The gravitational acceleration on
the Moon’s and Mars’ surfaces is respectively equal to 1.62 m/s2 and 3.71 m/s2, compared
to the 9.81 m/s2 on Earth. To address this challenge, an anchoring technique was put
forward as a conceivably reliable solution for overcoming the microgravity impact [17–20].
Anchoring techniques aside, the usage of regolith-fabricated pads for facilitating the land-
ing and takeoff operations of the spaceflights is another novel idea in the development of
outposts. Present-day investigations on the anchoring technique and landing/takeoff pads
are discussed in the subsequent parts of this research paper.

The knowledge about the lunar and Martian regoliths’ properties is principally re-
stricted to the surface and to shallow samples (less than a few centimeters). However, it
seems that every future plan, such as the construction of outposts, requires adequate extra
information about what lies underneath. Currently, the drilling technology is presumably
conceived as the most practical utilization of geomechanics in space exploration. Drilling
can satisfy a wide spectrum of pre-requisites for different applications on planetary sur-
faces. Those applications comprise outposts’ construction, anchor installment, coring, space
mining, water extraction, underground tunneling, etc. A large number of different drilling
techniques and machines have been conceptualized and assembled so far [21–23]. Their
penetration rate is examined through drilling tests conducted in the terrestrial analogues.

Space drilling not only relies on the physical and mechanical properties of the lunar
and Martian regolith but it is also governed by the forces and faults which are active in
the Moon’s and Mars’ lithospheres. In the case of Earth, the sub-crustal stress is linked
to the global tectonics that stems from mantle convection. Nevertheless, the magnitude
and the origin of the tectonics on the two planetary bodies appear to be dissimilar. On
Mars, active tectonics is limited to some regional parts and is ascribed to the volcanic
activities within the planet [24]. Tenzer and Eshagh, in [25], utilized the model introduced
by [26] to calculate both crustal thickness and the sub-crustal stress state within Mars. They
discovered that the most sub-crustal stress is present in the Tharsis area of Mars and is
rooted in the volcanic activities. Moreover, they also discovered that the meteorite impacts
on some parts of the region have intensified the stress state around the craters, thereby
causing localized stress anomalies. The presence of large thrust faults in the Moon’s and
Mars’ crusts has been corroborated by the new photographs provided by recent spaceflights.
The main origin of the prominent landforms on Mars has been ascribed to the existence
of such thrust faults within the Martian crust [27–29]. The size and dimensions of such
landforms were partially deployed to estimate the length and the dip of the corresponding
surface-breaking faults [30–34]. For instance, in the case of the Amenthes Rupes landform,
which has a length of 420 km, the numerical simulation has anticipated an underlying fault
with a length between 30 km [30] and 48 km [34].

Once the essential data, including the physical and mechanical characteristics of the
regolith together with the regional active stress field, were ascertained, a comprehensive
plan could be devised for drilling the lunar or Martian rocks. Space drilling programs have
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absorbed an increasingly global attention to execute a raft of missions on close and remote
celestial bodies. Those missions track extensive objectives; hence, the type of drilling
operation may vary from one case to another. Overall, space drilling can be subdivided
into two broad categories, including surficial and subsurface drilling.

Surficial drilling can be remarkably deployed in exploratory programs with aims such
as the determination of the mineralogy and the volatile content of a certain region. Volatile
content refers to different gases or vital minerals, such as CHNOPS (Carbon, Hydrogen,
Nitrogen, Oxigen, Posphor and Sulphur), water, etc. Exploratory drilling can appreciably
contribute to the space agencies’ missions for different purposes. For instance, when the
target is the construction of a surface outpost, exploratory drilling for finding sites with
great water content is of paramount interest.

Another target of surface-based drilling is looking for potentially extant and extinct
life on the Red Planet. To this end, the Perseverance rover, equipped with cutting-edge
penetration instruments, landed on the Jezero Crater on Mars on 18 February 2021. During
its current mission, the Perseverance drills the regolith underneath and collects and stores
powdery samples in its chamber. The samples will be returned back to Earth in the future
and they will be examined for the traces of any past or present tiny microbes and signatures
through laboratory tests [35].

Furthermore, surface drilling plays an integral role in the efficiency and economy
of programs such as mineral mining and water extraction [36]. Mineral exploitation is
predominantly traced on the asteroids located in the Asteroid belt. They are considered
as the limitless deposits of highly precious elements such as gold, platinum, nickel and
iron. The exploitation of such minerals can partially or substantially satisfy the demands
on Earth; hence, this would preserve the terrestrial environment from mining-derived
footprints. Moreover, minerals such as iron can be deployed in in situ resource utilization
programs, especially with the emerging technology of 3D printing. The on-site provision
of aggregates can dramatically reduce the transportation of raw materials from Earth to
the Moon or Mars. For comparison, the transportation cost of one kilogram of material
from Earth to the Lower Earth Orbit (that is only 600 km distant from the Earth’s surface)
is USD 2000 per kg.

So far, no underground excavation has been conducted within the lunar or Martian
rocks. However, underground structures have been suggested by a number of investigators
for the construction of subsurface outposts [37]. On the lunar and Martian surfaces, astro-
nauts are susceptible to harsh environmental conditions such as cryogenic temperatures,
dust storms, hazards of impact collisions, CO2 gas, etc. Moreover, the provision of essential
materials and aggregates to build the surface outposts mentioned in the above paragraphs
is highly demanding. The construction of such underground outposts can be carried out
by the development of the naturally accessible caves or volcanic channels. In this case,
the development of the initial cave or channel can be performed even by a simple hand-
held driller. The effect of the different parameters on the stability of the lunar/Martian
underground structures can be evaluated through numerical modeling or mathematical
algorithms, such as the Monte Carlo simulation [38,39].

As space geomechanics is closely intertwined with the future space colonization, a
comprehensive review of present-day geomechanical advancements seems to be indis-
pensable. In this research paper, a great attempt has been made to roughly cover all
existing geomechanical aspects of and applications in space technologies. For this purpose,
firstly, up-to-date lunar and Martian investigations on geological conditions and regolith
characterization are described. Then, the construction of the surface outposts with a par-
ticular focus on the anchoring technique and landing/takeoff pads is discussed. In the
subsequent section, the discussion revolves around the applications of surface drilling,
including exploratory drilling, mineral mining and water extraction. Afterwards, the latest
investigations on underground excavations for the construction of subsurface structures are
recounted. Eventually, the paper concludes with a concise discussion on how the science
of geomechanics can benefit space technologies to a greater extent. The structure of this
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paper is woven upon the belief that the current review provides a steppingstone for the
further development of geomechanics applied to space technologies.

2. Methods and Methodology

The first part of this article elaborates the geological conditions of the Moon and
Mars; without a description of prominently lunar and Martian geology, any study on
space geomechanics manifests incomplete. Afterwards, the existing information about
the physical and geotechnical properties of the lunar and Martian regolith is recounted.
Moreover, morphological landforms together with the tectonic regimes are also described.

Beyond the Moon and Mars, geological investigations and sampling attempts have
been made on other planets, such as Venus, or even on asteroids, such as Itokawa; however,
those missions and results mostly failed or were limited to partial domains. Additionally,
in some cases, the findings have not been declared yet.

2.1. Geology of the Moon
2.1.1. Lunar Morphology

Earth was formed nearly 4.5 billion years ago. Approximately at the same time, the
evolution and accretion of the Moon occurred. Nevertheless, despite Earth, the lack of plate
tectonics led to a rather simple traceable process of the lunar geological evolution [40]. The
lunar landforms are either in the flat maria or highland regions. The maria represent the
dark areas, while the highlands comprise the bright regions on the Moon. Both maria and
highlands possess craters that have been formed by projectile impacts on the lunar surface.

Maria constitute roughly 17% of the lunar surface and are predominantly on the
nearside hemisphere of the Moon. The elemental composition of the maria is analogous to
the terrestrial dark basaltic rocks such as the lava erupted from the earthly volcanos or the
basaltic formations beneath the oceans [41,42]. The highlands occupy nearly 83% of the
lunar surface and are dominant in the farside hemisphere. They encompass feldspathic
rocks described as Anorthosite. On Earth, Anorthosite rock is economically valuable for
containing Titanium and is found in southern Scandinavia, Eastern Europe and north-
ern America.

On the Moon, morphological features originate from four different mechanisms, includ-
ing impacts (by macro- or micrometeorites), volcanic origins, tectonics and space weathering.

The smallest size of the craters can be in the order of micrometers, found in the reverted
samples from the Moon to Earth. On the other hand, their diameter can reach 2500 km
in some parts of the lunar surface [43]. Craters are further abundant in the highlands,
since they were created in the very early ages of the Moon evolution and, consequently,
underwent many more impacts.

The landforms with volcanic origins in the maria regions consist of wrinkle ridges,
lava flows, domes, cones and sinuous rills [43]. Investigations have indicated that the
nearside hemisphere contains a higher percentage of volcanic activities. The reason is
that the volume of the heat-producing compounds in the Moon mantle is greater within
this hemisphere compared to the farside one [44,45]. The wrinkle ridges are prevalent
in the maria and might have also stemmed from the tectonics. The lava flows resemble
tortuous channels which are averagely 100 m in depth, 1–300 km in length and 20–3000 m
in breadth [46,47].

The lunar tectonic terrains are limited on the Moon and might have been created
either by the volcanic activities or have meteorite-impact origins. The most widespread
landforms include faults, wrinkle ridges and dikes. The collision of the large impactors
with the lunar surface discharged a huge amount of kinetic and thermal energy on the
surrounding rocks. This energy induced large cracks within the adjacent formations [48].
During the Apollo missions, some local moonquakes were recorded which have been
considered as the source of the partial tectonic activities on the Moon surface [49,50].

Erosion and space weathering have also left traces of their influences on the present-
day morphology of the Moon. The lunar features have been continuously exposed to
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radiations, fluctuating temperatures and solar winds. This caused gradual degradation,
erosion and filling of the surface with new weathered particles. In the subsequent sec-
tion, the physical and geotechnical properties of such particles, called the lunar regolith,
are described.

2.1.2. Geotechnical Properties of the Lunar Regolith

During the early ages of the Moon evolution, large meteorites collisions smashed the
surficial rocks into separate fragments called “mega-regolith”. In the final stages, small
meteorites became dominant and crushed the upper surface of the mega-regolith to a fine-
grained powdery soil called “regolith”. This incident intensely altered the physical and
mechanical characteristics of the regolith compared to the original mega-regolith [51]. Due
to the shortage of an atmosphere and magnetic field, the collision of the lunar surface with
small-size particles occurs uninterruptedly [52]. Figure 1 demonstrates an idealized vertical
profile of the lunar mega-regolith and regolith layers based on seismic investigations. The
average depth of the lunar regolith is nearly 10 m while the average thickness of the
underlying mega-regolith can amount to 25 km [43].
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The physical and geotechnical characteristics of the lunar regolith were investigated
during some sampling missions chiefly established by the Soviet and USA space agencies.
The experiments were conducted either through on-board or terrestrial laboratories. Table 1
portrays a summary of the corresponding results representing the physical and geotechnical
properties of the lunar regolith. The symbols of C, ϕ and ρ represent the values of cohesion,
internal friction angle and bulk density, respectively. The properties of the lunar regolith
vary between different sites and may even change with depth in certain locations [53].
However, since the lunar regolith was formed as a result of the previous impact processes,
its mechanical response remains relatively identical in different spots on the Moon’s surface.
In contrast to the lunar regolith, terrestrial soils are more diverse in terms of physical
and geotechnical properties. In general, the geotechnical nature of lunar or terrestrial
soils depends on their mineralogy, grain size distribution and grain shape. In terms of
mineralogy, the lunar regolith is more uniform than its terrestrial counterpart. The reason
is that, on the Moon, the composition of the bedrock is less diverse than that of Earth’s
rocks; in other words, on the Moon, less than a hundred dissimilar minerals have been
discovered, while, on Earth, more than several thousands of distinct rock minerals have
been found [54].
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Table 1. Physical and geotechnical characteristics of the lunar regolith.

Mission C (kPa) ϕ (◦) ρ (gr/cm3)

Surveyor [55] 0.15–15 55 -

Luna 13 [1] 0.0005 32 0.8

Lunar Orbiter [56] 0.35 33 -

Surveyor 3 and 6 [57] 0.35–0.70 35–37 -

Lunar Orbiter [58] 0.1 10–30 -

Lunar Orbiter [59] 0.5 21–55 -

Apollo 11 [60] 0.3–1.4 35–45 1.54–1.75

Apollo 11 [61] 0.8–2.1 37–45 1.81–1.92

Apollo 12 [61] 0.6–0.8 38–44 1.80–1.84

Luna 16 [1] 0.01–0.03 29–35 1.26–2.21

Luna 20 [1] 0.0015 26 1.5–1.46

Apollo 14 [62] <0.03–0.3 35–45 -

Apollo 15 [63] - 49.5 1.97

According to Table 1, the cohesion of the lunar regolith is averagely less than a few
kPa. On Earth, most soils have similar ranges of cohesion, except clay soils, which have
higher values of cohesion. Moreover, the internal friction angle of the lunar regolith is
averagely between 25◦ and 45◦, which is much more than that of terrestrial soils. The
reason is that the lunar regolith has (granular) sharper grains because of the meteorite
bombardments. Sharper grains form a more resistant structure against outer shear stress.
Based on Mohr–Coulomb failure criterion, the shear strength of a soil/rock sample is equal
to the summation of the cohesion force and frictional force between the grains [53]. The
general form of this criterion is

τ = C + µ σn. (1)

where τ represents the shear strength of the sample (Pa), C indicates the cohesion (Pa),
µ is the dimensionless coefficient of internal friction and σn represents the normal stress
on the failure plane (Pa) [53]. Shear failure does not occur on any plane for which the
shear strength is larger than the shear stress. The coefficient of internal friction is obtained
through the following relationship:

µ = tan ϕ (2)

where ϕ represents the internal friction angle [53].
In regard to density, the density of lunar and terrestrial soils falls approximately in

an identical range. Common soils and sedimentary rocks on Earth have a density value
between 1.5 gr/cm3 and 2.2 gr/cm3.

2.2. Geology of Mars
2.2.1. Martian Morphology

The most obvious geological attribute of Mars is the conspicuous dichotomy between
the northern and southern hemispheres [64]. In the northern hemisphere, the low-lying
plains with the trivial impact craters are apparently dominant. Oppositely, the main
topographical landforms in the southern part include highlands with enormous signatures
of the impact craters (Figure 2). Similar to the Moon, the lack of plate tectonics brought
about the preservation of the volcanic records occurred in Mars’ history [65]. The second
striking attribute of Mars is the notable variation of the crustal thickness in the northern
and southern hemispheres [66,67]. To explain this particular morphology, the Martian
dichotomy has been ascribed to the distinction between the impact craters’ density in the
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northern and southern hemispheres as well as the evident discrepancy in crustal thickness
of those hemispheres. On the Martian surface, there are also Earth-like channels indicating
water streams that existed during the planet evolution [68,69].
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The diameter of Mars is approximately half of the terrestrial diameter and two times
the diameter of the Moon. Moreover, Mars’ gravity is 3.71 m/s2. The crustal composition
is dominantly basaltic with a moderate thickness in the range of 5–100 km. There is no
magnetic field nor plate tectonics on the Red Neighbor [70,71]. On Mars, there is a thin
atmosphere containing roughly 95% CO2, 3% Nitrogen, 1.6% Argon and, slightly, water
and Oxygen.

Similar to the Moon, phenomena such as meteorite impacts, volcanism, tectonics and
erosion were the major agents in the evolution of the Martian surface. The large Hellas
Planitia region in the southern hemisphere is an illustration of the impact craters on Mars.
The deepest point on Mars lies in this region [72]. Two common types of volcanic features
on Mars are shield volcanoes and highland Pateraes [73]. Tharsis province, located in the
western part of the Red Planet, is a highland area with volcanic origin [74]. Mars has a
whole raft of tectonic structures, including compressional structures (e.g., wrinkle ridges)
and extensional ones (e.g., extensional faults). Erosional landforms generated by fluids,
probably water, are situated in the low-altitude crustal dichotomy boundary [75].

2.2.2. Geotechnical Properties of the Martian Regolith

A wealth of geological and geotechnical information has been acquired by the Viking 1
and Viking 2 landers, Sojourner rover (part of the Pathfinder mission), Mars Global Surveyor
(MGS), Mars Odyssey spacecraft, Mars Express spacecraft, Spirit rover, Opportunity rover,
Mars Reconnaissance Orbiter (MRO), Phoenix lander, Curiosity rover, InSight rover and
Perseverance rover [76]. Table 2 demonstrates the measured physical and geotechnical data
of the Martian regolith. According to this table, the cohesion of the Martian samples is
averagely in the range of a few kPa. Hence, it can be said that their cohesion is close to the
lunar and terrestrial soils, except clay. In contrast to the lunar regolith, the angularity of
particles within the Martian regolith is small. Thus, the average internal friction angle of
the Martian regolith is relatively less than that of the lunar one. On the other hand, both
the lunar and the Martian regolith possess higher values of internal friction angle than that
of common Earth soils. Furthermore, the density of the lunar and Martian regolith falls
within the normal range of terrestrial soils.

The Viking 1 and Viking 2 landers took powdery samples with their special scoop flown
on the mechanical arms. The Sojourner rover used several approaches, such as the wheel
trenching technique, to monitor the electrical current and capture high-quality photographs
of the dug pit to calculate the geotechnical properties of the regolith [77].
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Currently, in October 2021, the InSight rover is acquiring geotechnical data of the
Martian regolith through a mobile penetrometer (Mole) which was designed to penetrate
into the subsurface rock up to the depth of 5 m [78]. The ultimate geotechnical information
acquired by the InSight rover has not been declared yet. Another active rover is Perseverance,
which will send the data back to Earth probably between the years of 2026 and 2030.

Table 2. Physical and geotechnical characteristics of the Martian regolith.

Mission C (kPa) ϕ (◦) ρ (gr/cm3)

Viking 1 [79] 1.6 ± 1.2 18 ± 2.4 1.15 ± 0.15

Viking 1 [79] 5.1 ± 2.7 30.8 ± 2.4 1.60 ± 0.4

Viking 1 and Viking 2 [79] 1–10 40–60 2.6

Viking 2 [79] 1.10 ± 0.80 34.5 ± 4.7 1.4 ± 0.2

Sojourner [80] 0.34 ± 0.57 31.4–42.2 2–2.2

Sojourner [80] 0.18 ± 0.53 15.1–33.1 1.07–1.27

InSight [81] 1–2 pending pending

2.3. Space Outposts
2.3.1. Anchoring Technique

To stabilize the future surficial outposts and structures on planetary bodies, the
versatility of anchors seems strikingly tempting and evitable. Numerous investigations
have been carried out to evaluate the anchoring usability for the stabilization of lunar and
Martian surface bases [17–20]. Anchors can also provide a much safer condition for rovers
and astronauts during missions involving challenging, dangerous media such as cliffs,
low-lying craters, loose sand, icy regolith, dusty condition, etc. The microgravity issue is
dominant around asteroids and comets. Hence, for sample acquisition or mineral mining,
this technique can be substantially potent. An intriguing configuration of such anchoring
technique can be found in [82]. The success of any inclined drilling is also dependent on
the angle between the direction of the drilling (anchor) and strike of the joint sets within
the subsurface rocks [83].

2.3.2. Landing/Takeoff Pads

One of the chief challenges of space missions is the landing of the spacecrafts on
the planetary surfaces. From the early generations of spacecrafts to the state-of-the-art
space rovers, the landing manners have been continuously modified. A new idea to
improve landing operations is the application of in situ regolith for the construction of
rigid and stable landing pads. Such pads curtail the dust issues both during landing
and takeoff. Even during takeoff, an energetic plume is released by the engines of the
spacecraft, resulting in the generation of artificial ditches or pits on the base regolith, or
even in collisions due to rocks–spacecraft interactions [84]. An interesting manner for the
construction of such landing pads can be found in [85].

2.4. Planetary Drilling Mechanisms

On the one hand, the main challenges in the design of planetary drillers include
the following: (a) Mass limitation; for instance, for drilling up to depths of 2 m, the
maximum weight of the driller (including the main rover and drill instruments) has to be
between 10 and 20 kg. (b) Power constraints; the power of the prevalent drilling tools falls
generally in the range 10–20 W. (c) Drilling fluid problem; i.e., owing to the low pressure
and temperature, fluid cannot be used for cuttings’ removal. On the other hand, while
drilling, additional issues may be encountered; for instance, the initial interaction between
the bit and the regolith’s surface is almost commonly accompanied by the vibration and
positioning error of the bit, thereby leading to the borehole deviation from the main
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trajectory. Furthermore, the heat transferred from the bit–regolith interface can disperse
some volatiles, such as water molecules.

The prime applications of the drilling techniques on planetary objects encompass
sample acquisition (powdered or cores), water extraction, mineral mining and anchoring.
The latter is described in the previous section. For all mentioned applications, the drilling
operation creates a “cut volume” in the top regolith or subsurface rocks, hence taking
samples, measuring the water content, or determining the grade of a precious mineral in
the dug hole.

Different drilling mechanisms capable of sampling (powered or core) acquisition have
opened various fronts for mankind’s future space colonization. So far, several types of
drilling mechanisms, such as mechanical, thermal, optical and ultrasonic drilling tech-
niques, have been developed by various investigators and designers. However, further
improvements and enhancements of their mechanisms are much needed. In this section, the
major conceptualized drilling mechanisms for planetary sampling/coring are elaborated.

2.4.1. Surface-Preparation Tools

The rocks on the lunar and Martian surfaces are chemically and physically weathered
by environmental agents such as solar winds, radiations, dusts, etc. Sometimes, the
purpose of the space mission lies in surface inspection, such as taking pictures from the
fresh surface of the rock. In this case, the covering dust is removed from the rock surface
by surface-preparation tools. Such tools involve grinders, the rock abrasion tool (RAT) and
brushes, which provide a freshly flat area for subsequent measurements. An example of
this application is the RAT used on the InSight and Opportunity rovers sent to Mars [86].
It also contained grinders and brushes. The RAT could efficiently abrade the rock and
created a cylindrical hole with 4.5 cm in diameter and 5 mm in depth within the altered top
layer [87].

Another example is the grinder mounted on the Beagle 2 rover launched in December
2003 by ESA part of the Mars Express mission. The rover was designed to look for the
signs of any potential past life in the shallow Martian rocks. Its grinder could create a
smooth area for X-ray (for age dating) and Mossbauer spectrometers (for composition
determination) in the upper rock surface. Unfortunately, the rover could not contact with
Earth after landing on Mars. Despite great efforts, no signals were received from the
rover. In February 2004, the ESA announced that the mission was lost. In 2015, NASA’s
Mars Reconnaissance Orbiter found the Beagle 2 rover on the Martian surface. From the
photographs taken, it was inferred that the antenna of the rover could not operate because
the two solar panels of the rover had not successfully opened.

2.4.2. Scoops

Scoops are very simple buckets that can pick up a small volume of unconsolidated
regolith, handle it, then transfer it into the special chambers emplaced on the rover for
on-board measurements or future terrestrial laboratory trials. Simplicity is their main
advantage; nevertheless, they are inefficient in trenching highly packed/icy regolith.

In 1967, the manned landers of Surveyor 3 and 7 were equipped with a scoop that could
lift 100 cm3 of the lunar regolith up to the depth of 30.6 cm. The length and the breadth of
the bucket were 12 and 5 cm, respectively. Moreover, Surveyor 7 could estimate the physical
properties of the trenched regolith through the analysis of the motor current data.

Between 1975 and 1982, Viking 1 and Viking 2 were the first landers that could sample
the Martian regolith [88]. Their collector (bucket) was able to trench the Martian regolith
and deliver the sample to the on-board laboratory for subsequent chemical and biological
measurements. Similar to the Surveyor 7 lander, the physical properties of the Martian
regolith were calculated using the motor current and wheel position.

In May 2008, searching for water, the Phoenix lander landed on the Martian northern
pole. It was kitted out by an integrated assembly of a scoop and a micro-driller tool for
trenching the compacted permafrost [89]. The whole assembly was called Rapid Active
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Sampling Package (RASP). The scoop was a container flown on the robotic arm. Within
the scoop, a micro-drill was installed to drill the regolith beneath the scoop container.
The cuttings were handled into the container through a slot in the lower part of the
container [90].

2.4.3. Moles

Moles are mobile penetrometers that can propel themselves into the poorly grained
regolith or unconsolidated soils. This mechanism was deployed firstly in the Luna pro-
grams, such as the Lunokhod 1 rover mission [91]. Within the mole, there was a hammering
mechanism that penetrated into the loose regolith and even permafrost. The initial Russian
layout was 1 m in length and 10 cm in diameter.

The ESA slimmed down the initial Russian prototype to a miniature mole with 0.33 m
in length and 2 cm in diameter. According to laboratory tests, this reduced-size mole had
the capability to pierce through the lunar/Martian regolith up to the depth of 5 m. The
main advantage of the moles is their small need of energy or power. Furthermore, the
ESA developed an instrumented mole system which was capable of carrying scientific
sensors into the hole. An example for such applicable sensors is a potential thermocouple
for recording the temperature of the drill bit versus the drilling time or depth. The instru-
mented mole system included two separate moles (penetrating mole and sensor-carrying
mole) that were connected through a wire.

2.4.4. Ultrasonic Drills

Ultrasonic drill systems incorporate high-frequency oscillations with a normal drill.
With this method, low-amplitude oscillations are turned into high-amplitude ones, trans-
ferring energy to the bit through a special transducer within the tool. Thus, the basis of
the ultrasonic drill systems is fracturing the rock by continuously sending the dynamic
impulses to the rock–bit interface [92,93]. Drills equipped with an ultrasonic mechanism
had already been deployed in the drilling of metals [94,95]. Maurer remarked that the
ultrasonic drilling (USD) is vastly productive, especially when the bit is not full faced [96].
In the case of coring bits, the drilling efficiency intensely amplifies, as the bit is not forced
to break and crush all the bit–rock interface area.

During the two most recent decades, a great deal of attempts has been made to
develop the USD mechanism for future space programs. Barcohen et al. fabricated an
Ultrasonic Driller/Corer (USDC) for NASA’s space missions seeking past life on planetary
bodies [97]. The USDC was a lightweight drill capable of capturing both powdery and
core samples, as well as carrying sensors into the hole. On a more positive note, the USDC
needed a low amount of energy to drill the icy rocks or highly compacted regolith under
microgravity conditions. The USDC has been improved in different ways so far [98,99].
For instance, [100,101] used the sampling-purpose bits containing internal cavities in their
structures to drive the crushed particles towards the inner part of the drill string.

Cuttings’ removal is a highly troublesome issue wherever drilling fluid may not be
applied. Poor bottom-hole cleaning shrinks drilling efficiency remarkably. In an attempt,
Badescu et al. manufactured a drill bit with outer spiral flutes acting as an auger drill
for the transmission of the cuttings from the bottom hole towards the surface [102]. This
strategy could partially meet the requirement for compressed gas as the drilling fluid.
Bar-Cohen et al. designed an all-in-one coring bit that entailed a wedge for separating the
core from the rock medium, a set of internal springs for holding the core and a push rod
for pulling out the core [103]. Further developments made the depth reachable to 1 m via
the all-in-one bit. The ESA also carried out a number of investigations on the application of
USD systems in space missions [104].
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2.4.5. Conventional Drilling

Amongst the Earth-based drilling techniques, conventional rotary-percussive drilling
maintains the highest efficiency; however, the mass budget restricts the application of
heavy mechanical rigs for extraterrestrial targets.

The process of extraterrestrial drilling operations can be divided into two main stages.
The first stage is rock fragmentation, which plays a key role in the whole drilling efficiency.
After the fragmentation stage, the rock cuttings must be removed from the borehole
(cuttings’ removal) by a gas or a fluid. Figure 3 demonstrates the three major types of
conventional drilling: auger drilling, coring drilling, and pneumatic drilling.
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The first mechanism in Figure 3a, the most common planetary conventional drilling,
is auger drilling, which involves a screw-shaped penetrator facilitating bottom-hole clean-
ing. With this method, drilling fluids cannot be used to move up the cuttings, as the
cryogenic-temperature and low-pressure conditions freeze or evaporate the fluid. There-
fore, with auger drilling, the rate of penetration steadily diminishes as the drilling operation
proceeds to further depths. Auger drilling is suitable for dry, loose regolith. The most
well-known space agencies, such as ESA and NASA, have used the auger mechanism in
their drilling programs.

The middle mechanism in Figure 3b is employed for coring operations when taking
the intact cores is preferred collecting powdered samples. From the viewpoint of scientific
value, cores offer many more data than powdered specimens. For instance, the stratigraphy
within the hole is preserved through the taken cores and, additionally, some volatiles can
be retained in the central parts of the samples. Many of the previous robotic rovers were
not capable of capturing core samples; however, the novel technology has benefited rovers
such as Perseverance, which can take and store cylindrical coring samples within special
on-board chambers.

The third layout in Figure 3c is pneumatic drilling, proposed by [105]. They found
that a compressed gas (as drilling fluid) can efficiently remove an amount of 6000–9000 kg
of debris from the bottom hole in lunar regolith medium. On Mars, a gas such as CO2 can
be taken from the atmosphere even if it is tenuous [106]; however, on the Moon, the gas
must be considered in the mass budget to be taken from Earth. If the ambient pressure is
lesser than the triple point of the water, the drilling fluid can be in the form of water–ice
sublimation.
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2.4.6. Challenges of Extraterrestrial Drilling

Extraterrestrial drilling operations encounter two serious types of challenges, envi-
ronmental and technical ones [107]. Environmental challenges stem from the difference
between the physics of planetary bodies and that of Earth. The first environmental chal-
lenge is the lack of atmosphere on the Moon and Mars. Because of this problem, it is
not feasible to use drilling fluid (mud) while drilling. The drilling fluid performs crucial
tasks such as bit cooling, cuttings’ removal, borehole stability, etc. Currently, the problems
related to the utilization of drilling fluid on planetary bodies are considered as the most
formidable obstacle for extraterrestrial drilling operations. The second environmental issue
is microgravity; this problem brings about the instability of drilling machines during their
operations. Furthermore, drilling machines must have more weight to impose adequate
forces on the bit. The third environmental issue is temperature; in the lunar and Martian
polar areas, the temperature averagely fluctuates around −230 ◦C and −140 ◦C, respec-
tively [88]. Thermal stresses derived from this very low range of temperature impairs
the different organs of drilling machines. Furthermore, temperature is another obstacle
prohibiting the usage of fluids during drilling operations. The fourth environmental issue
is the abrasiveness of lunar and Martian regolith; the abrasive, sharp particles of the lunar
and Martian regolith can penetrate into the working parts of the drilling machine and
gradually impair them. Moreover, drilling through such abrasive material accelerates the
bit’s wear [107].

On the other side, technological challenges are intensely dependent on the status of
technology and versatility of more potent instruments in drilling operations. The first
technological challenge is expensive transportation; this matter puts pressure on space
agencies to design smaller and lighter drilling machines which cannot successfully drill
in the problematic conditions of planetary bodies. The second technological challenge is
the impossibility of the utilization of steel casings for the prevention of borehole instability.
Such steel casings are too heavy and bulky for transportation between the Earth’s and
lunar/Martian surfaces [108]. The third technological challenge is the limitation of the
drilling power. As no liquid fuel can be used on the Moon and Mars, other limited sources
such as electric or solar batteries are utilized to provide the essential power for the drilling
machine. In contrast to the fossil fuels on Earth, such electrical and solar sources produce
much less power for drilling operations.

A wide range of initiative drilling machines has been designed and manufactured for
off-Earth drilling by different space agencies throughout the world. Some examples are
here elaborated. In 2005, one the most applicable drilling machines, called Mars Astrobiology
Research and Technology Experiment (MARTE), was designed during a partnership between
NASA, Honeybee Robotics and Centro de Astrobiologia [109]. MARTE was a rotary
coring machine which was able to efficiently take core samples from depths up to 1 m.
Furthermore, it was capable of adding extra drilling strings for penetration into the lower
depths. The maximum reachable depth was 10 m. The second potent drilling machine was
Drilling Automation for Mars Exploration (DAME). In contrast to MARTE, the DAME machine
possessed more mobility, while they were similar in terms of dimensions and power
consumption. Moreover, DAME was equipped with a set of below- and above-ground
sensors to recognize and tackle possible drilling issues [109]. A third powerful drilling
machine was called Subsurface Planetary Exploration Core Extracting System (SPECES) [110].
It was manufactured to perform an efficient mechanism of dry cuttings’ removal as well as
preservation of borehole stability. With this machine, dry cuttings’ removal was found to be
successful and efficient. In addition, some enhancements were applied to prevent clogging
issues at the regolith–bit interface. Additionally, some particular coring bits with thinner
walls were utilized to reduce energy consumption. Those enhancements dramatically
decreased the drilling time as well as the borehole instability [110].
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2.5. Water Extraxtion

Water extraction is another important application of surface drilling. Recent inves-
tigations have proven the existence of icy regolith at the Moon’s and Mars’ poles [36].
Presently, the most demanding material that space agencies, chiefly NASA and European
Space Agency (ESA), are looking for is water. In the polar lunar regions, the rock is in the
form of regolith with frozen ice and the water content amounts to 6% (5% ± 2%). Water
can be used directly for astronauts’ consumption. In addition, it can be decomposed to
Hydrogen and Oxygen that may be utilized as an on-space fuel for spaceflights.

On Earth, the drilling of water wells, together with geo-electrical methods, is utilized
to discover underground water resources [111]. Many drills are being designed to seek
water in the polar regions of the Moon and Mars. Such drillers are equipped with water-
detection tools such as neutron probes. The uniaxial compressive strength (UCS) of frozen
regolith depends on ambient temperature, grain size and water content. As the temperature
of the frozen regolith decreases, the value of the UCS increases. The average grain size of
the lunar regolith falls in the range of silts (between clay and sand). As the particle size
increases, the values of the UCS of the regolith intensifies. Moreover, the UCS of frozen
soils is a function of water content [84,112]. The UCS of dry soil is always less than the
frozen soil–water admixture. If the frozen soil is saturated, the UCS drastically soars and
amounts to the maximum extent. However, a further rise in the water content cuts down
the UCS until it reaches the UCS of pure ice [86].

As the regolith is frozen in the polar regions, its mechanical behavior approaches
that of common terrestrial rocks. The parameter of UCS is a good indicator of mechanical
response of the different materials to the drilling operations. In a research study, a number
of laboratory experiments was carried out to study the effect of freezing on the mechanical
properties of silt soil [113]. The grain size of the lunar regolith is in the range of silt grains;
they found that, as the temperature decreased from 0 ◦C to −120 ◦C, the UCS of the silt
samples increased from 7 MPa to 70 MPa. However, for lower temperature values between
−120 ◦C and −200 ◦C, a reduction equal to 10 MPa was observed in the UCS. Hence, at
−200 ◦C, the UCS value of the silt samples was nearly equal to 60 MPa. Many terrestrial
rocks such as sandstones have a value of UCS close to 60 MPa. They also studied the
variation in the UCS of pure ice with temperature. The UCS of pure ice at −120 ◦C and
−200 ◦C was recorded as 14 MPa and 21 MPa, respectively. It is worth mentioning that
some high-porosity sandstones have an equal UCS value [113]. Thus, it can be seen that
the UCS of frozen soils is close to that of rocks such as weak or resistant sandstones.

Temperature fluctuations impose cyclic thermal stresses on the ice–regolith admixture,
thereby leading to a dramatic change in its mechanical properties [114]. From the lunar
surface to the depth of 60 cm, the average porosity of the regolith is approximately equal to
43%. The average density of the lunar regolith lies in the range of 0.92–3.1 gr/cm3. Hence,
the mass of water in the regolith is calculated to be around 19%. The new space missions
have found that the water mass in the polar lunar regolith is more than 10%.

During drilling operations, the least possible heat must be produced between the
drill bit and the lunar regolith, because, in the vacuum medium, the frozen icy water
immediately turns to vapor (volatile material); thus, the water recovery (the volume of
water per drilling length) drastically reduces. Consequently, the revolutions per minute
(RPM) must be controlled to reduce the generated heat and friction.

2.6. Mining

Space mining on planetary objects pursues two main targets—the first is the exploita-
tion of precious materials such as rare elements and the second is providing the long-term
space colonization with in situ resource utilization. The former is highly efficient in the
reduction in mining environmental impacts on Earth, while the latter dramatically reduces
the expenditures of aggregate transport to the lunar/Martian surface. The different plane-
tary conditions almost entirely affect all the aspects of feasible mining projects in space.
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For further investigations on the Moon’s and Mars’ surfaces, providing Oxygen and
Hydrogen is imperative as a propellant for future spaceflights. Beyond Oxygen, Hydrogen
and water, other invaluable minerals such as Helium-3 and platinum are tracked for
mineral mining purposes on the Moon’s surface, asteroids and comets. An economic
evaluation of non-terrestrial mineral mining can be found in [115]. Mineral mining on
asteroids or comets is carried out by cutting-edge robots deploying mechanical, thermal
and optical drilling operations. The microgravity conditions around asteroids and comets
impose prohibitive limitations on the robots’ stability during the drilling and collecting of
mineral samples. The anchoring technique has been proposed for providing robots with
stability on such celestial bodies.

On the other hand, humanity has already commenced the colonization of planets such
as the Moon and Mars. The environment of Mars is better for future human civilization
as it has more gravitational acceleration, less temperature fluctuation, higher pressure
and thicker atmosphere than the Moon [116]. The design of the reliable machinery for
extraterrestrial mining needs much more stringent standards than Earth-based equipment.
Such machinery must be manufactured from highly durable materials sustaining the
harsh lunar/Martian environments. Other essential criteria for mining machinery include
minimal maintenance as well as potent versatility for digging, loading and hauling tasks.
Podnieks et al. investigated the environmentally viable mining machinery on the Moon’s
surface [117]. He discovered that two sorts of mining machinery are superior to be designed
and fabricated. The first machine must be capable of loading the fragmented rock while
the second one hauls the materials toward the destination (dump).

Another issue that mining machinery encounters is the Martian or lunar dust covering
of the possible camera and electronic gadgets. On Earth, the micro-scale dust derived from
mining activities enters the engine of the machinery, thereby causing prevalent premature
jams or breakdowns. During mining operations on the lunar and Martian surfaces, there is
no or weak atmosphere. Hence, the mining-derived dust propagates in space and travels a
long path with high speed [118]. Such issue must be taken into consideration in the design
phase of mining equipment. Tele-operation and automation are inseparable from tough
space mining.

2.7. Underground Excavations

The excavation of underground structures can be executed for the construction of
subsurface outposts, or even in underground mining. The latter seems remarkably avoid-
able, as non-terrestrial surface mining has not been developed yet. However, if the future
space colonization tends to use underground outposts, underground mining will appear
reasonably cost-effective and applicable. The innovative usage of aggregates in engineering
applications cuts down the final expenses of projects markedly [119–121]. In this case,
underground mining provides an unlimited in situ resource for the construction of the
potential outposts.

Underground outposts can be built by using miniature tunnel-boring machines
(TBMs). On Earth, a broad enhancement has been obtained in the TBMs’ manufactur-
ing and performance. The TBMs’ prime scope is to create an equilibrium between rock
pressure and the inner pressure of the machine. The major benefits of the TBMs are: (a) au-
tomatic insertion of pre-cast linings during the excavation process, (b) fast advancement
rate and (c) symmetric and regular profile of the outpost. Some numerical simulations
have indicated that the tunnels excavated by TBMs under the surface of Mars are safe
and stable [37]. It was inferred that the lack of pore pressure, together with the presence
of microgravity conditions, assures the natural stability of the tunnels. According to the
poroelasticity theory, the presence of pore pressure dramatically reduces the strength of
porous soils and rocks [122,123].

On a negative note, the existing TBM technology cannot meet the demands and
expectations of space drilling. Currently, the main challenge of TBM utilization is that there
is no atmosphere pressure on the machine cutter-head, while the existing TBMs operate
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on the basis of the creation of the balance between the formation pressure and the inner
pressure of the machine. Some companies are investing on the development of miniature
TBMs to function successfully in future space programs.

Furthermore, underground excavations can be implemented through the blasting with
chemical explosives. Such explosives were adopted in the seismic surveys in the Apollo
lunar programs. Based on dozens of research projects, some chemical explosives have
been proposed for blasting in vacuum conditions. The mathematical equations for blasting
operations in vacuum and microgravity conditions were derived by [124].

3. Discussion

Compiling all the important aspects of space geomechanics in an integrated frame-
work was the motive for drafting this research paper. The large extent of such aspects
clarifies the importance of the science of geomechanics in the contemporary and near-
future space exploration. Two centuries of field experiences have allowed engineers and
designers to manufacture tools that operate compatibly with the physics of Earth. Dif-
ferent planetary physics, including microgravity, vacuum conditions, lack of atmosphere
and planet-dependent temperature and pressure, prevents the utilization of Earth-based
equipment on other celestial bodies. Therefore, to develop tools capable of operating
on distant planets, there is an essential need to develop more on-Earth laboratories in
which the principles of other planetary physics govern. The subsequent step will be the
instrumentation and fabrication of tools adaptable to other planetary conditions.

During the two most recent decades, geomechanical investigations, especially on
Mars, have been more expedited than those on other planets, such as the Moon or Venus.
As Mars seems a promising second habitable planet for mankind, more geomechanical
investigations are needed for further discoveries. The establishment of surficial or subsur-
face outposts on Mars will marvelously lead to acquiring further information about the
challenges of different governing physics on extraterrestrial planets.

Conceivable in situ resource utilization is a sophisticated idea in space mining. On
Earth, new technologies such as tele-operation mining must be further developed to con-
tribute to future mining activities on other planets such as Mars. Unmanned operations
and automation must be undertaken with the possible simplicity but adequate flexibil-
ity to reduce the risk of any stoppage or suspension during the mining process. In all
mining projects, sufficient, on-time maintenance is inevitable seminal work. This must
be programmed with the minimum need of human intervention. Furthermore, potential
requirements such as welding in vacuum conditions must be also considered.

During mining operations, the equipment exerts shear forces on the regolith to cut
it from the lunar/Martian surface; the stability of such equipment through the anchoring
technique can be probed and studied. To help the mining machines operating on Mar-
tian rocks, supplementary blasting, especially with the novel plasma blasting technique
instead of the use of chemical explosives, might be adoptable. The application of a belt
conveyor assisted by the natural gravity force can be assessed as an alternative for the
haulage machines.

Continuous redesign and improvement of drilling tools, such as bits, rods, power
systems and cuttings’ removal systems, must be performed to identify new solutions for
possibly pressing issues. The drilling of basaltic rocks on the Moon’s and Mars’ surfaces
requires a high amount of energy to be performed. Hence, energy optimization must be
the main criterion in the design of planetary-targeted drill tools. While testing drill tools in
terrestrial simulants, the presence of potential basaltic boulders with more strength than the
surrounding regolith must be considered. While most of the space drilling machines have
focused on the penetration into the lunar and Martian icy regolith, adequate development
of drilling equipment for high-temperature conditions, such as those on Venus, must not
be overlooked.

Bottom-hole cleaning is the main problem in reaching the farthest subsurface depths.
The utilization of compressed gas as drilling fluid is imperative to be further investigated.
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Cooling the bit is another advantage of the utilization of compressed gas in a drilling
system. On Mars, the pressure of the atmosphere is very low; consequently, there is no
need to supply a great amount of gas to be compressed as drilling fluid in the pneumatic
technique [105]. A new, innovative method for the evaluation of volatile content in an
arbitrary soil has been developed in 2020 [125]. With this technique, a gas analyzer for the
evaluation of the percentage of different gases within the soil is emplaced in the ground.
The novel software, together with the potent hardware, provides data in a short time with
high accuracy. Such methods can be deployed for the measurement of the gas content
within the lunar and Martian regolith. Hence, not only the gases from the atmosphere can
be employed as the compressed gas, but also the gas content within the regolith can be
evaluated for this purpose.

In contrast to continuous coring, selective coring is much more reasonable and eco-
nomical. Continuous drilling requires the frequent removing of cores from the core barrel,
thereby leading to potential delays in the drilling process. Core capturing is also a prob-
lematic issue in planetary drilling. A reliable system for core capturing and handling
appears to be quite crucial. A disastrous scenario for any drilling operation happens when
the bit or drill string is stuck. This situation becomes extremely complex if the lunar or
Martian regolith freezes. Drastic plans must be devised to retrieve the lost bit/drill string
from the hole. This necessitates both dynamic software platforms and reliable hardware
instrumentation.

4. Conclusions

This paper covers the main aspects of geomechanics in past and present extraterrestrial
applications. It commences with the description of the up-to-date geological and mor-
phological features of the Moon and Mars. Then, the physical and mechanical properties
of both lunar and Martian soils are described and tabulated. In the next step, the most
prominent geomechanics aspects of anchoring, drilling, water extraction, mineral mining
and underground excavations are portrayed.

Drilling is deemed as the most versatile branch of space geomechanics for all applica-
tions, including water extraction, mineral mining, anchoring and underground excavations.
Although there has been a great deal of advancements in this field, further developments
must be considered in the design and manufacturing of low-mass and low-power drilling
instruments. For drilling operations, the pressing problem is the impossibility of usage of
drilling fluids to cool the bit and to remove the cuttings from the bottom hole. This problem
intensely decreases the drilling efficiency and, reversely, increases the time and costs of the
operations. Expansive investigations on fluids compatible with the harsh environmental
conditions of the Moon and Mars are much needed. Furthermore, the majority of drilling
instrumens have been fabricated for low-temperature environments such as that of the
Moon and Mars. However, for other planets such as Venus, a comprehensive plan must be
devised for crafting the drills adaptable to extremely hot conditions.

Further investigations are essential in terms of in situ resource utilization. The lunar
and Martian regoliths contain minerals which can be used as raw materials in the construc-
tion of outposts, fuel generation, production of drilling fluids, etc. Novel approaches are
imperative to contribute to measuring the mineral composition and volatile content of the
lunar and Martian regolith through faster and more efficient manners.

Since a large proportion of current studies has concentrated on the recovery of water
from the Martian regolith, the effect of temperature on the ability to drill icy regolith must
be precisely considered. Temperature fluctuations during the days and nights impose
cyclic thermal stresses on the regolith’s structure. This phenomenon alters the mechanical
response of the regolith to drilling operations.

Underground, extraterrestrial outposts seem to be much safer than surface bases on
Mars; however, their safety and functionality may decrease if the environmental variables,
e.g., temperature, undergo large variations. As no drilling operation has reached the lowest
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depths on Mars, the effect of depth, overburden weight, temperature and outpost size must
be evaluated from the standpoints of safety and stability.

Mineral mining on planetary bodies can greatly benefit space technologies. The vac-
uum condition, microgravity, lack of atmosphere and limitations related to fluid application
on planetary bodies are the most serious challenges preventing the utilization of large-scale
terrestrial mining machinery on potentially habitable planets such as Mars. In future, simu-
lated terrestrial laboratories, small-scale mining machines such as loaders are proposed to
be manufactured and their capability of cutting and transporting Martian regolith can be
examined in the presence of such environmental challenges.

Space colonization requires a joint partnership among the different space agencies
around the world. More collaborative projects are required to create synergies in the devel-
opment of space technology. Moreover, governments should provide scientific institutions
such as universities with further funds to develop their infrastructure and investigations
on the geomechanics applicable in space.
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