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Abstract

The sampling of extraterrestrial bodies is a critical technology in deep space exploration. An-
alyzing these samples allows researchers to uncover valuable information about the compo-
sition, structure, and evolutionary history of these celestial bodies. Compared to alternative
sampling methods such as shoveling and grinding, drilling offers the advantage of obtaining
larger sample volumes while preserving sample integrity. Furthermore, it enables sampling
at various depths and terrains, making it an essential approach for acquiring samples from
extraterrestrial environments. However, drill-based sampling devices are versatile, and their
working principles and methods vary across different exploration missions and celestial bod-
ies’” environments. This paper provides a comprehensive investigation into the progress made
in drill-based sampling devices for extraterrestrial bodies. It begins by introducing the envi-
ronmental and geological characteristics of the target celestial bodies, analyzing how these
factors impact the structural design and operational parameters of sampling devices. The
research then reviews drill-based sampling devices used in previous extraterrestrial explo-
ration missions and examines the latest advancements in drill-based sampling technology.
Based on different drilling depths, this study categorizes drill-based sampling devices into
seven groups: small drills, pneumatic surface drills, single-rod drills, multi-rod drills, pneu-
matic deep probes, cable-based drills, and terrestrial ice penetration drills. It also provides
an analysis of the operational characteristics, advantages and disadvantages of these seven
types of drill-based sampling devices. The paper further outlines the technical difficulties
and challenges encountered during the sampling of extraterrestrial bodies and concludes by
presenting prospects for the future development of drill-based sampling technology for ex-
traterrestrial bodies.
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1 Introduction

Sample collection from extraterrestrial bodies is crucial for gaining deeper insights into the
origin of the universe, potential for life, Earth’s history, and space resource utilization (Bar-
Cohen and Zacny 2021). Analyzing these samples can unveil the processes of solar system
formation and evolution, explore the origins of life, comprehend the historical changes of
Earth, and lay the groundwork for future space resource exploitation and technological in-
novations (Zhang et al. 2019). Samples collected from the surfaces of extraterrestrial bodies
are often subjected to weathering, space radiation, and other factors that make it challeng-
ing for microorganisms to survive and for signs of life to be preserved, thereby limiting the
acquisition of comprehensive scientific information (Bar-Cohen and Zacny 2009). Consider-
ing the potential for contamination of samples obtained from the surface of celestial bodies
during the collection process, subsurface soil samples at greater depths contain a superior
stratigraphic record and scientific insights than surface samples. These subsurface samples
can better reveal the internal structure and evolutionary history of extraterrestrial bodies.
Sampling physical geological samples at depths of tens or even hundreds of meters can be
necessary (Glass et al. 2014b; McKay et al. 2013).

Drill-based sampling technology offers substantial advantages compared to other sam-
pling methods (Zhang et al. 2022b). Drill-based sampling systems can be intelligently ad-
justed based on geological conditions and sampling requirements, allowing adaptability to
diverse geological environments. During the sampling process, the drilling devices can dy-
namically adjust operational parameters to address unknown and complex conditions, en-
hancing the success rate and efficiency of sample collection. Drill-based sampling technol-
ogy can penetrate deep underground, facilitating in-depth exploration of the internal struc-
ture and composition of extraterrestrial bodies, and enabling the acquisition of samples from
various depths. This approach yields a diverse range of sample types, including core sam-
ples, frozen soil, and subsurface soil, enabling researchers to access a wider array of mate-
rial compositions and structural characteristics, thereby comprehensively understanding the
properties and evolution of extraterrestrial bodies. Moreover, drill-based sampling technol-
ogy can effectively preserve the integrity of collected samples during the sampling process.
Precise control and monitoring help minimize volatilization or degradation of samples, en-
suring that the collected samples retain their original form and properties, thus providing
accurate analytical data.

Humanity has accomplished numerous missions using drill-based sampling equipment
to collect samples from extraterrestrial bodies. In the 1970s, the American Apollo 15-17
missions utilized drilling devices operated by astronauts for sampling, achieving maximum
drilling depths of up to 3050 mm (Zhang et al. 2022a). The Soviet Luna 16, Luna 20 and
Luna 24 missions employed unmanned drilling machines for sample collection, retrieving
325 g of samples (Harvey 2006). China’s Chang’E-5 mission, launched in November 2020,
successfully conducted both deep drilling and shallow surface sampling tasks on the Moon,
achieving a drilling depth of approximately 1 m and returning with 1731 g of samples,
marking the third successful lunar sample return mission (Xiao et al. 2021).

For Mars exploration, humans have not yet completed a sample return mission. Landing
on Mars and performing in-situ analysis of Martian soil samples is a prevailing and effective
method for understanding Martian composition (Reiter et al. 2005). In 2008, the Phoenix
Mars lander dug up frozen water samples using the Icy Soil Acquisition Device (ISAD),
confirming the presence of water on Mars (Smith et al. 2008). In 2013, the Curiosity Mars
rover heated fine-grained soil samples collected by Sample Acquisition/Sample Processing
and Handling (SA/SPaH) to 835 °C, resulting in the decomposition of water, CO,, sulfur
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compounds, and other substances, marking the first measurement of water content in Mar-
tian soil (Leshin et al. 2013). Europe’s EXO Mars mission plans to drill up to 2 m on Mars,
exploring the habitability of landing sites and searching for evidence of life (Vago et al.
2017). Currently, the Mars 2020 sample return mission is underway in collaboration be-
tween NASA and ESA, with the Perseverance Rover leading the mission on the Martian
surface, conducting drill-based sampling activities. It is expected that Mars samples will be
returned to Earth in the early to mid-2030s (Farley et al. 2020).

Drill-based sampling, in conjunction with in-situ resource utilization technology, repre-
sent a prominent trend in the future advancement of drilling devices. By collecting samples
and processing them to extract resources such as water or oxygen, the aim is to reduce the
cost of space missions and dependence on Earth’s resources (Anand et al. 2012). NASA’s
commercial lunar payload services (CLPS) involve the NOVA-C lander and Volatiles In-
vestigating Polar Exploration Rover (Viper) both employing the regolith and ice drill for
exploration of new terrains (TRIDENT) for sampling in the lunar polar regions, conducting
in-situ resource utilization experiments (Zacny et al. 2023). In the next 5-10 years, Russia
plans to launch the Luna 26 and Luna 27 spacecraft to continue exploring and analyzing lu-
nar rocks and soil in the lunar polar regions (Tretyakov et al. 2020). China is set to implement
the Chang’E 6-8 missions within the next decade, conducting investigations and sampling
at the lunar south pole and far side, carrying out lunar resource utilization experiments, and
establishing lunar research stations (Zhang et al. 2019). Furthermore, the potential presence
of subsurface oceans on celestial bodies like Europa, Enceladus, and Titan has spurred hu-
manity toward even more ambitious endeavors. The United States has plans to launch the
Enceladus Orbilander probe in the early 2030s, aiming to collect surface samples and fur-
ther investigate its potential habitability (MacKenzie et al. 2021). The Dragonfly mission,
scheduled for 2034, is set to land on Titan to explore its surface for signs of habitability
(Sotin et al. 2021).

The first section provides an overview of extraterrestrial drill-based sampling technol-
ogy, encompassing the significance of extraterrestrial sampling, the advantages of drill-
based sampling, a historical perspective on exploration, and upcoming sampling missions
by various countries. Subsequent sections will delve into four areas: the extraterrestrial en-
vironment, drill-based sampling devices, technical challenges in extraterrestrial drill-based
sampling, and future directions for development, as shown in Fig. 1. Section 2 provides an
overview of the mechanical characteristics of surface weathering materials on celestial bod-
ies and the stratigraphic structure of their surface layers. In Sect. 3, a comprehensive review
of the drill-based sampling apparatus employed in past exploration missions is provided.
Recent advancements in contemporary drill-based sampling technologies are surveyed, and
these technologies are classified based on their distinctive attributes. Addressing the tech-
nological challenges encountered in extraterrestrial sampling, Sect. 4 conducts an in-depth
analysis. Furthermore, Sect. 5 outlines the anticipated developmental trajectories in extrater-
restrial drill-based sampling technologies. The paper culminates with a concise summation
of findings and conclusions in Sect. 6.

2 Environments of Extraterrestrial Bodies
The geology of extraterrestrial objects can be very different from that of the Earth. Despite
the considerable strides made by humanity in the realm of exploration and sample collection,

our comprehension of the physical attributes adorning the surface layers of celestial bodies
remains notably constrained. It’s important to highlight that, after the scrutiny of the Moon,
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Fig.1 Summary of drill-based sampling techniques for extraterrestrial bodies

Mars, and assorted asteroids, our gaze now shifts towards celestial bodies that may have
subsurface oceans such as Enceladus and Titan. When juxtaposed against the relatively well-
explored terrains of the Moon and Mars, our grasp of the surface characteristics exhibited by
celestial orbs like Enceladus and Titan remains conspicuously nascent. The geological and
environmental topographies inherent to celestial bodies exert a profound influence on the
design and functionality of sampling apparatuses. The limited knowledge about the surface
features of celestial entities precipitates many uncertainties, thus intricately interweaving
complexity into the fabric of sampling device design and development (Zhang et al. 2021).
Therefore, it is essential to have a comprehensive understanding of the environments and
geology of celestial bodies, as this forms the foundation for the smooth design of sampling
devices.

2.1 Geological Features

Most of the lunar surface is covered by loose lunar soil with an average thickness of 4 to
15 m, beneath which lies the solid lunar bedrock (Heiken et al. 1991). Currently, the sam-
pling depths of the United States’ Apollo missions, the former Soviet Union’s Luna mis-
sions, and China’s Chang’ E-5 mission have all remained within this range. Consequently,
lunar soil can be considered the primary target of current lunar drilling missions. In the pro-
cess of lunar soil sampling, it is highly susceptible to disturbance, and such disturbance can
lead to significant changes in its physical and mechanical properties. Relevant experiments
have demonstrated that within a depth range of 800 mm, lunar soil can exhibit nearly 40%
relative density variation under the influence of its weight alone (Heiken et al. 1991). Re-
search conducted by China University of Geosciences indicates that neglecting the changes
caused by simulated lunar soil disturbance and treating its properties as constants, the error
fluctuates between 30% and 85% in terms of torque calculation results compared to mea-
sured outcomes (Li et al. 2014). Similarly, experiments conducted by the Colorado School of
Mines in the United States have shown that using seven conventional soil mechanics models
with constant lunar soil properties to calculate the reactive force curve yields results incon-
sistent with the measured values of simulated lunar soil (King et al. 2011). Therefore, the
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Table1 The physical and mechanical properties of lunar soil affecting drilling performance (Qian et al. 2021)

Parameter Description

Particle size Concentrated in the range of 40-800 um, with a median particle size of approximately
60-80 um.

Particle shape Highly variable particle morphology, with elongated and angular shapes being more

abundant, while spherical, ellipsoidal, and extremely angular shapes are less common.

Bulk density Bulk density variation with depth can be expressed by the relationship formula
p=192 Z++11282 or p= 1.3979-056 Within the depth range of 600 mm, the

Z
approximate range is 1.45-1.71 g/cm3.

Specific gravity Concentrated in the range of 2.3-3.2, with the majority exceeding 2.9, notably higher
than the particle density of Earth soil (2.6-2.8).

Porosity The presence of angular interlocking between particles results in a higher porosity,
ranging from 46% to 52%, surpassing the loose non-cohesive Earth soil (25%-45%).

Void ratio Decreases with increasing depth; the average void ratio within the depth range of
0-300 mm is 0.96, and within the range of 300-600 mm, it is 0.78.

Coefficient of Increases significantly with a larger void ratio. when the void ratio is < 0.9, the

compressibility coefficient of compressibility is < 3; when the void ratio is > 1.3, the coefficient of
compressibility is > 40.

Bearing capacity Significantly decreases with increasing void ratio. When the void ratio is < 0.8, the
bearing capacity is > 55 kPa; when the void ratio is > 1.3, the bearing capacity is
< 7 kPa.

physical and mechanical properties of lunar soil are one of the main influencing factors for
lunar drilling-related tasks. This paper summarizes the lunar regolith’s physical properties
that affect drilling machinery, as illustrated in Table 1.

Currently, no country has completed a Mars sample return mission, making it challenging
for researchers to directly access the precise physical and mechanical properties of Martian
soil. In-situ measurements have emerged as a crucial approach to obtain Martian soil’s me-
chanical characteristics. The inherent weight constraints during launch have hindered the
incorporation of dedicated instruments for measuring the physical and mechanical attributes
of Martian soil on the rovers currently in orbit around Mars. As an alternative, these rovers
rely on data inversion from contact components, including wheels, sampling shovels, and
footpads, to compute parameters like compression, shear strength, and bulk density of Mar-
tian soil (Shen et al. 2023). This paper provides an overview of the physical and mechanical
properties of Martian soil as ascertained by lander missions on the Martian surface, as de-
picted in Table 2.

It is noteworthy that, in addition to surface soil, water ice will be one of the primary
targets for upcoming deep space sampling missions. The search for ice-water mixtures in
extraterrestrial objects holds immense significance for deep space exploration. These sam-
ples serve as crucial indicators for assessing the potential habitability and sustaining life
beyond Earth. By prospecting for ice-water mixture content, scientists can unlock valu-
able resources essential for in-situ resource utilization, thus reducing the reliance on Earth-
supplied provisions and ensuring the sustainability of deep space missions. Moreover, the
study of ice-water mixtures offers insights into planetary evolution, shedding light on the
geological history and environmental conditions of celestial bodies. These samples provide
an important opportunity to enhance our understanding of the formation and development of
planets, moons, and other extraterrestrial objects. To date, there is also a lack of precise and
definitive data on the mechanical and physical properties of extraterrestrial regolith and ice-
water mixtures. Nonetheless, with upcoming missions such as NASA’s NOVA-C lander and

@ Springer



66 Page 6 0of 58 Y. Wang et al.

Table2 The physical and mechanical properties of Martian soil at the probe’s landing sites

Mission Year Landing Soil Bulk density ~ Cohesion Internal Citation
site type (g/cm3) (kPa) friction (°)
. Chryse Drift 1.15 £ 0.15 1.6 £1.2 18.0 =24 (Moore and
Viking 1 1976 Planitia material Jakosky 1989)
Blocky 1.6 +04 5.1+£27 30.8 +£2.4 (Moore and
material Jakosky 1989)
Viking 2 1976  Utopia Crusty 14+£0.2 1.1£0.8 345+47 (Moore and
Planitia material Jakosky 1989)
Mars 1997 Ares Drift 1.28-1.52 0.21 34.3 (Peters et al.
Pathfinder Vallis material 2008)
Crusty 1.42-1.64 0.17+0.18  37+£2.6 (Peters et al.
material 2008)
Spirit 2004 Meridiani ~ Surface 1.63 5.2 30-47 (Sullivan et al.
Planum soil 2011)
Opportunity 2004  Meridiani ~ Surface 1.63 4.7-5.6 30-47 (Sullivan et al.
Planum soil 2011)
Phoenix 2007  Vastitas Surface 1.235 0.2-1.2 38 (Shaw et al.
Borealis soil 2009)
Surface 1.2 - - (Spohn et al.
InSieht 2018 Elysium soil 2022a)
n1g Planitia  Surface  0.95-1.1 2-15 30-40 (Spohn et al.
soil 2022a)
Sand 1.3-1.5 1.5-6 - (Spohn et al.
2022a)
Sand/ 1.6 - - (Spohn et al.
gravel 2022a)
Zhurong 2020 Utopia Surface - 1.5-6 21-34 (Ding et al.
Planitia soil 2022)

VIPER rover landing at the lunar poles, as well as ongoing exploration efforts by countries
like Russia and China, there will be a deeper understanding of the mechanical and physical
properties of surface ice-water mixtures on extraterrestrial bodies.

2.2 Stratigraphic Structure

Currently, humanity has achieved remarkable progress in probing the surface structures of
both Mars and the Moon, as shown in Fig. 2. In 2019, Chang’E-4 landed in the Von Karméan
crater within the South Pole—Aitken Basin on the Moon. The Yutu-2 lunar rover explored
and identified three distinct geological units within a depth range of 40 m (Li et al. 2020). In
2021, The Zhurong rover conducted in-situ radar investigations in Utopia Planitia on Mars,
revealing the detailed shallow-layered structure of the region (Li et al. 2022a).

It is worth mentioning that in the coming decade or possibly within the next twenty years,
in addition to the Moon, Mars, and smaller celestial bodies, there are intended missions
to land on the surfaces of Europa, Enceladus, and Titan (National Academies of Sciences
2022). In 2024, NASA is planning the launch of the Europa Clipper mission, which aims to
explore Europa’s orbit to ascertain its potential habitability (Howell and Pappalardo 2020).
The year 2027 will see the launch of the Dragonfly mission, involving a rotorcraft lander,
to explore Titan comprehensively through multiple sampling locations, thereby evaluating
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Distance(m)

Fig. 2 Surface structures of the Moon and Mars. (a) Lunar surface structure: 1-Lunar surface exploration
by Yutu-2; 2-Yutu-2’s path across Von Karman Crater; 3-Distribution of lunar surface layering detected by
Yutu-2. (b) Martian surface structure: 1-Martian surface exploration by Zhurong rover; 2-Zhurong’s traverse
in Utopia Planitia; 3-Martian surface structure revealed by Zhurong’s exploration. (Courtesy authors, Chinese
Academy of Sciences)

its suitability for life (Lorenz et al. 2018). Subsequent to 2038, NASA intends to launch the
Enceladus Orbilander mission, which will carry out orbital observations of Enceladus and
undertake a landing and sampling campaign on its surface, thus investigating the presence
of life on Enceladus (MacKenzie et al. 2021). These bodies, unlike the Moon and Mars, are
known to possess subsurface oceans, rendering them prime candidates for potential life, as
shown in Fig. 3.

2.3 Planetary Soil Simulation

In the present day, the collected samples of lunar regolith are notably limited. Currently,
only the United States, the former Soviet Union, and China have achieved lunar soil sam-
pling and return missions, contributing to the available lunar primitive samples, which are
currently less than 385 kg (Li et al. 2017). This quantity proves insufficient to satisfy the
substantial research requirements of various nations in the context of lunar exploration. As
a result, researchers from many countries have developed simulated lunar regolith samples
that exhibit fundamental characteristics similar to lunar soil. Table 3 summarizes the simu-
lated lunar regolith developed by different countries in recent years, along with their physical
properties.

Despite over 40 Mars exploration missions carried out by humanity in the past five
decades, the return of Martian soil samples remains unrealized (Yao et al. 2021). Com-
pared to lunar samples, Martian soil samples are even scarcer. Presently, the United States
has successfully conducted multiple Mars landing missions, with relatively mature simu-
lated Martian soil technologies (Perko et al. 2006). ESA has also engaged in related work,
accumulating a wealth of experience (Gouache et al. 2011), and China has initiated research
on simulated Martian soil (Zeng et al. 2015). Table 4 summarizes the simulated Martian soil
developed by different countries in recent years, along with their physical properties.
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lo Europa
Iron core Rocky core
Rocky mantle Rocky mantle
Global subsurface magma layer Possible hydrothermal
Silicate surface Global subsurface ocean
Volcanoes Ice shell
Sulfur plumes Water vapor plumes

Included magnetosphere —
More than 400 active volcanoes

Enceladu

Rocky, porous core
Hydrothermal vents

Induced magnetosphere

Potentially 2x as much water as Earth
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Hydrocarbon dunes
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Global subsurface ocean
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Fig. 3 Interior structures of Io, Europa, Enceladus and Titan. (Courtesy authors, STScI)

3 Advances in Extraterrestrial Drills

This section begins with a review of previous space missions that have carried drill-based
sampling devices. It also provides a comprehensive overview of the current development of
drill-based sampling devices, categorizes them according to different sampling depths, and
evaluates their structural characteristics and modes of operation.

3.1 Planetary Drill-Based Sampling Missions
3.1.1 Lunar Drills

As the celestial body closest to Earth, the Moon is the most accessible target for extrater-
restrial sample collection missions conducted by nations worldwide. Figure 4 and Table 5
summarize drill-based sampling devices used in previous lunar exploration missions.
During the early 1970s, NASA’s Apollo 15-17 missions employed the Apollo Lunar Sur-
face Drill (ALSD) for sampling tasks (Compton 1989). The ALSD was operated manually
by astronauts and powered by batteries, with a standard operational power output of 430 W.
Astronauts employ the ALSD to efficiently complete the drill-based sampling processes
within a concise 15-minute timeframe. Notably, the ALSD featured a design comprising
interconnected hollow drill rods. These drill rods were compactly packaged to align with
the size constraints of space missions, achieving a necessary reduction in overall dimen-
sions. The comprehensive drill package encompassed four fundamental constituents: a drill
rod assembly, a drill motor powerhead, batteries, and supplementary accessories. During
the process of drill-based sampling, astronauts sequentially attached drill rods to achieve
increasing depths (Zacny et al. 2013d). The requisite drilling pressure was sourced from the
combined weight of the astronauts and the ALSD. Specifically, the powerhead of the ALSD
drill weighed 4000 g and was furnished with a direct current brushed motor, augmenting its
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Fig. 4 Lunar drill-based sampling devices. (a) Apollo program: 1-Astronauts used ALSD to sample lunar
subsurface soil; 2-ALSD; 3-Power head; 4-Accessories; 5-Treadle; 6-Rod and bit (b) Luna program: 1-Luna
16 lander; 2-Automated drill; 3-Luna 24 lander; 4-LB-09; 5-Samples stored in a sealed container after wrap-
ping. (c) Chang’E-5 Mission: 1-Chang’E-5 lander with sampling apparatus; 2-Hollow-core drilling principle
using flexible hose; 3-Drill bit; 4-Samples wrapped and stored. (Courtesy authors, NASA, USSR Academy
of Sciences, and CNSA)

functionality with rotational impact capabilities (Allton 1989). However, owing to a limited
understanding of the mechanical and physical attributes of lunar soil at that juncture, along
with the absence of spiral grooves at the interconnection points of the drill rods, the capac-
ity for efficient debris removal was compromised. Consequently, the achieved drilling depth
during the Apollo 15 mission fell short of initial expectations, with astronauts encountering
difficulties in the process of removing the drill bit. In light of these challenges, subsequent
improvements were introduced to the ALSD apparatus for employment in the Apollo 16 and
Apollo 17 missions (Pitcher 2016). Notable enhancements included the integration of con-
tinuous spiral drill bits to facilitate proficient soil clearance, alongside the incorporation of
a treadle mechanism intended to streamline the removal of drill rods. Emanating as a hand-
held drill-based sampling instrument specially tailored for astronaut usage, the ALSD design
prioritized lightweight attributes and intuitive operational procedures, thereby significantly
mitigating the workload borne by astronauts.

In contrast to the astronaut sampling approach of the Apollo missions, the Soviet Union
deployed autonomous drilling machines to collect samples. The Luna 16 lander featured an
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automatic drill, mounted at the tip of a robotic arm, designed for extracting lunar rock and
soil samples. This drill was a hollow spiral auger capable of extracting lunar rock and loose
soil samples (Harvey 2006; Zacny et al. 2013d). The automatic drill achieved an actual
drilling depth of 350 mm, resulting in a sample collection of 101 g. Once sample collec-
tion was complete, the lunar soil was transferred to sealed containers for preservation. The
drilling apparatus of Luna 20 was an improved version of the one used in Luna 16, although
both essentially served as end-effectors attached to the robotic arm. During the sampling pro-
cess of Luna 20, encountering hard rocks caused the electric motor to overheat. To prevent
damage to the sampling equipment, Luna 20 terminated the sampling operation prematurely
after a drilling time of 4 min 34 s. Furthermore, a significant amount of soil was lost during
the sample transfer process, resulting in a final acquisition of 55 g of lunar soil samples
(Anttila 2005). The sampling devices of Luna 16 and Luna 20 relied solely on the gravity
of the drilling apparatus to provide drilling pressure, limiting their ability to collect samples
from deeper lunar layers. This design resulted in a low core recovery rate and a relatively
small sample size, making it challenging to preserve the original stratigraphic information
of the lunar soil. In contrast, Luna 24 utilized a guided drilling apparatus, LB-09, which
differed from the installation method of the drilling apparatus used in Luna 16 and Luna
20. The drill head of Luna 24 was mounted on the side of the spacecraft and drilled at a
30° angle perpendicular to the lunar surface, utilizing the weight of the lander to provide
drilling pressure. The drilling apparatus had a working stroke of 2500 mm, and the drill rod
contained a hose to protect the retrieved lunar core. The drilling operation extended over a
duration of one hour, culminating in a sampling depth of 2.25 m. During this process, a core
sample weighing 170.1 g was successfully procured (Slyuta 2021; Basilevsky et al. 2013).
Additionally, LB-09 was equipped with an integrated soft tube mechanism, facilitating the
collection of samples directly into the tube, which was subsequently wound and sealed for
storage. As a result, the sample preservation capability of Luna 24 is remarkably improved
compared to that of Luna 16 and Luna 20.

Comparing the lunar soil sampling methods of the Apollo and Luna programs, both used
hard alloy drill bits and hollow drilling devices, using percussion and rotation for drilling.
The main difference is that the Apollo missions used manual drilling for sampling, while the
Luna missions used automated sampling with ground-based operation control. However, due
to limited knowledge of lunar geology, the manual drilling approach of the Apollo missions
showed better adaptability to the lunar environment and improved operability. As a result,
the Apollo missions achieved greater drilling depths and recovered greater quantities of
lunar soil samples than the Luna missions.

The Chang’E-5 probe, China’s first attempt at extraterrestrial sample collection, success-
fully landed on the Moon in December 2020 (Xiao et al. 2021). Chang’E-5 carried two sam-
pling devices for collecting lunar soil samples: a shovel excavator for surface sampling and
a drill for subsurface drilling and collection. The drilling mechanism of Chang’E-5 featured
an outer spiral and an inner hollow, forming a three-layer structure with a core collection
bag. The outer tube was a hollow pipe equipped with spiral blades, allowing for the transport
of drill cuttings and heat dissipation. The inner rod is a thin-walled hollow tube designed
to protect the original stratigraphic information of the lunar soil. The innermost component
is a core collection bag made of KEVLAR-49/9 000 material, known for its high flexibility
and strength. The drill weighs 40 kg and has a power output exceeding 1000 W. During
the sampling process, the outer drill rod rotates while the inner rod remains stationary rel-
ative to the lunar soil. This downward movement of the inner rod allows the lunar soil to
enter the core collection bag. After the descent, the core collection bag is tightened by two
ring-shaped closure devices made of highly elastic memory alloy. Subsequently, the sample
extraction mechanism at the top begins rotating to wind the core collection bag, shaping it
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in the process for easier insertion into the primary sealing device (Pang et al. 2012; Jiang
et al. 2022). However, during the drilling process, the drill encountered hard rocks, resulting
in a drilling depth of only 100.1 cm instead of the planned 200 cm. As a result, the sample
quantity did not meet the expected target, and a total of 1731 g of samples were collected
through both sampling methods (Zheng et al. 2022).

3.1.2 Mars Drills

Mars is one of the next significant exploration targets following lunar exploration. Drill-
based sampling devices have been incorporated in American and European Mars exploration
missions. Figure 5 and Table 6 provide an overview of the drill-based sampling equipment
employed in prior Mars exploration endeavors.

Fig. 5 Mars drill-based sampling devices. (a) Mars Express: 1-Beagle-2 lander; 2-Sampling apparatus of
Beagle 2; 3-Corer/Grinder; 4-Planetary Underground Tool. (b) Phoenix: 1-Phoenix lander; 2-ISAD; 3-Drill
bitin ISAD. (c) Mars Science Laboratory: 1-Curiosity rover; 2-SA/SPaH; 3-Dust removal device. (d) InSight:
1-InSight lander; 2-HP3; 3-Heat flow probe. (e¢) Mars 2020: 1-Perseverance rover; 2-SCS; 3-Drill bit; 4-
Sample storage tubes. (Courtesy authors, NASA, and ESA)
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The Mars Express, launched by ESA in 2003 and carrying the Mars-Beagle 2 lander,
was the world’s first mission to use a mole sampling device for exploring Mars (Chicarro
et al. 2004). Unfortunately, the lander encountered a malfunction, and the sampling de-
vice did not operate successfully on the planet’s surface (Richter et al. 2002). The lander
was equipped with two types of sampling devices. One of the sampling devices used is the
Corer/Grinder (C/G), which is located at the end of the robotic arm and operates in a rotating
impact mode, performing both grinding and sample collection functions. During sampling,
the C/G applies a force of 6 N to remove the weathered surface layer, creating a flat area
with a diameter of 30 mm and a depth of 3 mm. The coring bit of the sampling mechanism
has a diameter of 2.5 mm, allowing for a maximum drilling depth of 7 mm. Therefore, the
C/G is capable of obtaining samples from a depth of up to 10 mm beneath the original rock
surface (Richter et al. 2002). Another sampling device is the PLanetary Underground Tool
(PLUTO), deployed through the robotic arm. PLUTO can obtain soil from an underground
10 cm to a depth of 1.5 m and collect soil into a cavity at its tip. There is a temperature
sensor at the end of the Mole, which can record the change of temperature with depth and
time during drilling. Internally, the Mole incorporates a compressed spring-driven impact
hammer system, continually generating impacts through a small electric motor-driven slid-
ing hammer system, enabling it to penetrate loosely or moderately consolidated soil. Mole
connects to the Mars rover through cable. The Mole operates in two modes: vertical drilling
and horizontal impact. By placing the Mole horizontally, it traverses the surface by continu-
ous forward shock. If it encounters rocks, the impact direction is changed, redirecting it into
the subsurface soil (Pullan et al. 2004; Richter et al. 2004).

The Phoenix Lander, launched by NASA in August 2007, was tasked with exploring the
polar regions of Mars and collecting and analyzing frozen soil samples for the presence of
water (Chu et al. 2008; Bonitz et al. 2008). The ISAD was located at the end of the robotic
arm and served as the first device to collect frozen soil samples from the Martian polar
surface and transfer them to the analyzer. The ISAD is a comprehensive sampling device
that combines shovel excavation and drilling. It consists of two compartments. The front
compartment of the ISAD functions as a shovel for scraping or excavating surface soil sam-
ples, capable of collecting up to 310 cm? of loose soil with a maximum excavation depth
of 50 cm. The rear compartment of the ISAD contains a high-speed, low-torque cutting bit
made of tungsten carbide (Chu et al. 2008). Cutting bit are drilled to a depth of a few mil-
limeters to a centimeter and can penetrate the hard frozen soil surface to collect frozen soil.
When sampling, the working time of the cutting bit is 30 to 60 seconds each time, and the
rock debris is collected in the front cavity through the motion of the mechanical arm. ISAD
has a built-in temperature sensor to provide temperature feedback. In 2008, the ISAD suc-
cessfully collected frozen soil samples, confirming the presence of water on Mars (Hecht
et al. 2009). The ISAD exhibits versatile functionality by combining shovel excavation and
drilling methods, adapting to different sampling objectives. It serves as a prominent applica-
tion example of sampling technology. However, it may disrupt the original layering structure
of the samples and is limited in terms of sampling depth and quantity.

The Mars Science Laboratory (MSL), carrying the Curiosity rover, was launched by
NASA in November 2011 (Grotzinger et al. 2012). The SA/SPaH is the first sampling de-
vice deployed on Mars to collect subsurface rock and soil samples from the Martian surface.
It utilizes drilling for obtaining internal rock samples at depths of 20-50 mm or employs
scooping for collecting surface-weathered layer samples, which are subsequently processed
into powdered particles and delivered to the interior of the Mars rover for scientific analysis
(Anderson et al. 2012). The SA/SPaH consists of two main components: the robotic arm and
the turret. The robotic arm is responsible for tasks such as inspection, sample acquisition,
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processing, and transportation. The turret structure is located at the end of the robotic arm
and has a diameter of 60 cm. It houses three devices for sample collection and preparation:
the Powder Acquisition Drill System (PADS), the Dust Removal Tool, and the Collection
and Handling for Interior Martian Rock Analysis. PADS is designed to collect powdered
samples from the interior of rocks and consists of a drill, a drill bit assembly, and bit boxes.
The drill has a diameter of 16 mm and can reach a maximum depth of 50 mm, excluding
the top 2 cm. It is planned to obtain 81 samples. The drill is a powder drill, which gener-
ates crushed rock samples during the drilling process. These crushed rock samples are then
transferred to analytical instruments without the need for a separate crushing step (Jandura
2010).

Launched by NASA in 2018, the InSight mission carried the Heat Flow and Physical
Properties Package (HP?) to measure planetary heat flow and investigate the internal struc-
ture of Mars (Banerdt et al. 2020). The Mole, a small, low-speed penetrator, is equipped with
an internal hammering mechanism that operates akin to a self-propelled nail. The hammer
is accelerated by a spring and cyclically strikes an anvil connected to the Mole’s shell, pro-
pelling its forward movement. The recoil force is absorbed partially by friction on the shell
and partly by braking springs. The mechanical distribution of mass within the device and the
anisotropic friction on the Mole function as a mechanical diode, guiding its preferential for-
ward motion. At the rear of the Mole is a scientific tether containing embedded heaters and
temperature sensors, used to measure the thermal properties of Mars’ interior. By extending
the length of the scientific tether, the Mole’s maximum exploration depth reaches up to 5 m.
The Tether Length Monitor and Static Tiltmeter measure the Mole’s descent path (Spohn
et al. 2018, 2022a). During the drilling process, a layer of soil adhered to the mole’s outer
shell, causing insufficient friction to counterbalance the recoil force of the hammer mecha-
nism. Subsequently, the mole penetrated further with the assistance of friction applied using
the scoop at the end of the robotic Instrument Deployment Arm and by direct support from
the latter. Eventually, the mole’s tip reached a depth of approximately 37 cm, bringing the
mole’s rear end below the surface by 1-2 cm (Spohn et al. 2022b). This mole-type probe,
connected to the Mars lander via a tether, exhibits novel structural and sampling detection
methods, with expectations of significant sampling depth. However, the operational process
of this mole-type probe is significantly constrained by the true mechanics of Martian soil,
making the guaranteed sampling depth challenging to achieve.

Launched in 2020 by NASA, Perseverance stands as the most recent addition to the Mar-
tian rover fleet and plays a pivotal role in the Mars 2020 mission (Backes et al. 2012). Its
principal objectives encompass the investigation of potential traces of past life within ex-
traterrestrial habitats that could have supported life, as well as the execution of sample col-
lection, processing, sealing, and caching tasks, culminating in the eventual return of Martian
specimens to Earth (Farley et al. 2020). Unlike MSL, which only necessitated the replace-
ment of worn drill bits, the Mars 2020 drill bits are systematically exchanged as an essential
component of the Sample Caching System (SCS), with each sampling and processing op-
eration entailing a drill bit replacement (Moeller et al. 2020). The SCS offers two drilling
modes: rotary percussion drilling and rotary drilling. Software-driven adaptive drilling algo-
rithms dynamically modulate drill pressure, spindle speed, and impact frequency, ensuring
precise control over the mechanical drilling process, and thereby safeguarding sample in-
tegrity during collection. Perseverance is equipped with 43 sample tubes, of which 38 are
specifically designated for acquiring rock and regolith specimens, while the remaining 5
serve as witness tubes, employed to monitor any potential contamination originating from
the rover (Farley et al. 2020). The SCS seamlessly transfers gathered rock and regolith sam-
ples into individual ultra-clean and aseptic tubes, meticulously documenting and assess-
ing the volume of each acquisition before hermetically sealing each container. The Sample
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Caching System on Perseverance epitomizes the Jet Propulsion Laboratory’s (JPL) most
stringent cleanliness standards for a sampling apparatus, a measure implemented to mitigate
the risk of sample contamination. Presently, Perseverance is actively engaged in its sampling
mission on Mars, with aspirations of achieving a Mars sample return mission anticipated to
occur during the early to mid-2030s (Witze 2023).

3.1.3 Drill-Based Sampling Devices for Other Celestial Bodies

In addition to the Moon and Mars, humans have launched probes to sample Venus, Phobos,
and small celestial bodies. Figure 6 provides a summary of the drill-based sampling devices
utilized in past exploration missions to Venus, small celestial bodies, and Phobos.

The harsh environment of Venus requires the sampling device to operate at high temper-
atures of 500 °C and 100 bar atmospheric pressure. Venera 13/14, launched by the former

Fig. 6 Drill-based sampling devices for other celestial bodies. (a) Venus drill-based sampling devices: 1-
Venera 13/14; 2-GZU drill. (b) Comet drill-based sampling devices: 1-Philae lander; 2-SD2; 3-Philae lan-
der harpoon; 4-MUPUS. (c). Asteroid sampling devices: 1-Hayabusa; 2-Horn sampler; 3-OSIRIS-Rex; 4-
TAGSAM. (d) Phobos drill-based sampling devices: 1-Phobos 1/2 lander; 2-Hopper; 3-Phobos-Grunt; 4-
CHOMIK. (Courtesy authors, USSR Academy of Sciences, ESA, JAXA, NASA and Roscosmos)

@ Springer



66 Page 20 of 58 Y. Wang et al.

Soviet Union in 1981 to explore Venus, carried the GZU Drill sampling gear, which drilled
and shoveled soil samples, and took advantage of the high atmospheric pressure on the sur-
face of Venus to complete the sample delivery, with a total time of 200 s for drill-based
sampling (Zacny et al. 2017; Barmin and Shevchenko 1983; Anttila 2005).

To explore comet 67P/Churyumov-Gerasimenko, ESA launched the Rosetta comet probe
in 2004, which carried the Philae lander. Philae was the first lander to land on a comet and
was equipped with the Sampling, Drilling, and Distribution device (SD2) capable of drill-
based sampling on the comet’s surface (Glassmeier et al. 2007). The SD2 is a 4-degree-
of-freedom robotic device with a mass of approximately 5.1 kg. It has an average standby
power of 1.5 W, an average drill-based sampling power of 6 W, and a maximum power of
14.5 W (Finzi et al. 2007). Due to a limited understanding of the mechanical properties of
the comet’s surface, a polycrystalline diamond material was employed for the drill bit. The
drill-based sampling functions were integrated within a spiral drill mechanism to prevent
the collapse of boreholes during tool activation. The SD2 was planned to collect samples at
a depth of 230 mm, with a targeted sample volume of 10-40 mm?. After sample collection,
the probe would conduct in-situ scientific analysis experiments (Magnani et al. 2015). Fur-
thermore, Philae was equipped with the MUPUS probe, instrumental in gauging the thermal
conductivity of the comet’s surface temperature at depths of up to 40 cm beneath the comet’s
surface (Grygorczuk et al. 2009). MUPUS featured a hollow tube crafted from glass fiber
composite material, housing 16 annular thermal sensors affixed to the inner tube wall. Un-
fortunately, a malfunction in the PHILAE lander’s harpoon system resulted in an operational
failure during the lander’s descent, rendering it unable to carry out subsequent tasks.

Unlike the Rosetta mission, Hayabusa, Hayabusa 2, and OSIRIS-Rex utilized the Touch-
and-Go method for asteroid sampling. In this sampling method, the spacecraft briefly con-
tacts the surface of the asteroid, during which the sampling device performs the sampling
task. Subsequently, the spacecraft departs with the collected samples. Hayabusa was the
first spacecraft to take samples from an asteroid and was also the first mission to success-
fully land and take off from an asteroid (Yoshikawa et al. 2021). The Horn sampler mounted
on the Hayabusa spacecraft employed a splashing sampling technique. During the contact
between the spacecraft and the asteroid’s surface, projectiles were used to impact the sur-
face, causing particle splashes from the surface soil or large rocks. These splashed particles
were then directed into the sample container through a conical shield for storage. Its succes-
sor, Hayabusa 2, inherited the design of its predecessor and successfully delivered a 5.4 g
asteroid sample to Earth in 2020 (Sawada et al. 2017). The sampling device equipped on
Osiris-Rex is the Touch-And-Go Sample Acquisition Mechanism (TAGSAM), comprising
a sampler and a mechanical arm (Bierhaus et al. 2018). It utilizes gas jets to agitate and col-
lect weathered particles. The sampler doubles as a sample container, and upon completion of
sampling, both the sampler and the samples are stored in the return capsule for the journey
back to Earth. In 2023, OSIRIS-Rex accomplished a sampling mission on the Bennu aster-
oid, returning 121.6 grams of asteroid samples to Earth, marking a significant milestone in
deep space exploration.

The Phobos 1/2 probes, launched by the Soviet Union in July 1988, carried a lander
called “Hopper” with a mass of 41 kg, capable of hopping on the surface of Phobos. The
Hopper was equipped with a drill-based sampling device to collect and analyze soil samples
from multiple sampling sites (Sagdeev and Zakharov 1989). Unfortunately, the sampling
mission was not successful (Sagdeev and Zakharov 1989; Ulamec et al. 2011). In 2010, CBK
PAN developed CHOMIK for the Russian Phobos-Grunt mission, which is a hammering
penetrator with sampling ability (Grygorczuk et al. 2011). The size of the CHOMIK is
34 cm x 11 cm x 10 cm, heavy 1.4 kg, the average power consumption is 2 W, and the
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maximum power consumption is 4 W. The working principle of the CHOMIK instrument is
similar to the MUPUS penetrator device in the Rosetta task. The equipment can sample loose
topsoil and measure the thermodynamic and mechanical properties of the soil. However, the
Phobos-Grunt mission failed to deliver the lander to the Phobos’s surface.

3.2 Advancements in Drill-Based Sampling Device Development
3.2.1 Small Drills

Small drills are suitable for shallow soil or rock core samples at depths of 0-10 cm. With a
high degree of integration and a compact structure, small drills are well-suited for spaceflight
applications. In the early stages of exploring new celestial bodies, using small drills instead
of medium or large-sized drilling devices can mitigate risks and enhance mission success
rates. Small drills offer high sampling resolution and low power consumption, albeit with
a limited sample volume. Furthermore, small drills can be integrated into robots designed
to navigate extreme terrains, facilitating an exploration of diverse and intricate landscapes
and enabling the collection of more valuable samples. As a result, small drills hold signifi-
cant potential for future planetary exploration and sampling missions. Figure 7 shows some
representative small drills.

Fig. 7 Small drills. (a) Nano drill and Powder drill: 1-Axel rover; 2-Axel rover detaching front half for
exploring extreme terrain; 3-Nano drill; 4-Powder drill. (b) Mini-Corer deployed on a small mars rover for
sampling. (¢) Small UAV carrying Micro drill for sampling. (d) ROPEC and its components. (¢) The coring
abrading tool: 1- CAT deployed on a mars rover for sampling; 2-Drill bit and end effector. (Courtesy authors,
Honeybee Robotics)
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To explore extreme terrains on the Moon or Mars, such as the sides of impact craters,
volcano walls, and steep slopes, NASA has conceived the Axel rover. The rover is divided
into two parts during exploration: the front part detaches from the main body and descends
steep slopes, while the rear part lowers its chassis and remains fixed on the ground. These
two components are linked by a tether (Nesnas et al. 2012). Building upon the Axel Rover,
Honeybee Robotics has developed two miniature drills installed internally in the Axel Rover
(Zacny et al. 2013b). The Nano Drill is a lightweight and low-power sampling tool, weighing
only 1.05 kg and measuring 13 cm x 10 cm x 6 cm in size. It incorporates the eccentric
tube break-off system and the BigTooth bit, making it suitable for core sample collection. On
the other hand, the Powder Drill is designed for shallow sampling of approximately 2 cm,
making it more suitable for the surface layer and debris sample collection.

The Miniature Rock Coring and Rock Core Acquisition and Transfer System (Mini-
Corer), designed by Honeybee Robotics (HB) in 2003, was installed in the rover’s underbelly
to acquire and store core samples (O’Neil and Cazaux 2000). The Mini-Corer was planned
to collect 50-60 rock and soil cores from 20 different locations, with a total sample mass of
250 g. Furthermore, the Mini-Corer can obtain two cores from a single borehole by shearing
the core through the rotation of the inner tube during sampling (Gorevan et al. 2003).

The Micro Drill has been specifically designed to fit the limited payload volume and
mass of a small spacecraft to explore extreme terrains such as volcanic vents and slopes on
Mars. The Micro Drill is installed on the Extreme Access Vehicle, a spacecraft developed
by NASA Kennedy Space Center (KSC). The Extreme Access Vehicle is a small Martian
mining robot capable of flying into and out of meteorite craters. The Micro Drill is a rotary
percussive drilling machine with the capability of both core acquisition and core shearing
(Zacny et al. 2014b). It can capture a core from rocks with a strength of up to 40 MPa in
just a few minutes. During sampling, the eccentric inner tube rotates to shear the core for
collection. The Micro Drill has an integrated design where the drill bit and sample tube are
not separated, facilitating the storage of cores using the OBOC (One Bit One Core) system
(Zacny et al. 2014a). This apparatus exhibits minimal circular scarring on the obtained sam-
ples and offers low weight and power consumption of the drill bit, leading to high sampling
efficiency.

The ROtary PErcussive Coring (ROPEC), designed by HB in 2014, was developed to
meet the requirements of the Mars 2020 mission for collecting core samples, powders, and
weathered rock samples on the Martian surface (Chu et al. 2014). The ROPEC employs
an eccentric double-tube core truncation method and utilizes the OBOC system for sample
caching. During the sampling operation, the robotic arm deploys the ROPEC onto the target
rock, using a pair of preloaded tips to hold the drill bit in the proper position. The ROPEC
employs a hybrid drilling technique that combines rotation and percussion to penetrate var-
ious rock formations, including basalt and sedimentary rock. When the drill bit reaches the
desired depth, internal mechanisms shear the core at the bottom of the drill bit, separating
it from the bedrock and stabilizing it within the drill bit. The drill bit with the core is then
delivered to the sample caching device for temporary storage. In addition to collecting core
samples, the ROPEC can be used in conjunction with other end effectors to perform tasks
such as surface abrading and powder clearing on rock surfaces (Zacny et al. 2014a).

The integrated coring and abrading tool (CAT), designed by HB, combines the func-
tionalities of rock grinding and a miniature coring device. CAT is mounted at the end of
a robotic arm and is capable of autonomously acquiring, retaining, and transferring loose
material core samples. It also can autonomously replace drill bits and end effectors (Zacny
et al. 2008b; Bar-Cohen and Zacny 2009).
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3.2.2 Pneumatic Surface Drills

The pneumatic surface drills generate only relatively weak reactive forces, making them
suitable for collecting surface samples on low-gravity celestial bodies. The TAGSAM
equipped with OSIRIS-Rex is an excellent apparatus for successful aerodynamic sampling.
Another aerodynamic sampling method involves integrating the sampling device into the
landing pads of the lander. This allows for a shorter deployment process of the sampling
device during sampling operations, thus enhancing the efficiency of the sampling task. Em-
ploying gas for sample collection and transportation minimizes sample contamination. How-
ever, the samples obtained using this method tend to have a uniform morphology, often
appearing as powdery substances, and the volume of samples collected is challenging to
guarantee. Figure 8 shows some representative surface aerodynamic sampling devices.
PlanetVac Xodiac is a lander footpad-integrated planetary sampling system developed by
HB for sampling bodies with low gravity (Spring et al. 2019). PlanetVac Xodiac is a novel
sample collection concept that uses pressurized gas to collect samples from the surface of
a planetary body. Nozzles in the lower part of the sampling cone eject gas onto the body
surface, stirring up the weathering layer and creating a region of high pressure. This high-

Percussion

Rotation

Fig. 8 Pneumatic surface drills. (a) PlanetVac Xodiac: 1-PlanetVac Xodiac prototype; 2-Sample container;
3- Sampling principle. (b) FROST: 1-FROST prototype; 2-FROST sampling principle; 3-Sample transport
and collection mechanism. (c) MMX mission: 1-MMX lander; 2-Coring sampler; 3-Pneumatic sampler. (d)
Dragonfly mission: 1-Dragonfly lander; 2-DrACO sampling system. (Courtesy authors, Honeybee Robotics,
JAXA, NASA)
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pressure region causes fluid to flow into the lower-pressure sample container. The sampler
is capable of withstanding the high temperatures emitted by the propulsion system plume as
well as the vibration and impact stresses during takeoff and landing. PlanetVac Xodiac not
only successfully endured all three end-to-end field tests but also collected sample quantities
exceeding 300 g in each trial.

Based on the PlanetVac Xodiac system, HB has made improvements and developed the
Frozen Regolith Observation and Sampling Tool (FROST) (Zacny et al. 2020a). FROST
integrates pneumatic sampling and rotary drilling sampling methods. It consists of a rotary
percussive drill used to create a 20 cm-deep borehole on the surface and retrieve samples,
along with the PlanetVac system for sample acquisition and pneumatic sample transfer. The
drill and PlanetVac are mounted on the lander’s footpad/leg, eliminating the deployment
process and reducing system weight and risk. PlanetVac alone serves as a mining and cap-
turing system, where fine particles are transferred into a cup using a single gas jet. However,
if the ground hardness is high and deep samples are required, PlanetVac alone is insufficient
for excavation. Therefore, FROST combines the drill with the PlanetVac system to provide
additional sampling capability and collect samples from deeper layers. After sample collec-
tion, the samples are pneumatically transported and stored in cups on a rotating platform.

The Drill for Acquisition of Complex Organics (DrACO) is a component of the sample
collection and delivery system installed on the Dragonfly spacecraft for the exploration of
Titan under the New Frontiers Program. The mission aims to evaluate the habitability of
Titan and search for evidence of life (Lorenz et al. 2018). Dragonfly is planned to launch in
2026 and arrive on the surface of Titan in 2034. It is an octocopter lander that will perform
multiple vertical take offs and landings at pre-surveyed locations. At each site, the DrACO
sampling system is utilized by Dragonfly to analyze surface materials on Titan. The pur-
pose of the DrACO system is to capture the surface and near-surface materials of Titan and
deliver them to the Dragonfly Mass Spectrometer (DraMS). DrACO consists of four main
subsystems: the Sample Excavation Drill, Pneumatic Transport System, Sample Delivery
Carousel, and related aerospace electronics. Material is directly drawn from the debris pile
generated by the drill and transported pneumatically through the fast-moving atmosphere of
Titan to minimize temperature rise and reduce the risks of sample alteration or transporta-
tion system contamination (Zacny et al. 2020b, 2022b). The 94 K air temperature, 4.4 times
higher air density, and 1/7th gravity on Titan significantly decrease the power requirements
for pneumatic transport compared to Earth. Therefore, sample collection and transportation
on Titan consume less energy.

The Martian Moons eXploration (MMX) mission, scheduled for launch in 2024 by
JAXA, aims to conduct remote sensing and in-situ observations of Phobos and Deimos and
return samples from Phobos (Sawada et al. 2021). To increase scientific yield and improve
the sampling success rate, MMX employs a dual-sampling approach. The Coring sampler
(C-SMP), deployed by the robotic arm, is capable of drilling and retrieving soil samples
from deeper layers. The Pneumatic sampler (P-SMP) utilizes compressed gas to capture
samples from the surface and subsurface (Kawakatsu et al. 2023). The P-SMP is mounted
on a fixed pillar on the landing gear and can sample within 10 cm from the surface. The
sampling funnel of the P-SMP is integrated into the lander footpad, where debris is directed
into the funnel via gas jets on the surface of Phobos and transferred to the sample collection
device through a transfer conduit (Dyne et al. 2021). This sampling architecture is simple
and robust. Due to the use of ultra-pure gas, the risk of sample contamination is minimal.
The C-SMP is equipped with an ejection mechanism to acquire surface regolith exceeding
2 cm in depth, with a mass of 10 g or more, and transfer it to a storage container using a
multi-degree-of-freedom robotic arm (Kawakatsu et al. 2023).
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3.2.3 Single-Rod Drills

The significant advantages of single-rod drills lie in their stable performance, compact struc-
ture, and lightweight design, facilitating easy transportation and deployment in extraterres-
trial missions without requiring excessive resources or space. The single-rod drills encom-
pass multiple operational modes, including rotation, impact, and rotational impact, with
stable output achieved through algorithms. Moreover, the single-rod drills exhibit proficient
sample preservation capabilities and a robust ability to break rocks. However, the limited
length of the single drill rod restricts the achievable drilling depth of the tool. Figure 9
shows some representative single-rod drills.

Fig. 9 Single-rod drills. (a) TRIDENT: 1-Viper rover; 2-NOVA-C lander; 3-TRIDENT. (B) Luna 27 and
ProSPA: 1-Luna 27 lander; 2-ProSPA. (c) Lunar drill-based sampling device: 1-HIT sampler drill;2-Beihang
drill. (d) I-DAME; 2-CRUX; 3-Icebreaker; 4-Icebreaker 1I; 5-LITA; 6-LPD; 7-UMDS. (e) P-RAID. (f) VISE.
(Courtesy authors, NASA, Roscosmos, Honeybee Robotics, Harbin Institute of Technology, Beihang Univer-
sity, Space Research Centre PAS)
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In preparation for the Artemis astronaut missions to the Moon, NASA is planning to de-
ploy robots to explore the lunar South Pole. The NOVA-C landing platform and the VIPER
are scheduled to make a landing at the lunar South Pole to conduct the Polar Resources Ice
Mining Experiment-1 (PRIME-1) mission. This mission aims to determine and assess the
abundance and quality of water in regions with anticipated ice presence. PRIME-1 stands as
the pioneering example of In-Situ Resource Utilization (ISRU) on the lunar surface. Both
the NOVA-C landing platform and VIPER are equipped with the TRIDENT, developed by
HB (Zacny et al. 2023). The TRIDENT comprises four integral components: the drill head,
auger/bit assembly, deployment stage, and feed stage. Significantly, TRIDENT employs an
upward movement of the drill head with each incremental drilling distance, thereby reduc-
ing friction between the drill pipe and the borehole. This operational approach reduces the
power consumption resulting from friction while simultaneously increasing the working
time (Paulsen et al. 2017).

The primary goal of Luna 27 is to conduct detailed investigations of the lunar soil and
search for potential resources, particularly water ice, which could be crucial for future lu-
nar exploration and habitation efforts (Sefton-Nash et al. 2020). The Package for Resource
Observation and in-Situ Prospecting for Exploration, Commercial Exploitation and Trans-
portation (PROSPECT) is the payload for use at the lunar surface. PROSPECT consists of
two primary components: the PROSPECT Sample Excavation and Extraction Drill, which
is responsible for drilling and collecting samples, and the PROSPECT Processing and Anal-
ysis, an instrument used for analyzing the collected samples. The sampling tool features
a ©29 mm string diameter, which includes an auger, and a 12 mm sliding central pilot
and sample chamber (Savoia et al. 2016). It incorporates embedded temperature sensors for
monitoring. The cutting bit is made of carbide/PCD diamond material, ensuring efficient
sample collection. The tool also includes an embedded mechanism, powered by an EC13
brushless motor, which is responsible for creating the sample chamber, supporting sample
retention after coring through a spiking system, and pushing out the collected sample.

Chinese universities have also developed relevant drill-based sampling equipment for lu-
nar sample collection. The lunar soil drilling coring device developed by the Harbin Institute
of Technology (HIT) has many working modes of rotation, impact and impact rotation. The
drill’s rotational and impact movements are each powered by two separate motors. The cor-
ing mechanism is composed of an inner and outer double-layer coring tube, a coring soft
bag and a sealing device. After sampling, lunar soil will be preserved in a coring soft bag
and recovered by shaping and winding (Wu 2014). The lunar soil drilling and coring device
developed by Beihang University employs an outer helical hollow drill pipe for the sampling
process. The drilling system achieves a depth of approximately 2 m. The lunar soil is stored
within the inner tube, effectively preserving the original information of the samples (Zhao
et al. 2019).

The Drilling Automation for Mars Exploration (DAME) project is funded by NASA’s
Mars Instrument Development Program (Glass et al. 2006). Its key features include drilling
automation and fault recovery, enabling deeper drilling (Glass et al. 2008). However, DAME
has a large size and volume, requiring significant power and drilling pressure. Efforts should
be made to reduce the overall power consumption, improve structural compactness, and
decrease its weight to facilitate transportation by Mars rovers. In 2009, The Construction and
Resource Utilization Explorer (CRUX) drill sampling unit, designed by HB, was designed
with a rotary impact device to overcome the lack of WOB when sampling the surface of
Mars. The CRUX has two independent rotary impact drills that allow for rotary, impact and
rotary impact operating modes, producing 45 Nm of torque at 200 rpm (Bar-Cohen and
Zacny 2009; Paulsen et al. 2010).
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The Icebreaker Drill, developed by HB in 2013, aims to drill 1 m deep into the Martian
surface to explore the process of ice formation on the Martian surface, to understand the
mechanical properties of Martian permafrost, and to search for evidence of life on Mars
(Zacny et al. 2013c). The Icebreaker consists of a robotic arm, a Z-Stage, a rotary percussion
drill, an auger rod with a drill bit and a sampling device. The robotic arm is used to adjust
the position of the drilling tool during sampling and to enable sample transfer. Pressure
sensors are cabled on both sides of the stand to provide drill pressure feedback to the rig
controller. The impact mechanism is based on the cam-spring principle and is motor-driven
for ruggedness and reliability. Soil adheres to the grooves of the auger rods as the Icebreaker
drills, and for each depth of drilling the auger tool needs to be reversed to lift the auger rods
out of the borehole, removing and collecting soil from the rods using brushes. This sampling
method reduces the friction between the rock chips and the drill hole and reduces the power
consumption for soil transport, but it increases the sampling time and reduces the sampling
efficiency. A drill reamer is designed on top of the auger to help retract the auger from the
borehole in the event of borehole collapse or rock cover. The auger has a built-in temperature
sensor that, if the ambient temperature is too high, reduces the auger speed until the borehole
cools to prevent ice from melting. There is a soil resistance measurement sensor in the auger
to determine the physical state of the soil. With a power of 100 W and a drilling pressure of
100 N, it is possible to drill up to 1 m/h. (McKay et al. 2013). Based on the Icebreaker, HB
has developed the Lunar Prospecting Drill and the Icebreaker II, which offer substantially
reduced mass with largely similar performance to the 1st generation (Zacny et al. 2014c).

The Life In The Atacama (LITA) drill, developed by HB in 2013, is lighter than the
Icebreaker, weighing approximately 9 kg, with a power of 100 W. Experimental tests have
shown an average drilling depth of 80 cm. However, the torque generated by the drill is in-
sufficient to penetrate hard rock or frozen soil materials effectively (Glass et al. 2014a). The
Icebreaker-3, an improvement over LITA, has a higher mass of 12 kg and a reinforced drill
shaft, significantly enhancing its rock-breaking capabilities. Incorporating a sturdy drill rod,
high-performance motor, and reverse rotation capability has notably improved drilling op-
erations. The interoperability demonstrated through sample transfer highlights the technical
readiness of Icebreaker-3 as a flight sample collection instrument (Glass et al. 2015).

The design of the Lunar Prospecting Drill is based on the Icebreaker Drill, intended for
the exploration and extraction of water from lunar soil. The LPD weighs approximately
12 kg and incorporates four auger actuators, percussive actuators, a Drill Z-stage, and a
Deployment Z-stage (Zacny et al. 2015b). The drill bit captures samples from deep grooves
through a “bite” method, reaching a depth of about 10 cm, and transfers them to instruments
for analysis. Consequently, the design of the drill aims to achieve a depth goal of 1 m within
10 steps. The advantage of this approach lies in its ability to retain geological layers at
intervals of 10 cm. Since the drill bit does not need to extract samples to the surface, the
risk of becoming jammed is reduced. Additionally, the lower risk of freezing is attributed to
the cooling time available for the drill bit and the subsurface during sample analysis. This
approach offers benefits in terms of both safety and efficiency.

The Ultra-Light Mobile Drilling System (UMDS), developed by CBK PAN, is divided
into three main subsystems: the Mobile Robot (MR), Support Module (SM), and Drilling
Subsystem (DR) (Pasko et al. 2016). It is capable of drilling to depths of up to 2 m. The
drilling head (DR) has a length of 400 mm and a diameter of 34 mm. One of the key fea-
tures of the UMDS design lies in the exceptional maneuverability of the MR, enabling the
drilling apparatus to perform sampling in extremely challenging terrains. Unlike conven-
tional drill strings that consist of interconnected pipes, the UMDS system employs tubular
boom technology as its drill string. This approach offers significant advantages in terms of
mass and volume efficiency (Ciszewski et al. 2015).
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Rapid Access Isotope Drill (RAID), proficient in penetrating ice consolidation and rocky
terrain at and below the ice/rock interface. The P-RAID design has two core features: a
cam-driven hammer impact actuator and a multi-motor gearbox assembly. The multi-motor
gearbox assembly consists of three Maxon brushless DC motor-driven gearboxes. The aver-
age total power of the P-RAID is approximately 75 W. The P-RAID has a drill bit with an
outside diameter of 40 mm and an inside diameter of 25 mm. The P-RAID is designed in
a modular fashion so that multiple individual components can be combined to form a sin-
gle, functional assembly, yet each part can be easily disassembled and maintained (Timoney
et al. 2020).

To sample the extreme environment of Venus, HB developed the Venus In Situ Explorer
(VISE) drill in collaboration with JPL, targeting drilling depths of around 5 cm (Zacny
et al. 2017). Due to the harsh temperature and atmospheric conditions on Venus, the design
goal of the VISE drill was to minimize the time spent sampling and reduce environmental
interference with the drill. The VISE drill uses cam-spring based hammer technology, which
provides the fastest sampling speed. The VISE drill uses a pneumatic suction system, which
reduces cutter size, drilling time, drilling power and energy consumption. The drill was
tested to drill at 120 MPa Saddleback Basalt at room temperature. The rig successfully
penetrated to a depth of 4.5 cm in 9.5 minutes and collected a 25 g sample. Additionally,
tests were conducted in the Venus module of JPL, where the rig successfully penetrated to
a target depth of about 5 cm and pneumatically transferred samples (Zacny et al. 2022a).
The experiments demonstrate that drilling and sample transfer under Venusian conditions is
possible, paving the way for future missions to Venus.

3.2.4 Multi-Rod Drills

To address the constraint of limited drilling depth commonly associated with single-rod
drills, researchers have designed several prototypes of multi-rod connection drills. In con-
trast to alternative sampling techniques, multi-rod drills provide a notable advantage by
enabling the collection of a substantial sample volume while preserving the original strati-
graphic information of the specimens. Figure 10 shows some representative multi-rod con-
nection drills.

Micro Robots for Scientific Applications 2 (Micro RoSA2), designed in 2001 with fund-
ing from ESA, is a tracked rover-based drilling system targeting deep sampling on the Mar-
tian surface (Suomela et al. 2002). The system consists of the lander and the Mrosa2 rover,
which carries the Drill-based sampling Subsystem (DSS). The DSS utilizes a multi-drill
column lap design that is compact and meets both volume and size requirements while
achieving drilling depth targets. The drill pipe consists of 10 individual tubes connected se-
quentially to drill to a depth of 2 m (Anttila et al. 2002). Sampling in sand and soft limestone
is possible with a drilling pressure of 30 N. The DSS delivers the collected samples between
landers and also allows temporary storage of the samples. The device validates the feasi-
bility of small rover mining for drill sampling. The lander provides an adequate source of
functionality for both rover and drilling missions but limits the rover’s range of exploration
(Anttila 2005).

The DeeDri project is funded by the Italian Space Agency (ASI) for the NASA Mars
exploration mission to search for life and resources. Italian companies Tecnospazio and
Galileo Avionica have developed a prototype of the coring mechanism. The coring mecha-
nism consists of a hollow threaded pipe and a drill bit (Re et al. 2002). The central piston of
the drill tip can be pulled out inside the tool to form a cavity to collect core or powder sam-
ples. Drill-based sampling are achieved with less power and torque by reducing the diameter
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Fig. 10 Multi-Rod drills. (a) Micro RoSA2: 1-Micro RoSA2 rover; 2-DSS; 3-Drilling rods within DSS. (b)
MARTE. (c) DeeDri: 1-DeeDri drilling mechanism. 2-Core collection mechanism. (d) Multi-tube pneumatic
sampling device. (e) ExoMars: 1-Rosalind Franklin rover; 2-Multi-rod sampling drill; 3-Sample transfer sys-
tem to ALD; 4-Two configurations of drilling rods. (Courtesy authors, ESA, NASA, and Harbin Institute of
Technology)

of the drilling tool (Magnani et al. 2006). Based on this coring device, the Deedri sampler
has two sampling schemes: shallow single-rod sampling and multi-rod deep sampling. The
design of DeeDri multi-rod drilling rig draws lessons from the experience of MroSA2 DSS,
which can achieve increased depth drilling while reducing the size of drilling devices. Due
to the additional mechanism in the multi-rod machine tool to realize the function of con-
veying, extending and recovering the drill pipe, the drilling tool is more complex (Magnani
et al. 2004). The shallow sampling design has high reliability and low quality. The drilling
depth is up to 1 m with a single drilling tool, and the sampling process can be repeated and
sampled many times at different depths.

The Mars Astrobiology Research and Technology Experiment (MARTE) was developed
by HB in 2008. Its objective is to achieve drill-based sampling on Mars, searching for un-
derground biospheres and optimizing the drill-based sampling methods (Stoker et al. 2008;
Paulsen et al. 2006). MARTE consists of a drilling apparatus, rock core and sample han-
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dling system, remote sensing instruments, and life detection instruments. MARTE utilizes
a helical drilling method and a multi-tube docking technique. The internal structure of the
drilling system consists of one 1.5 m-long guide rod and ten 1 m-long drilling rods, which
are connected one after another to achieve drill-based sampling at a depth of 10 m. The
sampling system can store ten samples, each measuring 250 mm in length, which are sliced
using an end mill for detection. The samples are crushed into a powder using a rock crusher
and then transferred to scientific instruments for analysis. While this drilling system utilizes
a multi-tube docking approach and combines multiple devices, allowing for deeper drilling
and various sample processing and testing, it does not provide pressure, temperature, or hu-
midity control for the samples, which may result in certain deviations in the authenticity of
the obtained samples (Prieto-Ballesteros et al. 2008; Stoker et al. 2005).

The Harbin Institute of Technology has developed a device for deep Martian soil sam-
pling using a multi-tube drilling and pneumatic sampling programmer. The device includes
a feeding mechanism, a rotating mechanism, a clamping mechanism and an indexing mech-
anism. A double-layer hollow drilling rod is used to achieve deep Martian drilling, and a
high-pressure airflow is injected into the drilling rod to make Martian soil particles rise
along the wall of the drilling rod and enter the sample recovery device (Hou et al. 2019).

The ExoMars Mission, scheduled for landing on Mars in 2028, will carry the Rosalind
Franklin Rover. The mission aims to obtain pristine underground samples to study the min-
eralogy of Martian soil and rocks (Vago et al. 2006). The sampling system of the Rosalind
Franklin Rover consists of three main components: the drilling box, the positioning unit,
and the electronics unit (Magnani et al. 2011). The drilling box is mounted at the front of
the ExoMars rover, while the electronics unit is housed within the Analytical Laboratory
Drawer (ALD) inside the rover’s body. The task of the sampling system is to drill to a depth
of approximately 2 m on the Martian surface and acquire samples of Martian soil or rock
with a volume of 3 x &1 cm. The drilling box contains one drilling rod and three extension
rods, which can be combined to achieve a maximum drill-based sampling depth of 2 m (Van
Winnendael et al. 2005). During sampling, once the first drilling rod fully penetrates the soil,
it is detached from the power shaft, and an extension rod is connected between the drilling
rod and the power shaft. After sample collection, the positioning unit adjusts the position of
the drilling device, allowing for the transfer of samples to the ALD of the rover for sample
distribution, processing, and analysis.

3.2.5 Cable-Based Dirills

Large-depth coring is usually achieved by either multi-rod drills in conjunction with drilling
or by cable infiltration. Even the multi-rod sampling devices have a large volume and mass,
require more axial force, and have high power consumption. Moreover, it requires a com-
plex drill rod feeding mechanism for drill turn installation, which results in low reliability. In
contrast, cable-based drills exert lightweight characteristics, exert minimal frictional resis-
tance against soil, and consume lower power compared to the overlapped multi-rod sampling
method. The mole used in the InSight mission, as well as the PLUTO installed on the Mars-
Beagle 2 lander in the Mars Express mission, are both cable-based drills. Figure 11 shows
some representative cable-based drills.

The Ultrasonic/sonic driller/corer (USDC), jointly developed by JPL and Cybersonics,
weighs 700 g and can drill 12 mm holes in hard rock (Bar-Cohen et al. 2001). The USDC
uses a piezoelectric actuator to vibrate a horn, which impacts a free mass block, thereby
creating stress pulses on the drill bit for rock-breaking sampling. The Auto-Gopher, based
on the USDC design, is developed for exploring potential signs of life, as well as searching
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Fig. 11 Cable-based drills. (a) Auto-Gopher: 1-USDC; 2-Auto-Gopher I; 3-Auto-Gopher II. (b) WATSON.
(c) AMNH. (d) EMOLE. (e) KRET. (Courtesy authors, Honeybee Robotics, NASA, Centrum Badan Kos-
micznych PAN, and Polish Space Research Centre PAS)

for water and other resources on Mars. It is a cable-based rotary percussion drilling device
that combines ultrasonic actuator hammering for rock fracturing and a rotating grooved drill
bit for debris removal, enabling continuous core retrieval and removal cycles (Badescu et al.
2011). The Auto-Gopher consists of a drill bit, percussion components, rotating compo-
nents, an anchoring device, and linear feed components, enabling continuous core retrieval
and removal cycles. The drill bit has three cavities for sample storage, debris containment,
and a free mass block. The rotating components provide a power of 360 W, generating a
torque of 15.5 Nm at a drilling speed of 100 rpm. The anchoring device at the top of the
drill bit controls the feed rate. After drilling to a certain depth, the drill bit needs to be
extracted from the borehole, collect the core samples, and clear the debris (Badescu et al.
2013; Bar-Cohen et al. 2012). The Auto-Gopher II, an improved version based on its prede-
cessor, features enhancements in the piezoelectric actuator, optimized drill bit, and enhanced
rock fracturing capability, resulting in an increased penetration depth from the original 3 m
to 7.52 m (Badescu et al. 2017, 2018, 2019). It is connected to the lander via a tether,
through which power and data are transmitted. Compared to conventional drilling devices,
the ultrasonic structure of the Auto-Gopher II offers compact size, low mass, low power
consumption, and high efficiency, enabling drilling operations with relatively lower axial
force requirements (Bar-Cohen et al. 2017).

The Wireline Analysis Tool for Subsurface Observation of Northern-ice-sheets (WAT-
SON) drill is an improvement from the Auto-Gopher II drill (Eshelman et al. 2017;
Mellerowicz et al. 2018). WATSON uses a piezoelectric impact system instead of the tra-
ditional cam spring system. It revolutionizes deep subsurface exploration of extraterrestrial
bodies by bringing the instrument to the samples rather than transferring the samples to the
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instrument. It achieves non-destructive, in-situ measurements by scanning the ice walls with
lasers. In 2019, WATSON successfully performed automated drilling at a site in Greenland
at an elevation of 3200 m, reaching a depth of 111 m. It generated spatial distribution im-
ages of organic matter and microbial communities along the borehole walls and collected
50 cm long samples (Malaska et al. 2020). Further optimization of WATSON is necessary
to reduce its mass, size, and power consumption to meet the requirements of spaceflight.
It can be loaded onto a rover for sampling and exploration missions in planetary polar re-
gions, such as the polar regions of Mars, Enceladus, or Europa, for future astrobiological
investigations.

In 2016, the AMNH Planetary Deep Drill was developed to sample the icy layers on Mars
or Europa. This wireline drill requires periodic removal from the borehole to clear debris. It
achieved drilling in Plaster City Gypsum with a hardness of 38 MPa at a rate of 30-120 cm/h
and completed sampling at a depth of 13.5 m (Zacny et al. 2016).

EMOLE is a mole-type penetrator with an electromagnetic linear drive. The innovation
of its design lies in the arrangement of several electromagnets as a direct hammer drive,
which brings a double improvement. Firstly, as the electromagnets, in this case, do not re-
quire any transmission and do not have the rotating parts found in a DC motor, the whole
apparatus is simple and reliable. Secondly, during operation, the drive control can regulate
the hammering energy, which can help to save energy and protect the scientific instrument
from damage. EMOLE has dimensions of 255 mm x $25.4 mm and an overall weight of
704 g. Tests carried out proved that the penetrator was able to withstand simulated space
conditions, such as vacuum and high and low-temperature operation. After about 5 hours of
operation and nearly 8,000 excitation strokes, EMOLE remained fully functional (Grygor-
czuk et al. 2016).

The Polish Space Research Centre PAS designed the mole penetrator KRET (Bienkowski
et al. 2020). The mole penetrator KRET belongs to the category of Low-Velocity Penetra-
tors (LVP) driven by hammering action. It is low-speed, medium-high stroke energy but a
low-power self-excavating penetrator. KRET has a variety of sensors mounted on top of it
to measure scientific information below the surface of the planetary body. KRET achieves a
probe depth of approximately 7 m and serves for the detection of heat flow on the lunar sur-
face. The advantage of KRET lies in its lightweight design, enabling operation in a vacuum
environment (Seweryn et al. 2013).

The cable-based drills are connected to the probe via a cable, and they feature a simple
structure and a novel approach, with the expectation of achieving greater sampling depths.
However, the effectiveness of this cable-based drill is heavily influenced by the mechanical
and physical properties of the soil, making it challenging to guarantee the desired sampling
depth. To overcome the insufficient understanding of planetary soil characteristics, it is cur-
rently advisable to consider combining tactile feedback with machine learning detection
methods to predict unfavorable factors such as hard rocks that may be encountered during
sampling.

3.2.6 Terrestrial Ice Penetration Drills

Researchers have developed terrestrial ice penetration drills to penetrate the icy crust of ex-
traterrestrial bodies and explore subterranean oceans. It features a large volume, high mass,
and extended operational duration. In addition to using mechanical rotary percussion drill
bits, the terrestrial ice penetration drills employ laser ablation on the icy crust or utilize ther-
mal energy to melt through it, enabling its descent. In the future, as the search for life on
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Fig. 12 Terrestrial ice penetration drills. (a) ARCHIMEDES ice cavern robot: 1-Concept of terrestrial ice
penetration drills; 2-DLP tested in an ice block. (b) THOR. (c) PROMETHEUS project: 1-PROMETHEUS
cryobot; 2-CCHWD. (d) DeepLeng. (e) Teredo IceShuttle. (f) SLUSH

bodies like Enceladus and Europa continues, the terrestrial ice penetration drills are poised
to play an increasingly pivotal role. Figure 12 shows some representative terrestrial ice pen-
etration drills.

In the ARCHIMEDES project, Stone Aerospace has developed the latest ice-penetrating
robot using Direct Laser Penetration (DLP) technology, where a 5 kW, 1070 nm laser is
used to inject energy into the ice (Siegel et al. 2022). DLP technology employs a 5 kW,
1070 nm laser to inject energy into the ice. The operating principle of DLP relies on the
optical transmission properties of water and ice. In the near-infrared wavelength, ice ab-
sorbs light energy preferentially compared to the small amount absorbed by the liquid water
film. As the ice melts, the probe descends due to gravity, facilitating penetration. The ef-
ficiency of this penetration method is higher since energy is directly transmitted into the
ice with minimal thermal losses in the sidewalls. The DLP laser source is derived from
a commercial off-the-shelf light source, and optical fibers transmit the laser beam from
the surface to the probe, extending the detection range by increasing the fiber length. Ex-
periments have demonstrated high efficiency in transmitting laser beams through optical
fibers, with no degradation in toughness observed in low-temperature environments. How-
ever, it is important to note that the laser source requires external power, and the effi-
ciency of converting electrical energy input into optical energy output in the laser beam
is currently around 50%. Furthermore, the penetration efficiency of DLP has only been
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assessed in pure water ice, with potential challenges posed by impurities in real-world sce-
narios.

The Thermal High-voltage Ocean-penetrator Research platform (THOR) is a prototype
ocean exploration tool that combines three technologies: closed-cycle hot-water drilling
(CCHWD), small-diameter high-voltage and high-power tether technology high voltage
fluid-resistor water heating. THOR employs these technologies to craft an efficient cryobot
and integrates the Kilopower fission reactor for thermal power. By employing hot water jets
in the front and rear, THOR can melt through ice in both downward and upward directions
(Guerrero et al. 2022).

The PROMETHEUS project, funded by NASA’s SESAME program and designed by
Stone Aerospace, aims to develop a cryobot for exploring Europa’s global ocean by pen-
etrating its ice crust (Richmond et al. 2022). This innovative vehicle concept allows for
an in-situ investigation of this unique environment to search for extraterrestrial life. The
PROMETHEUS vehicle is powered by the NASA Kilopower reactor, providing both melt-
ing heat and electrical power, and utilizes CCHWD for propulsion and steering. In situations
where external melt water is unavailable, a “passive mode” circulates reserve fluid inside the
nose to transfer heat at a slower rate, utilizing the controllable reactor. Furthermore, a ver-
tical motion control system deploys a fine tether that solidifies in the vehicle’s wake, which
enhances safety support and enables essential maneuverability.

Penetrating ice layers and accessing underlying oceans is a current focus of exploration
for Europa and Enceladus. Another exploration hotspot involves the design of Autonomous
Underwater Vehicle (AUV) for seeking life or collecting samples beneath underwater en-
vironments. The DFKI - Robotics Innovation Center has developed DeepLeng, a Compact
AUV System for Long-Term Deployments. With a diameter of just 28 cm, DeepLeng is
suitable for ice penetration. Its hydrodynamically optimized shell reduces energy consump-
tion, enabling extended operational ranges (Hildebrandt et al. 2020). Tested in frozen lakes,
DeepLeng can submerge in underwater ice environments for up to 150 hours, operate for 50
hours, and demonstrate stable reliability in low-temperature conditions (Hildebrandt et al.
2022).

DFKI has developed the Teredo IceShuttle, a compact AUV system designed for specific
missions. With dimensions of approximately 6.75 m x ®0.28 m and a weight of around
160 kg, the IceShuttle features a thermal drill equipped with 6 x 600 W cartridge heaters,
boasting an estimated drilling rate of 0.8 m/h (Wirtz and Hildebrandt 2016). The primary
objective of the Teredo IceShuttle is to penetrate through the ice shell and transport a sci-
entific payload AUV, facilitating its safe deployment into water bodies for exploration. The
carrier also serves as a base station, providing additional navigation services to the AUV as
well as a docking interface for external communication and energy supply to the AUV.

HB developed Search for Life Using Submersible Heated drills (SLUSH), a thermo-
mechanical probe designed for drilling through Europa’s 15 km deep ice crust (Zacny et al.
2018). SLUSH incorporates the Kilopower reactor for thermal and electrical requirements. It
is easy to control the fission reactor, and there is no need for additional thermal management
systems. The probe is connected to a surface lander through a communications tether, with
the tether left behind in the ice as the spool is depleted. The probe combines the advantages
of two drilling techniques: a rotary-percussive drill to break the ice formation and melting to
remove the cuttings. Unlike conventional melt probes, SLUSH only partially melts the ice
cuttings, creating a “slush” that behaves like a liquid while still partially frozen, resulting in
reduced power consumption (Zacny et al. 2019, 2018). The mechanical approach allows for
faster drilling rates and enables the probe to penetrate non-icy formations.
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3.2.7 Biomimetic Drills

The application of bionics principles to enhance the mobility of drill-based sampling de-
vices, providing them with the agility found in natural creatures, is gaining significant trac-
tion in planetary robotics research. These bioinspired systems, in contrast to conventional
drilling equipment or robotic boring devices, feature compact dimensions, lightweight de-
signs, low power requirements, and robust maneuverability and flexibility. Their adaptability
extends to a range of planetary exploration missions, including regolith sampling, instrument
deployment, and infrastructure construction, making them a topic of growing interest among
scientists and engineers worldwide. Figure 13 shows some representative biomimetic drills.

In 2006, Northeast University in Boston, USA, developed the Rotating Propulsion
Drilling System (RPDS) (Liu et al. 2008). The RPDS uses a rotating screw propulsion sys-
tem, which offers a simpler kinematic structure, higher efficiency, and potential for minia-
turization and deep drilling. Three propulsion actuators, evenly distributed around the rotary

Fig. 13 Biomimetic drills. (a) CAD model of RPDS: 1-RPDS, 2-Rotary propulsion unit; 3-Propulsion ac-
tuators. (b) SSD and CSD. (c) Creepy-boring penetrator. (d) LEAVO and SEAVO. (e) DROD. (f) Mole-bot.
(g) Dual-Rasp sampler: 1-Experimental testing of the Dual-Rasp sampler; 2-Dual-Rasp. (h) TGSS. (Cour-
tesy authors, Northwestern University, JAXA, Honeybee Robotics, Korea Advanced Institute of Science and
Technology, University of Surrey, Harbin Institute of Technology)
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propulsion unit, generate rotational and linear motion for the drilling bit, while three steer-
ing actuators provide automatic directional control. To handle cuttings, a strategy involving
an integrated cuttings bucket is employed. The cuttings are collected through grooves on
the drill bit and stored in the bucket located behind the bit. When drilling is complete, the
entire drill is rapidly brought to the surface in a sliding mode to empty the bucket. It should
be noted that the RPDS may require multiple trips to reach the desired depth, and a casing
process, similar to oil drilling, may be necessary to prevent the hole from collapsing. In
cases where the drilled hole has loose walls, the tool may be pulled out through a reel/tether
system.

In 2009, the Graduate University for Advanced Studies and the Japan Aerospace Explo-
ration Agency jointly developed two mole-type drilling devices, namely Single Screw Drill
(SSD) and Contra-Rotor Screw Drill (CSD), with a drilling depth of approximately 1 m. The
SSD features a 50 mm long conical screw bit, with a maximum diameter of 50 mm and a
helix angle of 10°, rotating in a single direction. The CSD, an optimized version of the SSD,
weighs 0.604 kg and is designed with a two-stage conical screw bit rotating in opposite di-
rections, driven by two independent motors. This design reduces the reactive force during
drilling and significantly improves drilling efficiency (Nagaoka et al. 2008, 2010).

In 2014, Harbin Institute of Technology, China, developed a peristaltic digging inserter
with a mass of 4.1 kg and a size of 80 mm x 560 mm. The whole machine contains two
digging units, the main digging unit with a rated power of 50 W and a rated rotational
speed of 93.69 rpm, and the secondary digging unit with a rated power of 40 W and a
rated rotational speed of 106.8 rpm (Zhang 2014). The creep-digging infiltrator breaks up
the primary soil at the front end into looser secondary lunar soil to transfer the back end
during the infiltration process, which reduces the loading of the infiltrator by the lunar soil
accumulation (Zhang 2014; Jie et al. 2015).

JPL has developed the Dual-Rasp sampler for collecting samples from the surface of
Enceladus up to 1 cm deep. It offers the advantage of sampling with less than 8 N of reaction
forces on loose to hard materials (Backes et al. 2020). The Dual-Rasp sampler is mounted at
the end of a robotic arm and deployed at the desired sampling location. During sampling, the
two rasps of the sampler rotate in opposite directions, separating the soil powder from the
ground and lifting it upward. The samples are guided into the sample transport and collection
device through an elliptical track. The Dual-Rasp sampler employs two sample transfer
methods: the carousel approach and pneumatic transfer. The carousel approach utilizes 10
sample cups, and when each cup is filled, the carousel rotates to replace it with a new one for
soil collection. The number and volume of samples are limited by the number and capacity
of the sample cups. The pneumatic particle transport model uses gas to transport samples
to scientific instruments. The advantage of pneumatic transfer is that the sample volume is
only limited by the gas supply required for sample transport, but it may potentially increase
the mechanical complexity.

Touch and Go Surface Sampler (TGSS) was developed by HB for drilling and collect-
ing rock chip samples on the surface of Enceladus (Zacny et al. 2013a). The TGSS com-
prises three subsystems: a deployment mechanism, a sampling head, and a sample contain-
ment subsystem. The deployment mechanism extends a boom to the surface to deploy the
sampling head. The sampling head is equipped with 5 high-speed cutters (toothed wheels
mounted on the sides of the center drill) driven by a single motor. These cutters rapidly dis-
lodge surface material upon contact, and two guides positioned above the cutters direct the
sample debris/chips into a removable sample chamber. The sample containment subsystem
is responsible for transferring and sealing multiple samples. During testing, the TGSS suc-
cessfully sampled regolith at a rate of 30 cc/sec and consolidated chalk with a strength of
10 MPa at a rate of 0.5 cc/sec (Zacny et al. 2015a).
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Inspired by the European mole and the African mole-rat, the Korea Advanced Institute
of Science and Technology has developed the Mole-bot (Lee et al. 2023). The front end of
the Mole-bot features a spiral-propeller-like extendable drill head. As this drill rotates and
grinds through the soil, its folding serrated blades extend outward, creating a tunnel wider
than the robot’s cylindrical body. Instead of forelimbs, the robot uses two extendable hinged
metal flanges positioned on either side of the drill to push the loose soil backwards from
its front end. Additionally, the Mole-bot is equipped with three caterpillar-like tracks at the
rear for propulsion, and a pivoting mechanical “waist” in its midsection enables it to change
direction while tunneling.

Chuo University in Japan has developed two robots, LEAVO and SEAVO, inspired by the
peristaltic motion principle of earthworms. LEAVO comprises three primary units: a propul-
sion unit, an excavation unit, and a discharging unit. The propulsion unit includes three
additional propulsion subunits and moves through a borehole by emulating the peristaltic
crawling motion of an earthworm. On the other hand, SEAVO is a sub-seafloor excavation
robot consisting of an excavation unit and a propulsion unit. It mainly consists of an excava-
tion unit for ground excavation and creating space for locomotion, while the propulsion unit
is designed to move by extending and contracting cylinders to mimic the peristaltic motion
of an earthworm (Isaka et al. 2020).

The University of Surrey in the United Kingdom has developed an improved version of
the Dual Reciprocation Oscillation Drill (DROD), building upon the original DRD (dual-
reciprocating drill) design (Alkalla et al. 2021). The DROD incorporates biological inspira-
tion from both the wood wasp and fish caudal fin/sandfish, enabling it to generate simulta-
neous reciprocation and oscillation motions of the drill bit halves, respectively.

3.2.8 In-Situ Resource Utilization Drills

ISRU technology enables the survey and extraction of usable resources on celestial bod-
ies such as the Moon. This technology can significantly reduce the payload launched from
Earth to the target celestial body, thus effectively reducing launch costs. Currently, there is
rapid development in the integration of resource detection and extraction capabilities within
drilling sampling devices. Figure 14 shows some representative in-situ resource utilization
drills.

The Planetary Volatiles Extractor (PVEX), designed by HB, is used to achieve In Situ
Analysis of Unknowns (ISAU) by capturing volatile substances during the sampling process.
PVEx combines the sampling and sample extraction processes, eliminating the need for
sample transportation. The PVEx has a diameter of 5 cm and a length of 50 cm. It has
rock-breaking capabilities ranging from 5 MPa to 45 MPa. The PVEx can drill at a speed
of 2 cm/min and operates within a power range of 150-250 W. It is capable of effectively
extracting ice-water substances (Zacny et al. 2021).

HB developed the Mobile In-Situ Water Extractor (MISWE), consisting of the IcySoil
Acquisition and Delivery System (ISADS) and the Volatiles Extraction and Capture System
(VECS), to extract water resources from frozen soils on extraterrestrial bodies (Zacny et al.
2012). The ISADS is a deep-fluted auger that drills into icy or ice-laden soils and preserves
the soils in the flutes. The ISADS has a diameter of 10 cm and drills to a depth of up to
50 cm, with a sample volume of about 3,500 cm? in a single operation. A 6-cm through-
hole in the center of the ISADS A heater can be fitted. Once the drilling is complete, frozen
soil adheres to the grooves of the ISADS, heating the frozen soil on the deep grooves and
generating water vapor that flows through a one-way valve into the water collection tank
and condenses. After extracting the water, the ISADS is lowered to the ground and rotates
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Fig. 14 In-situ resource utilization drills. (a) PVEX. (b) RedWater mars water sampling system. (c) SMART.
(d) MISWE sampling device. (e) LISTER. (f) REBELS. (Courtesy authors, Honeybee Robotics)

at high speed, dislodging the dry soil by centrifugal action. The MISWE then moves to the
next position and repeats the sampling and sample extraction process.

The commercial landers on the CLPS missions will be relatively small with limited pay-
load capacity, making it challenging to use traditional drill systems that exceed the lander’s
mass and power limits. To address this issue, the Lunar Instrumentation for Subsurface Ther-
mal Exploration with Rapidity (LISTER) was developed specifically for CLPS missions.
Weighing approximately 4.6 kg and comparable in size to a shoebox (Ngo et al. 2019; Nag-
ihara et al. 2021; Ngo et al. 2022). LISTER is a modular system attached to the legs or
bottom of the lander. Its objective is to achieve a penetration depth of approximately 3 m.
LISTER uses a pneumatic excavation system for efficient penetration into the lunar regolith.
The deployment mechanism releases a Kapton and fiberglass boom. As the boom extends
from the mechanism, it transforms from a flat shape to a hollow cylindrical column with
a diameter of approximately 1 cm, providing mechanical strength. The leading edge of the
boom features a penetrating cone that advances through a combination of spooling and gas
jets. These jets are supplied through the boom and released from the tip of the cone, effec-
tively dislodging regolith particles. A small needle-shaped sensor measuring 20 x ®2 mm
is attached to the tip of the penetrating cone. The needle-shaped sensor is inserted into the
undisturbed bottom of the unexcavated regolith and heated for 30 minutes. During this time,
the temperature rise of the soil is monitored to determine the thermal conductivity based on
the rate of temperature increase.
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Sensing, Measurement, Analysis, and Reconnaissance Tool (SMART) is an advanced lu-
nar drilling system designed for ISRU on the Moon. In contrast to TRIDENT, which relies
on an auger to transport drill cuttings to the surface for analysis, SMART incorporates in-
struments directly into the auger and bit assembly, enabling on-site analysis (Stolov et al.
2023). The SMART has a 5 cm diameter drill and a 200 W motor. The percussion and
auger mechanisms are coupled together and driven by the same actuator. This actuator can
deliver a continuous torque of up to 3.1 Nm and simultaneously drive a percussion mech-
anism designed to deliver blows of 0.63 Joules/blow, at a rate of 4.6 blows/rotation. The
instrument suite on SMART is specifically chosen to study the lunar surface, investigate
the presence of water ice, and address various scientific inquiries related to the lunar po-
lar regions. Moreover, SMART enables missions to make informed and efficient decisions
regarding the transportation of downhole samples to rover-mounted ISRU instruments for
additional analysis or processing.

The RedWater system, designed by HB, combines the Coiled Tube (CT) and RodWell
(Rodriguez Well) technologies to drill through the ice, remove debris, melt subsurface water
ice, and transport water to the surface (Mellerowicz et al. 2022; Palmowski et al. 2021).
The CT is a pipe made of metal or composite material and is used to advance the Bottom
Hole Assembly (BHA) through the surface soil and into the ice layer. The RodWell method
involves melting the ice underground and delivering the liquid water to the surface. Red-
Water drills to a maximum depth of 25 m and consumes about 10-15 kW. During drilling,
the BHA rotates and impacts to make a dive, and compressed gas is sent downhole through
the CT tubing into the well, and the gas escapes at the bottom of the annular space between
the BHA and the borehole wall, removing rock chips. Upon reaching the ice, the borehole
continues for approximately 1 m, or until the packer is completely embedded in the ice, the
CT stops advancing the BHA, and the packer is inflated to seal the borehole and isolate it
from the pressure of the Martian environment. The heater in the auger was switched on to
melt the surrounding ice. After the ice melts and enough water forms, gas from the surface
pressurizes the borehole and transfers the water to the surface. The RedWater system com-
bines drilling, debris removal, ice melting, and water transfer to enable the extraction and
utilization of subsurface water resources on Mars.

Studying stratigraphy at a 10-meter scale in the mid-latitude and polar regions of the
Moon would greatly improve our knowledge of subsurface gardening processes and the dis-
tribution of volatile substances. HB combined the technologies from Redwater, LISTER, and
SMART to design Rapidly Excavated Borehole for Exploring Lunar Subsurface (REBELS)
for in-situ scientific research below the lunar surface up to 10 m. REBELS deploys a metal
pipe that is pulled out from a reel and reformed into a straight column, with the coiled-tubing
serving as conduits for wires, fibers, and gases. At the end of the coiled-tubing, there is a
Bottom Hole Assembly (BHA) housing various scientific instruments that collect under-
ground data while drilling. The drill penetrates the ground using a mechanical drill bit and
then transports the regolith to the surface using compressed gas (Palmowski et al. 2022). The
advantage of REBELS is the direct integration of instruments into the sample, eliminating
the need for sample transfer and enabling real-time data acquisition during drilling.

3.3 Summary of Drill-Based Sampling Devices

A comprehensive investigation has been conducted on drill-based sampling devices for ex-
traterrestrial bodies, and their designs and sampling characteristics have been thoroughly
analyzed and summarized, as shown in Table 7. Based on the varying depths of exploration
or sampling performed by drill-based sampling devices for extraterrestrial bodies, these de-
vices can be categorized into the following seven groups: small drill, pneumatic surface drill,
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Table 7 Drill-based sampling devices at different depths
Scope Drilling Advantages Disadvantages
Surface e Light weight e Small sample volume
0~10 cm e Small size o Slow sampling speed
e High integration o Insufficient soil
e Low power consumption  stratigraphy information
o High sampling efficiency
e Extreme terrain sampling
o High sampling resolution
e Minimal sample o Uncertain sampling
contamination quality
e Simple mechanical o Low sampling fidelity
structure o Single powdered sample
e Low power consumption e Requires additional
e Low reaction force storage facilities
o Easy heat dissipation o Air supply prone to
e High cutting and clogging by debris
discharge efficiency
Pneumatic surface drills
Shallow e High reliability and e Large heat generation
10~100 cm stability o Difficult heat dissipation

8,

Single-rod drills

e Simple structure
e Highly intelligent

e Multiple operating modes

e Strong rock-breaking
ability
e Good sample fidelity

o Large envelope size
o High power consumption

single-rod drill, multi-rod drill, pneumatic deep probe, cable-based drill and terrestrial ice
penetration drills.

4 Technological Challenges

The drill-based sampling of extraterrestrial bodies present numerous challenges and difficul-
ties, rendering this task complex and formidable. Technical challenges primarily manifest
in four aspects: the extreme surface conditions of celestial bodies, constraints imposed by
aerospace travel, the intricate and uncharted geological conditions of extraterrestrial bodies,
and communication delays, as shown in Fig. 15.

(1) Aerospace Flight Constraints

The limitations of drilling devices in spaceflight are primarily reflected in four aspects:
mass, size, energy, and materials. Due to the limited energy carried by the spacecraft or pro-
vided by solar panels, the allocation of energy to the sampling device is highly restricted,
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Table 7 (Continued)

Scope Drilling Advantages Disadvantages
Deep e Large drilling depth o Complex structure
100~500 cm e Large sample volume o Low reliability
o Foldable drill rods e High power consumption
o Flexible and adjustable e High weight
sampling depth o High reaction force
e Rich sample stratigraphy e High dependency on the
information surface platform
e Minimal sample o Uncertain sampling
contamination quality
o Simple mechanical o Requires additional
structure storage facilities;
e Low friction and power o Low sampling fidelity
consumption o Air supply prone to
Pneumatic deep probes o Low reactiqn forge clogging by debris
e Easy heat dissipation
e High cutting and
discharge efficiency
e Collapsible drill rod
components
Large Depth o Light weight e Low drilling efficiency
500 cm~ e Convenient deployment e Small sample collection

Terrestrial ice penetration drills

e Low power consumption
e Theoretical unlimited
drilling depth

e Large drilling depth

e Low power consumption
e high diving efficiency

e Low reaction force

e Poor rock-breaking
capability

e High geological condition
requirements

e Prone to getting stuck

e Heavy weight

e Large dimensions

e Long working time

e Limited sampling
capability

e Limited working
environment

e High dependency on the
surface platform

apart from the energy required to maintain the normal operation of the probe. The sam-
pling device needs to have high operational efficiency. Therefore, it is necessary to fully
estimate the energy consumption during the drilling process and develop low-power, high-
energy-efficient sampling devices and sampling control strategies. Thus, a comprehensive
assessment of energy consumption during drilling is imperative, and the development of
low-power, energy-efficient sampling devices and control strategies is necessary. In order to
achieve multifunctional, multitask, and multi-objective exploration, the probe needs to carry
a considerable payload. To meet the requirements of rocket carrying capacity, efforts should
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Fig. 15 The challenges of extraterrestrial bodies sampling

be made to minimize the mass and volume of the sampling device to reduce exploration
costs. While ensuring the sampling capability of the drilling tool, the drill rod structure
should be compact and the layout should be as small as possible. Lightweight, high-strength
materials should be used, and the strength margin of components should be minimized to
reduce the mass of the drilling tool. At the same time, to achieve deep and extensive explo-
ration goals, the size of the sampling device and the mechanical arm should be increased
accordingly. Due to limitations in the internal space of the rocket, a modular design can be
adopted for the drilling tool, and the mechanical arm should be capable of multiple folding
to reduce the occupied space.

(2) Extreme surface conditions

The gravity of extraterrestrial bodies has a significant impact on the drilling speed and
rock-breaking capability of drilling equipment (Zhang et al. 2022a). On celestial bodies with
weak gravity, landers and rovers have relatively low weight, and the majority of sampling
device Weight on Bit (WOB) primarily comes from the gravitational force of the lander
or rover, except for drilling robots that use their mechanisms to generate downward force.
As a result, drilling operations on extraterrestrial bodies may encounter significantly lower
available WOB compared to terrestrial drilling. Insufficient WOB may result in excessively
slow drilling speeds or insufficient ability to break through rock formations. When collecting
deep-seated samples or harder rock samples, the role of WOB becomes even more critical
(Zacny et al. 2008a). On the Moon, relying solely on the weight of the lander or rover to
provide drilling pressure limits the sampling depth and makes it challenging to collect deep-
seated samples. During asteroid sampling processes, landers conduct short-term landings
and use projectiles to impact and collect samples, reducing the reaction force and mitigat-
ing the impact of microgravity on the sampling process. Alternatively, long-term landings
can be employed with anchors to minimize the effects of reaction forces during sampling
(Glassmeier et al. 2007). Furthermore, in a microgravity environment, sampled materials
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may be more prone to drifting or floating, necessitating specialized containers and fixation
mechanisms to preserve the samples (Jin et al. 2022).

Extreme temperatures pose significant challenges to the design of sampling devices and
the material selection process. For instance, Venus boasts surface temperatures soaring up
to 462 °C. These extreme conditions create formidable obstacles for probes to operate on
Venusian terrain, necessitating specialized designs and materials capable of enduring el-
evated temperatures (Basilevsky et al. 2007). The lunar surface experiences considerable
temperature fluctuations between day and night, ranging from a scorching 127 °C during
the day to a chilling —173 °C at night. With low thermal inertia, the moon undergoes rapid
temperature shifts (Heiken et al. 1991). Subzero environments require materials resistant to
brittle transitions, while high-temperature settings mandate minimal material deformation
to prevent substantial distortion affecting the precision of component fitting, as well as the
feasibility, reliability, and accuracy of movement. The pronounced day-night temperature
differential mandates materials with stable coefficients of thermal expansion. Material struc-
tures should additionally possess certain heat storage and dissipation capabilities, enabling
them to retain heat during periods of elevated temperature and safeguard their performance
during extreme cold (Yao et al. 2021). Moreover, the strength of materials at sampling sites
(such as water and ice) varies between high and low-temperature conditions. Generally, the
material strength is notably higher at extremely low temperatures than at elevated ones,
thereby imposing heightened requirements on the sampling device in terms of force, power,
energy consumption, and structural robustness.

The atmospheric pressure of extraterrestrial celestial bodies exerts an unfavorable in-
fluence on the operation and design of sampling drills. When these drilling devices are in
action, the friction between the drill string and the soil or rock generates substantial heat.
However, the low thermal conductivity of the sparse atmosphere hinders the rapid dissipa-
tion of this heat, ultimately diminishing the durability of drilling equipment, the efficiency
of sampling, and the fidelity of collected samples (Carr 2007). Furthermore, reduced atmo-
spheric pressure can induce alterations in the phase transition temperatures of substances
within samples. For instance, the sublimation of water ice and the vaporization of volatile
compounds can be influenced by atmospheric pressure. This underscores the necessity for
equipment to possess reliable sealing capabilities to prevent sample volatilization or degra-
dation. Conversely, under high-pressure conditions, sampling drills must exhibit adequate
strength and stability to withstand the mechanical stress in high-pressure environments, en-
suring the structural integrity and stability of the equipment during sampling operations
(Zacny et al. 2017).

Sampling extraterrestrial bodies poses numerous challenges in terms of radiation. Intense
radiation can potentially damage the materials and electronic components of the equipment,
necessitating the selection of radiation-resistant materials and components. Furthermore, ra-
diation can cause electronic interference and noise within the equipment, impacting the pre-
cision and reliability of the sampling instrument. Certain types of radiation, such as high-
energy particles, can contaminate and alter the sampled specimens. Radiation can induce
chemical reactions or disrupt the structure of organic molecules within the samples, render-
ing them no longer representative of the true conditions of extraterrestrial bodies. Hence,
researchers must implement measures during sampling design and processing to minimize
contamination and degradation induced by radiation.

Figure 16 summarizes the surface environmental characteristics of human celestial body
exploration. Furthermore, fine dust particles can erode incompletely sealed bearings, gears,
and other mechanical devices, leading to mechanical component wear, reducing the working
lifespan of drilling devices, and compromising operational reliability. Lunar dust carries
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Fig. 16 Environmental characteristics of target sampling bodies and Earth

static electricity, causing dust accumulation on instrument surfaces, which affects instrument
performance. When dust accumulates on solar panels, it diminishes their ability to gather
sunlight, resulting in an insufficient energy supply for lunar rovers (Colwell et al. 2007). The
entry of dust into sampling devices or sample containers can result in sample contamination,
thus impacting subsequent experiments and analyses.

(3) Complex and unknown terrain and geology

The surface environments of celestial bodies impose various constraints on sampling op-
erations. Moreover, as sampling drills penetrate deeper underground, the unknown geology
and diverse topography of extraterrestrial bodies introduce potential risks to their sampling
endeavors. The uncertainty in the geological environment primarily stems from the lim-
ited knowledge about the surface composition, properties, stratigraphy, and geological age
of planets. Significant variations and uncertainties in the physical and structural attributes
of weathered layers at different sampling locations and depths can pose considerable chal-
lenges to the design, control, and estimation of forces applied to the sampling mechanism.
A key factor contributing to the failure of previous sampling missions has been the inad-
equate comprehension of the geological conditions of these celestial bodies. For instance,
during the lunar surface sampling operation of Luna 20 in 1972, the drilling tool encoun-
tered hard rocks, leading to overheating and an early cessation of sampling (Anttila 2005).
Similarly, the “mole” probe carried by the InSight lander became stuck at a depth of 35 cm
while drilling into the Martian surface in 2019 (Spohn et al. 2022a). In the lunar surface
sampling mission of Chang’E-5 in 2020, the team encountered tough lunar rocks, resulting
in a reduced sampling depth from the planned 2 m to 1 m (Zheng et al. 2022). Sampling
across diverse terrains represents both the objective and a technical challenge in the devel-
opment of sampling devices. In the future, humanity also envisions sampling missions on
Enceladus and Titan. Compared to the Moon and Mars, our understanding of the geological
environments of these celestial bodies remains relatively limited. Consequently, the design
of sampling devices faces more formidable obstacles.

(4) Communication delay

Communication delays are a disadvantage in the sampling of extraterrestrial objects. For
Chang’E-5’s sampling mission, the sampling process is controlled by ground personnel in
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real-time. Compared to other celestial bodies, the Moon is relatively close to Earth, with a
minimum communication delay of approximately 1.211 s and a maximum delay of around
1.352 s. In contrast, for other celestial bodies, the distances between them and Earth are
much longer. For example, the one-way communication delay from Mars to Earth ranges
from approximately 3.1 mins to a maximum of 22 mins. The prolonged communication
delay makes it challenging to ensure the reliability and accuracy of real-time operations,
making communication delay a crucial factor to consider in deep space exploration. The
communication delay necessitates that the rover possesses autonomous navigation and ob-
stacle avoidance capabilities. It also requires a high level of self-diagnostic and fault-repair
capabilities. The drill-based sampling system should be highly intelligent, capable of eval-
uating and assessing the sampling environment and geology, and able to make autonomous
judgments about the sampling conditions. The communication delay imposes higher de-
mands on the accuracy and efficiency of the sampling device’s algorithms.

5 Development Trends in Drill-Based Sampling Technologies

The current drill-based sampling techniques still have many shortcomings, and the develop-
ment trends in drill-based sampling technology mainly include the following aspects.

(1) Sampling integrated with ISRU technology

ISRU is a process of treating the soil or atmosphere of celestial bodies to extract re-
sources such as water, oxygen, or methane that can be used by humans or robots (Craw-
ford et al. 2014). ISRU aims to reduce reliance on Earth’s resources, decrease the direct
cost of human lunar and Mars missions, lower payload and risk in deep space exploration,
and enhance spaceflight performance. ISRU contributes to the sustainability of space ex-
ploration programs. ISRU aims to reduce reliance on Earth’s resources, decrease the direct
cost of human lunar and Mars missions, lower payload and risk in deep space exploration,
and enhance spaceflight performance. ISRU contributes to the sustainability of space explo-
ration programs. Missions like Artemis and PRIME-1 include testing the feasibility of ISRU
by collecting and processing volatile substances from planetary regolith. By excavating or
drilling various regions on the Moon, Mars, or asteroids for water deposits, such as water
ice in permanently shadowed lunar craters, polar on the lunar surface, and water within the
Moon, these samples can be processed to obtain essential resources for human exploration
missions. This requires drilling devices to not only perform drill-based sampling tasks but
also possess capabilities for sample processing and resource extraction.

(2) Expanding the scope of celestial body sampling

Drill-based sampling apparatuses are required to penetrate deep underground for sub-
surface sampling. In comparison to superficial samples, deep samples are less affected by
space radiation and meteorite impacts, making them closer to the pristine material within
extraterrestrial bodies. The subsurface environments within extraterrestrial bodies may pro-
vide better preservation conditions, aiding in the retention of potential organic compounds,
microorganisms, or other signs of life. Collecting deep samples allows for the acquisition
of a more extensive range of scientific information. Enhancements in cable-based drilling
devices and multi-bit linked drilling devices can extend the depth capabilities of drill-based
sampling.

To procure a more diverse array of soil samples, future sampling drills are anticipated to
possess the adaptability to operate in various terrains. The Moon and Mars exhibit complex
and varied terrains, where sampling and analysis currently rely on rovers carrying drilling
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Fig. 17 Robots for extreme terrain exploration. (a) Exobiology Extant Life Surveyor. (b) The Cooperative
Autonomous Distributed Robotic Exploration. (c) Quadrupedal robots. (d) Venus Aerial Robotic Balloon.
(e) Multi-Modal Mobility Morphobot. (f) DuAxel rover. (g) MANTIS: Multi-legged Manipulation and Lo-
comotion System. (h) LEONARD. (i) LEMUR 3. (j) SherpaTT. (k) SpaceClimber. (1) Regolith Advanced
Surface Systems Operations Robot Excavator. (m) Buoyant Rover for Under-Ice Exploration. (n) SUNFISH.
(o) Rollocopter. (p) Autonomous Pop-Up Flat Folding Explorer Robot. (Courtesy authors, Jet Propulsion
Laboratory, California Institute of Technology, German Research Center for Artificial Intelligence, Kennedy
Space Center, and Stone Aerospace)

equipment, resulting in a limited range of sample types and scientific information. Never-
theless, in regions inaccessible to rovers, such as crater walls, volcanic vents, and canyons,
the soil samples from these areas may contain critical scientific information, crucial for un-
raveling planetary evolution and searching for evidence of life. Researchers have developed
a multitude of exceptional robotic systems tailored (Fig. 17) for extreme terrains, equipped
with miniature drilling capabilities to facilitate exploration and sampling in complex and
uncharted terrains. The drill design can also incorporate multiple drill bits that can be used
in combination to address diverse terrain and geology for sample collection.

Furthermore, in the upcoming decade, humanity is also planning exploratory missions
to celestial bodies with subsurface oceans such as Europa, Enceladus, and Titan. These
celestial bodies exhibit vastly distinct terrain features and geological conditions compared
to terrestrial landforms (Gao and Chien 2017). Consequently, the development of innovative
sampling devices, such as deep-sea exploration devices, becomes imperative.

(3) Improvement of drilling device performance

The optimization of sampling devices represents a prominent trend in drill-based sam-
pling technology. Firstly, it is imperative to conduct ground-based experiments that replicate
the environmental and geological conditions found on extraterrestrial bodies. Through com-
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prehensive experimentation, the reliability and stability of sampling devices must be vali-
dated and enhanced. Combining multiple sampling methods may also augment the success
rate of sampling, ensuring the proper functionality of the sampling device on extraterrestrial
bodies and the successful collection of samples. Secondly, engineers should implement im-
provements in the structure and operational mechanisms of sampling drills to reduce power
consumption and enhance drilling and coring efficiency. Thirdly, efforts should be directed
towards reducing the weight and dimensions of sampling drills, thereby lowering trans-
portation costs and aligning with the demands of spaceflight. Lastly, it is crucial to integrate
intelligent sampling capabilities. The sampling device should possess the capability to an-
alyze and identify the geological layers within the sampling environment. Throughout the
sampling process, the sampling device should continuously monitor and adjust sampling
parameters in real-time, facilitating fault diagnosis and enabling self-repair.

(4) Sample fidelity

To ensure that the collected soil samples accurately represent the characteristics of the ex-
traterrestrial bodies, the sampling equipment must incorporate effective measures for sample
fidelity. During the sampling process, techniques and equipment for pressure preservation,
temperature control, moisture retention, quality maintenance, and light preservation are re-
quired to maintain the original properties of the soil and to avoid unfavorable conditions
such as sample fragmentation, disruption of layering structure, material volatilization, and
microbial death. The design of the fidelity-preserving device should comprehensively sim-
ulate the environmental features of the sampled celestial body. Additionally, the sampling
drill should be capable of avoiding contamination and cross-contamination of samples to
ensure that each sample remains independent and pristine. After collection, soil samples
should undergo appropriate sealing and packaging to prevent external contamination. Dur-
ing transportation, measures must be taken to prevent sample vibrations, thereby minimizing
physical and chemical alterations. The handling and analysis of samples must also adhere to
strict laboratory protocols to guarantee the fidelity of the samples.

(5) Biocontamination prevention and planetary protection

As sample return missions continue to increase, planetary protection and science contam-
ination control should be given due attention. Forward planetary protection aims to minimize
the risk of harmful contamination from Earth’s organisms to target celestial bodies and pre-
vent inadvertent contamination of Earth’s biosphere by extraterrestrial materials. Science
contamination control prevents Earth-based organisms from contaminating celestial bodies
in the solar system. This contamination could either affect the accuracy of scientific results
obtained from samples or potentially allow Earth-based organisms to establish colonies on
these bodies before they are studied in their natural state. Adherence to planetary protec-
tion guidelines is essential to ensure the reliability of life exploration. This necessitates that
sampling devices incorporate effective bio-isolation measures to prevent contamination of
samples by Earth’s biological organisms. Disinfection and sterilization procedures could be
applied to drilling equipment, or the sealing integrity of sample collection devices could be
enhanced, to improve the contamination prevention capability of the apparatus. For instance,
to return a pristine sample, the SCS hardware on Perseverance and OSIRIS-REx spacecraft
sampling hardware strictly control organic, inorganic and biological contamination during
the design, manufacturing, assembly and testing processes (Dworkin et al. 2017; Moeller
et al. 2020). Additionally, sampling devices may require environmental monitoring capa-
bilities to assess the ecological environment of the target celestial body. These are crucial
for preserving the pristine nature of these environments and for enabling accurate scientific
investigations into potential extraterrestrial life.
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6 Conclusion

Extraterrestrial bodies sampling is an essential means of gaining insights into the evolution
of the universe, space resource utilization, and the search for extraterrestrial life. Among var-
ious sampling methods, drilling-based sampling stands out due to its significant advantages,
offering stable and reliable performance across different depths and geological conditions.

From the review, it has become apparent that drilling-based sampling on extraterrestrial
bodies faces multiple constraints. These constraints encompass aviation flight restrictions,
the intricate and unknown geological conditions of extraterrestrial bodies, extreme envi-
ronments, and communication delays. These limitations pose significant challenges in the
design of drill-based sampling devices. In response to these constraints, researchers have
developed a wide array of drill-based sampling devices. Based on different drilling depths,
this paper categorizes these devices into seven classes: small drills, pneumatic surface drills,
single-rod drills, multi-rod drills, pneumatic deep probes, cable-based drills, and terrestrial
ice penetration drills. Small drills are characterized by their compact size, low power con-
sumption, and high sampling resolution. Pneumatic surface drills offer the advantage of easy
deployment, minimal reaction forces during operation, and reduced sample contamination.
Single-rod drills demonstrate reliable performance and strong adaptability to various envi-
ronmental conditions. To achieve deeper sampling, the use of multi-rod connection drills
and cable-based drilling devices has proven to be crucial. Although pneumatic deep probes
possess the capability for deep drilling, their sampling capacity is comparatively limited.
Terrestrial ice penetration drills, on the other hand, excel in penetrating ice shells and ex-
ploring sub-surface oceans, with drilling depths reaching several hundred meters.

In light of the comprehensive review, it becomes evident that intelligent control algo-
rithms play a pivotal role in the operation of drill-based sampling devices. These intelli-
gent control algorithms significantly improve sampling success rates and efficiency, reduce
power consumption, and minimize sample damage. Moreover, the integration of in-situ re-
source utilization into drilling-based sampling emerges as a prominent and forward-looking
trend. This strategy involves the extraction of usable resources from celestial body surfaces,
thereby diminishing reliance on Earth’s resources and advancing the development of space
bases for resource utilization in outer space. Additionally, the incorporation of miniatur-
ized drilling equipment, which can be seamlessly integrated into robotic explorers designed
for extreme terrains, presents an expansive array of exploration and sampling capabilities,
surpassing those offered by conventional rovers. The research community recognizes the
pressing need to advance the prototyping of extraterrestrial ice penetration drills, developed
and tested on Earth for potential application in future missions beyond our planet. This area
of exploration promises to yield critical insights and discoveries in the future. Lastly, it is
imperative to underscore the significance of sample storage and transportation. These as-
pects are crucial for minimizing interference and preserving the pristine scientific value of
collected samples during their journey back to Earth.

The exploration of extraterrestrial bodies through drilling-based sampling holds great
promise and will continue to play a vital role in advancing our understanding of the cosmos
and supporting future space endeavors.
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