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Abstract

After numerous successful space missions with wheeled rovers such as Curiosity or Perseverance to explore open areas
and collect samples, space agencies and private ventures around the world are shifting their focus to also explore more
challenging environments. These include lunar lava tubes and Martian caves, which hold great promises to scientific
discoveries. In these scenarios, the accessibility for large and wheeled robots would be limited, such that (small) legged
robots capable of climbing, jumping, and dynamically adapting their gaits to different environments become necessary.
However, despite the recent advances and increased commercial availability of quadrupedal robots, the exact requirements
that a quadruped has to fulfill in a space setting remains an open topic. To address this question, this paper reviews current
solutions and capabilities of robotic quadrupeds to assess the specific benefits that this technology offers as part of a
robotic team for operations on celestial surfaces such as the Moon and Mars. Additionally, the main open challenges are
identified to adapt the state-of-the-art technology in terrestrial systems for in-space deployment and operations. For this
analysis, we leverage findings from the ISS technology demonstration mission, Surface Avatar. In two space-to-ground
experiment sessions, three astronauts in orbit teleoperated a small quadrupedal robot to survey its environment and
retrieve small objects. These insights were extended in a follow-up mission in July 2025, in which multiple quadrupeds
were included operated by the astronauts for different tasks. Additionally, this new session included a cave exploration
scenario. The experiment findings and astronaut feedback were evaluated under consideration of preparatory work carried
out for planned quadruped space missions such as ESA’s LEAP project and NASA’s NeBula-SPOT. By examining and
analyzing the experimental results and astronaut feedback from our Surface Avatar mission with the current state of
technology, this paper derives specific requirements to employ quadrupedal robots in space, either in a remote control
setting or for autonomous tasks. Based on the identified requirements, we will propose design recommendations for both
control strategies of robotic quadrupeds to be included for different tasks in human-robot teams for future space exploration.
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1. Introduction
Wheeled rovers such as Curiosity [1] and Persever-

ance [2] have proven highly capable in exploring open
terrains, performing in-situ science, and collecting sam-
ples on Mars. However, as planetary exploration extends
toward more challenging terrains such as lunar lava tubes,
Martian caves, and steep crater walls, the limitations of
wheels become apparent [3]. These environments feature
loose regolith, sharp inclines, irregular obstacles, and
confined passages that significantly constrain mobility
for large, wheeled systems. To reach and operate in such
terrains, legged robots offer a promising complement
to existing rover platforms. Among possible legged
designs, especially quadrupeds offer a compelling balance
between terrain adaptability, mechanical simplicity,
and energy efficiency [4]. Compared to hexapods and
other multi-legged robots, they require fewer actuators
and control resources while still providing improved
stability and robustness over biped solutions. This makes
them the most likely configuration to enable adaptable
and agile locomotion to explore diverse terrains in
envisioned space missions and terrestrial applications
alike [5]. Thus, research efforts for these systems have
increased drastically in recent years, and many systems
have become commercially available [6–8] and are
being tested in space analog environments [9]. Yet,
the quadruped research often focuses on locomotion
control and perception performance in isolation [10],
leaving open the broader operational question: for which
tasks are quadrupeds most suitable and how should
they be designed and controlled to be integrated into
human–robot teams for actual space missions (Fig. 1)?

To address this gap, we draw on recent findings from
the ISS-to-Earth demonstration mission Surface Avatar
[11, 12]. In this mission, astronauts aboard the Interna-
tional Space Station (ISS) remotely operated a team of dif-
ferent robots on Earth under space-realistic communica-
tion conditions. The most recent session, conducted in July
2025 at the German Aerospace Center (DLR) in Oberp-
faffenhofen, marked a milestone: for the first time, mul-
tiple quadrupeds were controlled alongside a rover and a
humanoid robot to perform cooperative tasks in the Mars-
analog environment (Fig. 2). The included quadrupeds dis-
played different features giving each advantages for spe-
cific tasks: The small and very robust quadruped Bert of
the DLR [13] had to be navigated into a cave using teleop-
ertation, while the more mobile Spot robot [7] integrated
by the European Space Agency (ESA) was equipped with
a robotic arm and tasked to locate and retrieve objects in

Fig. 1: Quadruped design in terms of body morphology
and sensor equipment depends on specific mission tasks.

autonomous and teleopertated mode. The experiments of
this demonstration mission provide rare, high-fidelity data
on astronaut–robot interaction, multi-robot task allocation,
and the opportunities of shifting autonomy in realistic mis-
sion contexts.

This paper builds on the operational insights from the
Surface Avatar ISS technology demonstration telerobotic
mission, in combination with the current state-of-the-art of
quadruped technology, to identify how these systems can
best complement human-robot teams in upcoming space
missions. In this context, we do not address the widely in-
vestigated topics of quadruped control methods and gait
selections [5, 10], nor methods to enhance the systems’
perception and autonomous reasoning. Instead, we focus
on identifying specific use cases, for which quadrupeds
may provide the greatest value, taking into account known
limitations of quadruped systems. For each identified use
case, we outline the task and, if applicable, how it was
implemented and tested in the Surface Avatar mission.
Based on the requirements of the task and our experiences
from the experiment, we identify dedicated mechanical
features for a quadruped, giving individual design recom-
mendations to be best suited for the task at hand. Addi-
tionally, we consider the required level of autonomy and
how the quadruped should be implemented in the human-
robot team. Specifically, we highlight the opportunities
enabled through scalable autonomy and teaming strate-
gies that allow astronauts to effectively command multiple
quadrupeds in different scenarios.
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Fig. 2: Overview of the Surface Avatar setup used in the latest ISS-to-Earth demonstration mission, including four different
robotic systems with individual strengths: 1) Rollin’ Justin, 2) Interact Rover, 3) Spot, and 4) Bert. The zoom shows the
size and morphology differences of the two quadrupeds, Spot and Bert, each designed to suit a different task.

By situating our analysis in real astronaut-in-the-loop
experiments and planned mission concepts, we aim to pro-
vide actionable recommendations for the deployment of
quadrupeds as integral members of robotic teams for fu-
ture planetary surface exploration.

2. Background and Related Work
2.1 Legged Systems for Space Applications

Rovers remain the backbone of planetary surface explo-
ration, but the wheeled systems meet their limits in clut-
tered, high-slope, and subsurface terrains. Here, legged
systems offer more mobility and flexibility due to the possi-
bilities of foothold selection, body re-positioning, and easy
height adjustments, which enable them to also access nar-
row passages or low caves.

These advantages of quadruped systems first became
apparent in terrestrial applications. This has helped ma-
ture the quadruped technologies in recent years and led to
multiple commercial systems such as Boston Dynamics’
Spot [7], ANYbotics’ ANYmal [8], and Unitree’s Go se-
ries [6], which are now being deployed for industrial in-
spection, search and rescue, surveying, and research [14].
Their strengths lie in reliable locomotion on uneven ter-
rain, autonomous mapping using LiDAR and vision, and
the ability to carry sensors or manipulate small payloads

[4]. Thus, the applicability of quadruped technologies for
space is being explored and matured in several projects.
The ESA-funded LEAP concept adapts ETH’s ANYmal
to the Moon, explicitly targeting dynamic gaits and jump-
ing for Aristarchus Plateau [15]. It was shown that espe-
cially dynamic maneuvers like hopping and pronking be-
come energetically attractive in the low gravity of celestial
bodies as presented by the research prototype SpaceBok
[16, 17]. In parallel, NASA’s Jet Propulsion Laboratory
(JPL) developed the uncertainty-aware framework NeBula
for Spot [7], which aims at enabling resilient and modular
autonomy solutions by performing reasoning and decision
making for the quadruped [18, 19]. These works have ad-
vanced mechanical design and autonomy for single-robot
demonstrations in analog conditions, working towards the
application of quadrupeds in actual space missions.

Despite this progress, terrestrial designs cannot be
transferred directly to space. Most commercial systems
rely on sealed bearings, conventional lubricants, and stan-
dard electronics, which degrade under vacuum, radiation,
and extreme thermal cycling. Their actuators and joints are
vulnerable to abrasive lunar and Martian regolith, which
can cause rapid wear [10]. Recent NASA materials and
dust-mitigation reports summarize the wear mechanisms
and testing gaps that directly impact leg mechanisms and
actuators; they also stress the need for standard testbeds
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and simulants [20]. Terrestrial robots also assume access
to frequent charging and network connectivity; in contrast,
planetary missions require extreme energy efficiency, tol-
erance for long communication delays, and the ability to
deal with unexpected and unknown environments that may
still require human intervention. Thus, in a realistic sce-
nario, it is likely that an astronaut will still need to be re-
motely present in explorations through robotic teams sta-
tioned on celestial bodies [21]. Thus, not only hardware
and control requirements need to be addressed, but also the
question of how to best implement quadrupeds in human-
robot teams and which tasks should be allocated to them.

2.2 Scalable Autonomy and Robot Team Integration
Since future mission plans for extraterrestrial explo-

rations have moved from single-platform mobility toward
team-of-systems concepts, methods to balance between
astronaut control and robotic self-reliance were needed.
Through a decade-long collaboration between DLR and
ESA, different modes of telecommanding robots have been
demonstrated from the ISS to Earth in METERON SUPVIS
Justin [22], Analog-1 [23,24], and Surface Avatar [11,12].

In SUPVIS Justin, astronauts aboard the ISS supervised
DLR’s humanoid Justin on Earth, directing it through high-
level commands while the robot handled the low-level de-
tails. This “supervisory control” paradigm demonstrated
the feasibility of operating dexterous robots remotely in
conditions of high latency and first formalized Scalable Au-
tonomy as a design principle for space operations. In the
Analog-1 experiments, the ISS astronauts had to carry out
diverse tasks with ESA’s Interact Rover, first in a simulated
experiment environment indoors [23] and finally in a real-
istic outdoor scenario on the moon-like surface of Mount
Etna [24].

Building on this foundation, the Surface Avatar experi-
ments extended the framework of scalable autonomy estab-
lished within the previous experiments of the METERON
programme by introducing more command modalities and
a heterogeneous team of robots to be commanded simul-
taneously [11, 12]. In the first session in 2022, Marcus
Wandt coordinated the ESA Interact Rover and the hu-
manoid Justin to jointly insert a peg into a hole [25], mak-
ing use of force feedback rendered to the astronauts on the
ISS. This mission also first featured the remote control of
a quadruped robot from the ISS [13]. In the follow-up
mission of July 2024, astronauts Tracy „TC“ Dyson and
Jeanette Epps commanded the same robotic platforms to
perform more complex tasks. During this session, they
demonstrated seamless switching between supervised au-
tonomy and direct teleoperation, while also addressing

purposefully introduced error scenarios [26, 27]. In the
most recent mission, remote control was extended beyond
DLR’s small quadruped Bert [13,28] to include ESA’s de-
ployment of the Boston Dynamics robot Spot [7]. This il-
lustrates that even within the same robotic class, design di-
versity can be advantageous depending on the operational
context and task requirements.

The progression from SUPVIS Justin to Surface Avatar
demonstrates a clear trajectory: autonomy is no longer lim-
ited to individual robotic systems but now extends to het-
erogeneous teams. This diversity allows complementary
task allocation, with each platform contributing unique ca-
pabilities — ranging from large-area scouting to precise
manipulation and exploration of hard-to-access terrain. In
this context, scalable autonomy not only reduces astronaut
workload but also becomes a crucial enabler for coordi-
nating multi-robot systems in complex planetary environ-
ments [12]. Furthermore, the experiments highlight the
specific requirements that different robots must incorpo-
rate to perform their designated tasks [29]. These require-
ments vary not only across robot types but also within the
same class of systems, which will be explored further in
the following for the specific case of quadruped systems.

3. Identification of Use Cases
As already outlined, quadruped robots are poised to

complement traditional wheeled systems in space missions
by addressing tasks where mobility, agility, and human in-
teraction are critical. This entails that the most relevant
field will be outside of routine tasks in human-built habi-
tats, which will be designed to be easily accessible for
robots with wheels. Additionally, general limitations of
quadrupeds should be considered: They face constraints in
battery life, payload, manipulation capacity, and environ-
mental robustness. The extent to which these capacities
are needed differs for different mission scenarios. Thus,
these limitations should be individually addressed depend-
ing on the needed capabilities for a task, guiding engi-
neers and mission planners in design and task allocation of
quadruped systems. Based on the known advantages and
capabilities shown in terrestrial applications, two primary
application domains appear obvious for space scenarios:
1) surface exploration and scouting, and 2) inspection
of confined or complex spaces. Both scenarios have been
considered in the latest Surface Avatar session, using two
different types of quadrupeds (Fig. 2).

Additionally, a third application seems promising:
3) human companionship. Although currently not a re-
search focus, in long-duration missions, quadrupeds may
also function as human companions for crew members on-
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board an orbiter or within habitats. Especially in the ab-
sence of other humans, interactions with robots can mit-
igate loneliness, improve mood, and enhance psychologi-
cal health in isolated environments [30]. Since quadrupeds
share general morphology and appearance with dogs, one
of the most popular domesticated pets, they are more read-
ily accepted as companions compared to other robots [31].

Each of the three identified domains imposes specific
design requirements. By tailoring size, sensing, and ac-
tuator capabilities to the intended operational domain,
quadrupeds can deliver meaningful value in both scientific
exploration and human-centered space operations. The fol-
lowing sections aim to guide the selection and development
of each quadruped platform for the different tasks by sug-
gesting design and control recommendations. The findings
are summarized in Tab. 1.

4. Surface Exploration and Scouting
4.1 Task Specification

The ability to move their feet individually and adjust the
step pattern and center of mass makes quadruped robots
particularly valuable in navigating uneven or difficult ter-
rain. Thus, they are specifically important for scientific and
reconnaissance missions in areas like crater rims, rocky
fields, or lava tubes. For these missions, the quadrupeds
need to be able to traverse large distances, map terrain, de-
tect points of interest, and, where possible, collect samples
or deploy instruments.

Within the latest Surface Avatar mission, this mission
scenario was emulated using ESA’s implementation of the
Spot robot (Fig. 3). It was tasked to autonomously find
and collect samples scattered around the Mars-like test
environment, where different-sized stones were randomly
arranged to challenge the robot’s maneuverability. The
quadruped placed the collected samples in a handover sta-
tion, where they could be picked up by the humanoid Justin
robot for further analysis, showcasing the collaboration be-
tween the different robot types. Additionally, the astronaut
was able to take over the control of the quadruped, such that
Spot could also be steered manually, either to inspect the
environment or to support the robot in its collection task.

4.2 Design Recommendations
Since quadrupeds for exploration should be able to

cover large areas to collect information and samples on
various sites, they need to be specifically energy-efficient.
Therefore, they should have longer legs that allow for long
strides and use hopping gaits, which are especially energy-
efficient in low-gravity [16]. The hopping efficiency can

Fig. 3: ESA’s integrated Spot robot dropping a sample in
the handover station.

potentially be further increased when the robot’s mechani-
cal dynamics are designed in a way that they naturally align
with the motion, reducing the control effort [28, 32].

In order to collect information and map the environ-
ment, quadrupeds for scouting need multi-modal sens-
ing, including LiDAR, stereo cameras, and inertial mea-
surement units (IMUs). They should also have moderate
manipulation capabilities for sample collection or inter-
actions with the environment. Consequently, to provide
enough payload capacity for all the scientific instruments,
and carry larger batteries for extended work range, such
quadruped systems should be medium- to large-sized. The
larger size may also enhance stability in disturbances like
dust storms. Nevertheless, the robot needs to be able to re-
cover from falls autonomously, which makes 3 degrees of
freedom (DOF) per leg preferable and implies a large joint
limit per DOF. An envisioned quadruped system with these
requirements in depicted in Figure 5 on the left.

4.3 Autonomy and Team Integration
As showcased in the Surface Avatar mission, tasks like

scouting and sample collection are well-suited to be carried
out autonomously by the robot. Therefore, robust naviga-
tion and feature recognition are mandatory to map the en-
vironment and detect obstacles or sampling sites. The level
of cognition and reasoning should be high, especially when
larger areas are covered, so that astronauts do not have to
supervise the quadruped constantly. However, the robot
should alert the astronaut if needed, e.g., to decide what
samples to collect or when an unexpected scenario occurs.
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In these cases, maintaining the ability to switch to direct
remote control is beneficial such that the astronaut can use
the quadruped to inspect specific points of interest or over-
ride badly planned actions. Therefore, the control input for
the scouting quadruped should be prepared in a way that
the astronaut can smoothly transition between the control
modalities, although the focus for this use case should lie
on the system’s autonomy features.

5. Inspection of Confined Spaces
5.1 Task Specification

Due to their adaptability, quadrupeds also hold great po-
tential to access narrow spaces with varying ground, like
shafts for maintenance, or Martian caves for exploration.
In such scenarios, the ability to maintain stability on steep
inclines, climb over loose rocks, and use precise foot place-
ment is critical, especially when lighting is limited. The
primary mission objectives include inspecting surfaces for
hazards or points of interest and identifying areas for main-
tenance or scientific study. Because communication sig-
nals may be weak or intermittent inside caves or isolated
areas, robots may need to perform extended segments of
operation semi-independently, prioritizing reliability and
consistency in task execution.

Such a scenario was tested in the Surface Avatar mis-
sion using the small elastic quadruped Bert. The robot
was transported to the cave location with the Interact Rover
(Fig. 4, top). At the site, it was released to the ground. The
astronaut was then tasked to use a joystick to remotely con-
trol the robot to walk into a cave, where different points of
interest had to be identified (Fig. 4, bottom).

5.2 Design Recommendations
Quadrupeds designed for inspection tasks in confined

spaces such as Martian caves must prioritize compact-
ness, agility, and robustness over payload capacity or
range. Only essential components, such as lighting, high-
resolution cameras, and proximity sensors, should be in-
tegrated to minimize weight and energy demands. Addi-
tional environmental sensors, e.g., for temperature, gas,
or dust, may be integrated depending on mission objec-
tives. Manipulation is of secondary importance, although a
minimal manipulator may provide additional utility. Since
these missions are typically shorter in duration, smaller
batteries are sufficient, especially if the robot is deployed
close to the target site by other systems, as showcased in the
Surface Avatar mission with the Interact rover (Fig. 4, top).
In order to increase the traction on uneven or slippery sur-
faces, the quadruped feet may implement retractable claws,

and the center of mass should be kept low to maximize
stability in narrow or tilted passages. Robust mechanics
are critical, as frequent contact with rock walls or debris is
likely and must not compromise functionality. Thus, incor-
porating elastic elements such as springs into the leg design
may be advantageous as it aids in absorbing shocks from
uneven terrain and reduces mechanical stress on joints dur-
ing repeated contact with rocky surfaces. Communica-
tion remains one of the main challenges in such environ-
ments, as wireless signals degrade quickly underground,
which was already seen in the emulated cave exploration
of the Surface Avatar mission. Therefore, tethered solu-
tions or relay-based communication strategies may be nec-
essary to ensure reliable data transmission. The described
quadruped characteristics are displayed in the middle of
Figure 5.

5.3 Autonomy and Team Integration
While mapping and autonomy remain relevant for

quadrupeds in inspection scenarios of confined spaces, es-
pecially when data connection is lost, remote operation
is expected to play a more prominent role than full au-

Fig. 4: The small-sized quadruped Bert during the Surface
Avatar mission being transported by ESA’s Interact rover
(top) and during the exploration of a cave (bottom).
I am bouncy and like exploring caves.
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Table 1: Design recommendations for quadrupeds in space by use case

Application Size Key Sensors Manipulator Autonomy/ Control
Surface Exploration
Scouting
(Sec. 4)

medium
to large

LiDAR, stereo
cameras, IMU,
thermal sensors

moderate:
sample collection,
small tool handling

High autonomy for
navigation and mapping

Inspection of
Confined Spaces
(Sec. 5)

small,
agile

High-resolution
cameras, proxim-
ity sensors

minimal:
light object handling
if needed

Semi-autonomous
with frequent remote
operation

Human
Companionship
(Sec. 6)

small
to medium

Cameras,
microphones,
tactile sensors

minimal:
human interaction or
light object delivery

Shared autonomy for follow-
ing and interactions, strong
learning capabilities to adapt
social behaviors

tonomy. In routine traverses, the robot could operate un-
der shared autonomy, where onboard SLAM handles foot-
step planning, obstacle avoidance, and stability [33], while
an operator selects goals or regions of interest. For del-
icate maneuvers like narrow squeezes or ledge crossings,
control, the astronaut could take over steering via direct
teleoperation, although safety features should remain with
the robot, enabling it to avoid or recover from unsafe ma-
neuvers [27]. Conversely, when communications drop,
the system should switch to failsafe autonomy, e.g., using
pause–assess–retreat behaviors [34].

6. Human Partner- and Companionship
6.1 Task Specification

Quadrupeds viewed to be human partners and compan-
ions are not intended for heavy payload or long-range mo-
bility, but rather for interaction-rich roles: following crew
members, responding to gestures and voice commands,
providing comfort through touch, and offering simple as-
sistance such as fetching or holding small objects. Human-
companion quadrupeds must therefore continuously per-
ceive human presence, recognize expressions or social
cues, and respond in ways that reinforce engagement. Their
task execution emphasizes safety, predictability, and relia-
bility, ensuring that interactions remain positive and non-
intrusive while promoting crew trust and confidence.

Although this aspect was not considered in the Surface
Avatar mission, its significance is anticipated to grow in
upcoming missions.

6.2 Design Recommendations
Quadrupeds for social interactions should likely adhere

to other design requirements than functional robots for ex-
ploration or inspection. Research has shown that not only
the appearance, but also the movement patterns, specif-

ically gaits, influence how humans perceive quadrupeds.
Especially ”bouncy” gaits are perceived as warmer and less
discomforting [35]. This has also been observed in human
interactions with the small elastic quadruped Bert, which
embeds hardware elasticities that result in bouncy, more
natural-appearing movement patterns, which people intu-
itively seem to perceive as friendly. Additionally, Bert fea-
tures googly eyes (Fig. 4), adding to its likability since fa-
cial features like round eyes improve trustworthiness and
attitude towards social robots [36].

Consequently, quadrupeds for companionship in space
should be small to medium in size and prioritize approach-
able, animal-like locomotion and appearance over the func-
tional complexity of their counterparts for exploration.
Given the importance of affective touch in human-robot
interaction [30], incorporating a strokable haptic surface
is recommended for companion robots. A small manipu-
lator can enhance utility by assisting the human partner in
simple tasks, such as fetching objects or passing tools, but
heavy manipulation is likely unnecessary. The sensor suite
should focus on human detection and interaction, including
cameras for face and gesture recognition, microphones for
voice commands, and optional proximity sensors to main-
tain safe distances. Robustness and energy efficiency re-
main important, but given the limited mobility needs and
short-range operations within a habitat, battery and struc-
tural requirements are moderate. Autonomous recharging
capabilities can be integrated to minimize downtime and
ensure reliable operation. A general design based on these
considerations is suggested in Figure 5 on the right.

6.3 Autonomy and Team Integration
Human-companion quadrupeds should operate under

shared autonomy, balancing autonomous social behaviors
with human supervision. Routine interactions, such as fol-
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Fig. 5: Characteristic features of quadrupeds tailored to different identified use cases in space applications with specific
design recommendations tailored to the given tasks.

lowing crew members, responding to gestures, or provid-
ing reminders, can be handled autonomously, while astro-
nauts can intervene to adjust behavior, set priorities, or
manage the robot’s positioning within the habitat. Even
minimal social behaviors can positively impact crew well-
being, while more advanced autonomy and learning capa-
bilities can further enrich the human-robot interaction ex-
perience. Thus, the quadruped companion should be ca-
pable of learning from crew interactions, adapting and re-
fining its responses and activity patterns over time to align
with individual preferences and social cues. Integration
into the habitat’s robotic ecosystem involves coordinating
with other systems: companion quadrupeds may commu-
nicate with environmental sensors to monitor crew activity,
or with mobile utility robots to assist in delivering small
items. The autonomy framework should support fail-safe
behaviors, maintaining safety and minimizing disruption
if a conflict or unexpected scenario occurs, while continu-
ously promoting social engagement and crew well-being.

7. Discussion
The analysis of quadruped robots for space applica-

tions highlighted three primary use cases: wide-area ex-
ploration, inspection of confined spaces, and human com-
panionship. Each use case imposes distinct requirements
on design, autonomy, and team integration, to address the
limitations and challenges in each scenario (Fig. 5).

For exploration, quadrupeds must traverse uneven ter-

rain, map complex environments, and, where possible, in-
teract with the environment through sample collection or
instrument deployment. The main limitations are battery
life, payload capacity, and stability on steep or loose ter-
rain, which constrain operational range and the size of in-
struments or samples that can be carried. To mitigate these
issues, energy-efficient actuation concepts and gait selec-
tion are important, therefore suggesting a big and robust
quadruped with advanced autonomy features. Especially,
cooperation with aerial scouts may be beneficial to survey
larger ranges and aid in mapping of unknown areas.

In cave and confined-space inspection, quadrupeds
benefit from compact, agile designs with minimal or
no manipulators and sensors optimized for close-range
perception. The primary challenges are communication
constraints, navigation in narrow passages, and robustness
to environmental interactions, such as collisions with walls
or rocks. Dropping repeaters along the path or tethered
communication, and elastic leg designs with springs can
help overcome these challenges. Shared autonomy is
advised, where the human remote control plays a bigger
part in maneuvering passages or inspecting points of
interest. These missions also highlight the importance of
heterogeneous teams, where small quadrupeds with lim-
ited battery capacity can be transported by larger systems
to the inspection area. Current state-of-the-art quadrupeds
have only limited experience in strongly constrained,
communication-limited environments, marking this as a
critical area for research.
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The use of quadrupeds as human companions promises
improved psychological well-being in isolated habitats.
Design priorities include social presence, safe interaction,
and adaptability to individual crew preferences. Critical
features are vision and audio sensors for social cue recog-
nition, haptic surfaces, and light manipulators for small as-
sistance tasks. While less demanding in terms of payload
and reach, companion robots must exhibit robust social au-
tonomy and learning capabilities. Research in this area is
still emerging, largely in the context of healthcare and el-
dercare, but adapting these insights to quadrupeds in space
habitats may be promising to enhance crew mental health.

Across all use cases, potential pitfalls include overes-
timating autonomy capabilities, underestimating commu-
nication constraints, and hardware limitations under space
conditions. Quadrupeds are unlikely to replace wheeled
or tracked robots for long-distance transport or heavy lift-
ing, and their deployment must be carefully integrated with
other robotic systems. Due to the more complex mechan-
ics, environmental conditions in space, like dust storms,
extreme temperatures, and uneven gravity, pose greater
challenges to quadruped systems and need to be addressed.
Shared autonomy features will be critical throughout all
use cases, such that robot autonomy and human intuitive-
ness can be combined to overcome challenges of each task.

8. Conclusion
Overall, quadrupeds offer versatile platforms capable of

complementing other robotic systems in space. Depending
on the use case, the systems’ design, autonomy, and team
integration should be tailored to the specific mission needs,
suggesting that one-size-fits-all solutions may not be appli-
cable. Implemented in a robotic team, quadrupeds can en-
hance exploration, inspection, and crew support, but con-
tinued research is required to fully realize their potential
under the unique constraints of extraterrestrial conditions.

Acknowledgements
We thank the whole Surface Avatar Team at the DLR

Institute of Robotics and Mechatronics, the German Space
Operations Center (GSOC), the European Astronaut Cen-
tre (EAC), and the European Space Research and Technol-
ogy Centre (ESTEC). A special acknowledgment goes to
Florian Schmidt, Robert Burger, and Jörg Butterfass for
their support in keeping our robots running. We are deeply
grateful to the ESA and NASA astronauts Marcus Wandt,
Tracy C. Dyson, Jeanette Epps, and Jonny Kim for their
participation in our experiments and invaluable feedback.

References

[1] Kristen A Bennett, Valerie K Fox, Alex Bryk,
William Dietrich, Christopher Fedo, Lauren Edgar,
Michael T Thorpe, Amy J Williams, Gregory M
Wong, Erwin Dehouck, et al. The curiosity rover’s
exploration of glen torridon, gale crater, mars:
An overview of the campaign and scientific re-
sults. Journal of Geophysical Research: Planets,
128(1):e2022JE007185, 2023.

[2] Christopher DK Herd, Tanja Bosak, Elisabeth M
Hausrath, Keyron Hickman-Lewis, Lisa E Mayhew,
David L Shuster, Sandra Siljeström, Justin I Simon,
Benjamin P Weiss, Meenakshi Wadhwa, et al. Sam-
pling mars: Geologic context and preliminary char-
acterization of samples collected by the nasa mars
2020 perseverance rover mission. Proceedings of the
National Academy of Sciences, 122(2):e2404255121,
2025.

[3] Chen Li and Kevin Lewis. The need for and feasi-
bility of alternative ground robots to traverse sandy
and rocky extraterrestrial terrain. Advanced Intelli-
gent Systems, 5(3):2100195, 2023.

[4] Qimeng Li, Franco Cicirelli, Andrea Vinci, An-
tonio Guerrieri, Wen Qi, and Giancarlo Fortino.
Quadruped robots: Bridging mechanical design, con-
trol, and applications. Robotics, 14(5):57, 2025.

[5] Hendrik Kolvenbach, Philip Arm, Giorgio Valsecchi,
Nikita Rudin, and Marco Hutter. Legged systems for
exploration. In Space Robotics: The State of the Art
and Future Trends, pages 135–156. Springer, 2024.

[6] Unitree. Go2. https://www.unitree.com/go2/, 2024-
07-30.

[7] Boston Dynamics. Spot.
https://bostondynamics.com/products/spot/, 2024-
07-30.

[8] ANYbotics. ANYmal.
https://www.anybotics.com/robotics/anymal/,
2024-07-30.

[9] Philip Arm, Radek Zenkl, Patrick Barton, Lars
Beglinger, Alex Dietsche, Luca Ferrazzini, Elias
Hampp, Jan Hinder, Camille Huber, David Schaufel-
berger, et al. Spacebok: A dynamic legged robot
for space exploration. In 2019 international con-
ference on robotics and automation (ICRA), pages
6288–6294. IEEE, 2019.

[10] Hendrik Kolvenbach, Manuel Breitenstein, Christian
Gehring, and Marco Hutter. Scalability analysis of

IAC-25-A3-IPB-18-x98355 Page 9 of 11



International Astronautical Congress, Sydney, Australia, 29 Sep-3 Oct 2025.
Copyright ©2025 by DLR (German Aerospace Center). Published by the IAF, with permission and released to the IAF to publish in all forms.

legged robots for space exploration. In Unlocking
imagination, fostering innovation and strengthening
security: 68th International Astronautical Congress
(IAC 2017), volume 16, pages 10399–10413. Curran,
2018.

[11] Neal Y. Lii, Peter Schmaus, Daniel Leidner, Thomas
Krueger, Jessica Grenouilleau, Aaron Pereira, An-
gelo Giuliano, Adrian Simon Bauer, Anne Köpken,
Florian Samuel Lay, et al. Introduction to surface
avatar: the first heterogeneous robotic team to be
commanded with scalable autonomy from the iss.
In Proceedings of the International Astronautical
Congress, IAC. International Astronautical Federa-
tion, IAF, 2022.

[12] Neal Y. Lii, Thomas Krueger, Peter Schmaus, Daniel
Leidner, Simone Paternostro, Adrian Simon Bauer,
Nesrine Batti, Anne Köpken, Florian Samuel Lay,
Ajithkumar Narayanan Manaparampil, et al. Ev-
erything is awesome if you are part of a (robotic)
team: Preliminary insights from the first iss-to-
surface multi-robot collaboration with scalable au-
tonomy teleoperation. In 75th International Astro-
nautical Congress, IAC 2024. IAF, 2024.

[13] Daniel Seidel, Annika Schmidt, Xiaozhou Luo, An-
tonin Raffin, Luisa Mayershofer, Tristan Ehlert, Da-
vide Calzolari, Milan Hermann, Thomas Gumpert,
Florian Löffl, et al. Toward space exploration on
legs: Iss-to-earth teleoperation experiments with a
quadruped robot. In 2024 IEEE Conference on Telep-
resence, pages 10–15. IEEE, 2024.

[14] Ashish Majithia, Darshita Shah, Jatin Dave, Ajay
Kumar, Sarita Rathee, Namrata Dogra, Vishwanatha
HM, Dundesh S Chiniwar, and Shivashankarayya
Hiremath. Design, motions, capabilities, and applica-
tions of quadruped robots: a comprehensive review.
Frontiers in Mechanical Engineering, 10:1448681,
2024.

[15] Patrick Bambach, Valentin Bickel, Hendrik Kol-
venbach, Giorgio Valsecchi, Harald Steininger,
Nicholas Eaton, Harald Hiesinger, and Manish Pa-
tel. Leap-legged exploration of the aristarchus
plateau. In European Planetary Science Congress,
pages EPSC2022–856, 2022.

[16] Hendrik Kolvenbach, Dario Bellicoso, Fabian Jenel-
ten, Lorenz Wellhausen, and Marco Hutter. Efficient
gait selection for quadrupedal robots on the moon and
mars. In 14th International Symposium on Artificial
Intelligence, Robotics and Automation in Space (i-
SAIRAS 2018). ESA Conference Bureau, 2018.

[17] Hendrik Kolvenbach, Elias Hampp, Patrick Barton,
Radek Zenkl, and Marco Hutter. Towards jumping
locomotion for quadruped robots on the moon. In
2019 IEEE/RSJ International Conference on Intelli-
gent Robots and Systems (IROS), pages 5459–5466.
IEEE, 2019.

[18] Amanda Bouman, Muhammad Fadhil Ginting,
Nikhilesh Alatur, Matteo Palieri, David D Fan,
Thomas Touma, Torkom Pailevanian, Sung-Kyun
Kim, Kyohei Otsu, Joel Burdick, et al. Autonomous
spot: Long-range autonomous exploration of ex-
treme environments with legged locomotion. In 2020
IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS), pages 2518–2525.
IEEE, 2020.

[19] Ali Agha, Kyohei Otsu, Benjamin Morrell, David D
Fan, Rohan Thakker, Angel Santamaria-Navarro,
Sung-Kyun Kim, Amanda Bouman, Xianmei Lei,
Jeffrey Edlund, et al. Nebula: Team costar’s robotic
autonomy solution that won phase ii of darpa subter-
ranean challenge. Field robotics, 2:1432–1506, 2022.

[20] Kristen John, Wesley Allen Chambers, Charles R
Buhler, and Marit Elisabeth Meyer. The challenge of
lunar dust. In NESC Unique Science from the Moon
in the Artemis Era Workshop, 2022.

[21] Jason Crusan, Jacob Bleacher, Joe Caram, Douglas
Craig, Kandyce Goodliff, Nicole Herrmann, Erin
Mahoney, and Marshall Smith. Nasa’s gateway: An
update on progress and plans for extending human
presence to cislunar space. In 2019 IEEE Aerospace
Conference, pages 1–19. IEEE, 2019.

[22] Neal Y Lii, Daniel Leidner, Peter Birkenkampf,
Benedikt Pleintinger, Ralph Bayer, and Thomas
Krueger. Toward scalable intuitive telecommand
of robots for space deployment with METERON
SUPVIS Justin. 2017.

[23] Kjetil Wormnes, William Carey, Thomas Krueger,
Leonardo Cencetti, Emiel den Exter, Stephen Ennis,
Edmundo Ferreira, Antonio Fortunato, Levin Gerdes,
Lukas Hann, et al. Analog-1 iss–the first part of an
analogue mission to guide esa’s robotic moon explo-
ration efforts. Open Astronomy, 31(1):5–14, 2022.

[24] William Carey, Thomas Krueger, Kjetil Wormnes,
Jessica Grenouilleau, Edmundo Ferreira, Kim Ner-
gaard, Emiel den Exter, Levin Gerdes, Andrei
Gherghescu, et al. Analog-1: A touch remote. In
Proceedings of the 73rd International Astronautical

IAC-25-A3-IPB-18-x98355 Page 10 of 11



International Astronautical Congress, Sydney, Australia, 29 Sep-3 Oct 2025.
Copyright ©2025 by DLR (German Aerospace Center). Published by the IAF, with permission and released to the IAF to publish in all forms.

Congress (IAC). International Astronautical Federa-
tion, September 2022.

[25] Michael Panzirsch, Aaron Pereira, Harsimran Singh,
Bernhard Weber, Edmundo Ferreira, Andrei Ghergh-
escu, Lukas Hann, Emiel den Exter, Frank van der
Hulst, Levin Gerdes, et al. Exploring planet geology
through force-feedback telemanipulation from orbit.
Science robotics, 7(65):eabl6307, 2022.

[26] Nesrine Batti, Luisa Mayershofer, Anne Köpken,
Adrian S. Bauer, Florian S. Lay, Tristan Ehlert,
Thomas Gumpert, Xiaozhou Luo, Ajithkumar N.
Manaparampil, Antonin Raffin, Daniel Seidel, Emiel
Den Exter, Rute Luz, Annika Schmidt, Peter
Schmaus, Daniel Leidner, Thomas Krüeger, and
Neal Y. Lii. Toward intuitive robot-to-human er-
ror reporting to enhance user awareness in space
(tele)operation. In 2025 IEEE Aerospace Confer-
ence, pages 1–13, 2025.

[27] Anne Köpken, Nesrine Batti, Adrian S. Bauer, Jorg
ButterfaB, Tristan Ehlert, Werner Friedl, Thomas
Gumpert, Florian S. Lay, Xiaozhou Luo, Ajithku-
mar N. Manaparampil, Luisa Mayershofer, Antonin
Raffin, Florian Schmidt, Daniel Seidel, Emiel den
Exter, Rute Luz, Annika Schmidt, Peter Schmaus,
Daniel Leidner, Thomas Kruger, and Neal Y. Lii. To-
ward robust task execution through telerobotic fail-
ure recovery in space operations. In 2025 IEEE
Aerospace Conference, pages 1–13, 2025.

[28] Dominic Lakatos, Kai Ploeger, Florian Loeffl, Daniel
Seidel, Florian Schmidt, Thomas Gumpert, Freia
John, Torsten Bertram, and Alin Albu-Schäffer. Dy-
namic locomotion gaits of a compliantly actuated
quadruped with slip-like articulated legs embodied in
the mechanical design. IEEE Robotics and Automa-
tion Letters, 3(4):3908–3915, 2018.

[29] Adrian S. Bauer, Anne Köpken, Nesrine Batti, Jörg
Butterfaß, Tristan Ehlert, Werner Friedl, Thomas
Gumpert, Florian S. Lay, Xiaozhou Luo, Ajithku-
mar N. Manaparampil, Luisa Mayershofer, An-
tonin Raffin, Florian Schmidt, Daniel Seidel, Emiel
Den Exter, Rute Luz, Annika Schmidt, Peter
Schmaus, Daniel Leidner, Thomas Krüger, and
Neal Y. Lii. System architecture and design con-
siderations for the humanoid robot rollin’ justin in
context of the surface avatar mission. In 2025 IEEE
Aerospace Conference, pages 1–14, 2025.

[30] Steve Yohanan and Karon E MacLean. The role of af-
fective touch in human-robot interaction: Human in-
tent and expectations in touching the haptic creature.

International Journal of Social Robotics, 4(2):163–
180, 2012.

[31] Eshtiak Ahmed, Oğuz ‘Oz’ Buruk, and Juho Hamari.
Human–robot companionship: Current trends and
future agenda. International Journal of Social
Robotics, 16(8):1809–1860, 2024.

[32] Antonin Raffin, Daniel Seidel, Jens Kober, Alin
Albu-Schäffer, João Silvério, and Freek Stulp. Learn-
ing to exploit elastic actuators for quadruped locomo-
tion. arXiv preprint arXiv:2209.07171, 2022.

[33] Marco Sewtz, Xiaozhou Luo, Johannes Landgraf,
Tim Bodenmüller, and Rudolph Triebel. Robust ap-
proaches for localization on multi-camera systems in
dynamic environments. In 2021 7th International
Conference on Automation, Robotics and Applica-
tions (ICARA), pages 211–215. IEEE, 2021.

[34] Harsimran Singh, Michael Panzirsch, Mallikarjuna
Vayugundla, Yunis Scheeler, Martin J Schuster, Ric-
cardo Giubilato, Ribin Balachandran, Jörg Langwald,
Harald Wagner, Thomas Hulin, et al. Skid-steering
telenavigation with extended predictive polygon
method. In 2025 IEEE Aerospace Conference, pages
1–9. IEEE, 2025.

[35] Haralambos Dafas, Emma Li, and Emily Cross.
Walking the line: Assessing the role of gait in a
quadruped robot’s perception. In 2024 33rd IEEE
International Conference on Robot and Human Inter-
active Communication (ROMAN), pages 1339–1345.
IEEE, 2024.

[36] Yao Song and Yan Luximon. When trustworthiness
meets face: Facial design for social robots. Sensors,
24(13):4215, 2024.

IAC-25-A3-IPB-18-x98355 Page 11 of 11


	Introduction
	Background and Related Work
	Legged Systems for Space Applications
	Scalable Autonomy and Robot Team Integration

	Identification of Use Cases
	Surface Exploration and Scouting
	Task Specification
	Design Recommendations
	Autonomy and Team Integration

	Inspection of Confined Spaces
	Task Specification
	Design Recommendations
	Autonomy and Team Integration

	Human Partner- and Companionship
	Task Specification
	Design Recommendations
	Autonomy and Team Integration

	Discussion
	Conclusion

