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The interest in exploring planetary bodies for scientific investigation and in-situ resource utilization is ever-rising.
Yet, many sites of interest are inaccessible to state-of-the-art planetary exploration robots because of the robots’
inability to traverse steep slopes, unstructured terrain, and loose soil. Additionally, current single-robot approaches
only allow a limited exploration speed and a single set of skills. Here, we present a team of legged robots with
complementary skills for exploration missions in challenging planetary analog environments. We equipped
the robots with an efficient locomotion controller, a mapping pipeline for online and post-mission visualization,
instance segmentation to highlight scientific targets, and scientific instruments for remote and in-situ investigation.
Furthermore, we integrated a robotic arm on one of the robots to enable high-precision measurements. Legged
robots can swiftly navigate representative terrains, such as granular slopes beyond 25 degrees, loose soil, and
unstructured terrain, highlighting their advantages compared to wheeled rover systems. We successfully verified
the approach in analog deployments at the BeyondGravity ExoMars rover testbed, in a quarry in Switzerland, and
at the Space Resources Challenge in Luxembourg. Our results show that a team of legged robots with advanced
locomotion, perception, and measurement skills, as well as task-level autonomy, can conduct successful, effective
missions in a short time. Our approach enables the scientific exploration of planetary target sites that are currently
out of human and robotic reach.

INTRODUCTION

Robotic planetary exploration is invaluable for advancing our under-
standing of the solar system and enabling the prospection of potential
resources. The recent commitment of national and commercial entities
to return to the Moon - targeting a sustainable, long-term human pres-
ence - boosted the development of robotic exploration technologies.

Many science-, exploration-, and resource extraction-relevant tar-
gets across the lunar surface lie in hard-to-reach areas or areas with
substantial potential to host unknown physical surface properties. Ex-
amples include pyroclastic vents, volcanic rilles, caves, irregular mare
patches, and fresh impact craters [1, 2]. Consequently, developing
robotic exploration systems that can efficiently traverse challenging
terrain without compromising their explorative, scientific, and resource
prospection capabilities remains a top priority.

Notably, several lunar exploration efforts revolve around the Na-
tional Aeronautics and Space Administration’s (NASA) Artemis pro-
gram, which focuses on robotic and crewed science and exploration
at the lunar south pole [3]. One of the first Artemis program missions,
the Volatiles Investigating Polar Exploration Rover (VIPER) [4], will
venture into several permanently shadowed regions - cold, volatile-rich
topographic depressions that have not been illuminated for millions of
years [5—-7]. Ultimately, Artemis 3 will lead humans to the south pole
in 2025 [8]. All of those missions will need to navigate the challenging
south-polar terrain, including steep slopes, impact ejecta and boulder
fields, and potentially anomalous physical regolith properties [4, 9, 10].

One promising way to foster the development of lunar exploration
and prospection technologies is challenge-driven innovation. The
European Space Agency (ESA) and the European Space Resources
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Innovation Centre (ESRIC) established the Space Resources Challenge
(SRC) in 2021 to evaluate and advance the state of the art of robotic lu-
nar prospecting technologies. The main technical goal of the challenge
was prospecting a lunar analog environment for resource-enriched ar-
eas (REAs), meaning areas that contain minerals suitable for In Situ
Resource Utilization (ISRU), such as ilmenite, rutile, and titanium
dioxide. The two rounds of the challenge took place in 2021 and 2022,
with the final competition in a lunar analog terrain in Luxembourg. The
competition involved adverse conditions found at the lunar south pole,
including a previously unknown terrain, loose granular soil, high solar
incidence angle illumination creating long, high-contrast shadows, and
network communications with high latency 5.0 s round trip time (RTT))
and intermittent complete loss of signal. The SRC was an important
inspiration in this work and was one of the two major field deployments
of our robotic exploration team.

In this article, we propose a team of legged robots for quick, ef-
ficient, and safe exploration and prospection of challenging plane-
tary analog environments. The team approach allows us to cover a
larger area, deploy a wider variety of scientific payloads, investigate
more scientific targets, and gain more in-depth knowledge per target
than possible with a single-robot approach or non-teamed multi-robot
approaches. Additionally, the increased redundancy allows mission
completion even if multiple robots fail. To control the robotic team,
the operators send high-level navigation, remote measurement, and
in-situ measurement tasks to the robots. The robots execute these tasks
autonomously using their state-of-the-art mobility and navigation sys-
tems, as well as a complementary and redundant set of payloads. The
level of autonomy allows continued scientific data collection, even if
communication becomes unreliable or during a complete loss of signal
(LoS). Simultaneously, the scientists in the operations team can select
and prioritize scientific targets during the mission.

Until now, most planetary exploration robots relied on wheeled
locomotion. Their locomotion system did not fundamentally change
since the first rover - Lunokhod 1 - touched down on the surface of the
Moon in 1970 [11]. Other prominent examples are the Lunar Roving
Vehicle (LRV), Lunokhod 2, and Yutu 2 [11-14], or martian rovers
such as the Sojourner Rover [15], Spirit, Opportunity [16], Curiosity
[17], and Perseverance [18]. Although these systems can build upon
well-tested heritage technology and provide robustness in relatively
flat terrain, wheeled rovers reach their limitations on steep slopes, on
loose granular terrain, and in unstructured environments. On Mars, the
Spirit rover was lost in anomalously loose soil [19] and Opportunity
got temporarily stuck in a dune [20]. On the Moon, the Apollo 15
LRV was trapped in loose regolith and had to be manually retrieved
by the astronauts [12]. Similarly, Lunokhod 2 encountered excessive
wheel sinkage (>20 cm) near Le Monnier crater [13]. The Yutu-2
team reported that entering craters would be of great scientific interest.
However, they do not target craters because of the increased probability
of locomotion failure [14]. This locomotion limitation prevents current
missions from investigating high-priority targets [1, 2, 21-23].

Meanwhile, terrestrial legged robots have reached a high level of
robustness in exploring unknown environments. Their robust locomo-
tion system allows them to traverse unstructured, challenging natural
terrain, including mud, gravel, snow, vegetation, and sand [24, 25].

Several researchers have developed legged robots with the intent
to use them in space in the past [26-29]. Until now, we have focused
on the usage of dynamically walking legged robots on steep, planetary
soil analogs [30] and low-gravity environments [31-33], showcasing
the potential of the technology. However, for these robots to be useful
in real-world scenarios, they need to be advanced beyond locomotion
tasks. They have to interact with their environment in realistic analog
missions, for example by deploying scientific instruments or taking
samples. We advanced in this direction at the first field trial of the SRC,

where we deployed a legged robot with base-mounted instruments [34].

Heterogeneous robotic teams have been used as a viable solution
in terrestrial real-world missions. Notably, all top-ranking teams in
the DARPA Subterranean Challenge 2021 used heterogeneous robotic
teams with diverse skills [35-37]. To succeed in the challenge, the
teams developed robust solutions for locomotion, localization, multi-
robot mapping, local planning, and exploration planning. In this work,
we build upon these advances - specifically on the systems of our team
CERBERUS [35] - and address the unique challenges presented by
analog space missions, including instrument deployment, efficient and
robust locomotion with robotic arms, redundancy to component or
system failures, and validation in realistic missions with high latency
communication. Additionally, although the robotic teams in the Subter-
ranean Challenge were diverse in their locomotion skills, we consider
diversity in scientific investigation capabilities in this work.

Several robotic teams for planetary exploration have been devel-
oped and tested in analog environments. For example, the German
Aerospace Center (DLR) deployed a drone and two wheeled robots
autonomously to set up a distributed radio telescope and perform ge-
ological exploration on Mt. Etna [38]. Although they showed a high
level of autonomy, the wheeled rovers were limited in their locomotion
capabilities. The German Research Centre for Artificial Intelligence
(DFKI) developed a heterogeneous robotic team of a wheeled and a
legged robot for sample collection in a lunar analog environment [39].
In [40], the authors demonstrate a teleoperated sample return mission
using a robotic team in a martian analog environment. The operations
team operated the robots via waypoints and tested capabilities such as
sampling in isolated tests instead of the full mission deployment. More
recently, NASA JPL built upon their NEBULA solution to explore ana-
log martian caves with multiple Spot robots in the NASA BRAILLE
project [41]. One of the robots was equipped with a robotic arm to take
close-up images and swab samples. However, the details of this work
are not yet published. Lastly, the first heterogeneous robotic team for
planetary exploration is currently operating on Mars: The Ingenuity
helicopter supports the Mars 2020 mission by scouting potential tar-
gets for the Perseverance rover and inspecting targets the rover cannot
access [42]. This actual Mars mission is a remarkable example of a
heterogeneous robotic team for planetary exploration.

We present our teamed exploration approach with dynamically
walking robots for planetary environments (Movie 1). We designed a
team of legged robots with a diverse set of scientific investigation skills
and redundancy measures and validated our system in three challenging
analog environments: The ExoMars locomotion test facility, a quarry
site, and the competition site of the SRC. We report our results and
lessons learned from these deployments and identify opportunities for
future developments.

To achieve effective analog mission deployments, we developed,
improved and validated critical subsystems: We validated the baseline
locomotion policy [25] on planetary analog terrain and developed a
locomotion policy with a focus on efficiency. Our policy includes arm
observations, making it robust for legged robots with robotic arms for
scientific investigation in challenging environments. Additionally, we
built a two-pronged mapping approach for lightweight real-time online
mapping and high-resolution, realistic post-mission visualization. Our
instance segmentation pipeline highlights potential scientific targets
to support online mission planning in previously unknown environ-
ments. By distributing a balanced set of remote and close-up scientific
instruments, we achieve effective and safe exploration missions.

We showcase the capabilities of our legged robots in martian and
lunar analog environments, demonstrating that our technology can
enable robots to investigate scientifically transformative targets on the
Moon and Mars that are unreachable at present using wheeled rover
systems.






