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ARTICLE INFO ABSTRACT

Keywords: We present the LunarLeaper mission concept, which aims to robotically investigate volcanic pits on the lunar
LunarLeaper surface. Volcanic pits, or skylights, are collapse features that may provide access to subsurface lava tubes,
Legged robot which could serve as shelters for future human explorers and offer insight into the volcanic history of the

Lunar lava tubes

Marius hills pit

Lunar exploration

Autonomous planetary robotics
Ground penetrating radar

Moon by exposing ancient lava flows. The existence and extent of large caves are still debated today and
require in situ analysis. The Marius Hills site in particular offers a potential entry point to a cave system in a
volcanic region on the lunar nearside. Our mission aims to deploy a payload-equipped 15 kg-class legged robot
that can approach a pit, such as the Marius Hills pit, while taking measurements during the traverse. During

Lunar subsurface the mission, measurements from a ground-penetrating radar (GPR) and a gravimeter will allow us to survey the
Geophysical survey subsurface and map any underlying lava tube, if present. The mission will investigate key questions regarding
Lunar mission concept lunar volcanism, such as the existence and geometry of subsurface caves and the magnitude and timing of

lava flows, while assessing the site’s suitability for future human utilization and habitation. Furthermore, the
mission will demonstrate key enabling technologies such as legged robots, serving as building blocks for the
next generation of planetary missions.

1. Introduction astronauts, protecting them from harsh surface conditions such as ra-

diation, extreme temperatures, and impact bombardment [1,2]. Lunar

To this day, close to 300 pits have been identified on the lunar pits expose the sequence of volcanic flows along their walls, offering a

surface by the means of remote sensing [1]. Pits are collapse features unique opportunity to study the Moon’s subsurface and thus geologic

usually located in impact melt and mare regions, and are of high history in detail; the exposed stratigraphic record provides insights into

scientific interest because they expose the local (volcanic) stratigraphic the evolution of the lunar surface and the timing of volcanic activity,
record and provide access to subterranean, ancient, and possibly large as well as changes of composition over time.

lava tubes. Those lava tubes could serve as natural shelters for future
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Fig. 1. Artist impression of the LunarLeaper robot approaching a skylight.

In this context, the Marius Hills Pit (MHP) is particularly interesting
because it is located in Oceanus Procellarum, a mare area shaped by
extensive volcanic activity in the past. Moreover, a clear topographic
expression (Fig. 3) suggests the presence of an underlying lava tube,
making MHP a promising site for subsurface investigation. With a
diameter of approximately 50 m, the distances required to investigate
the pit and surrounding area are feasible for robotic exploration [3,4].
Orbital imaging and geophysical observations suggest the MHP features
pronounced layering in its wall and could be an entryway to a lava
tube [5-7]. Although we will focus on exploration of the MHP for
the remainder of this paper, we note that several other pits represent
potential target sites. For example, a recent publication [8] provides
further indication for a cave conduit at the Mare Tranquillitatis pit.

Current analyses of lunar pits are constrained by the limited spatial
resolution and imaging geometry of orbital assets, preventing the iden-
tification of anything beyond a potentially small void space beneath
the pit. Only a surface mission can provide the next step in confirming
and characterizing potential subsurface cave systems — which in turn
could provide ground truth data to increase the confidence in potential
orbital cave detections in other locations.

The MHP has previously been considered by other mission con-
cepts [3,4], often involving large, costly rovers or cranes designed to
access a potential lava tube beneath the pit. However, implementing
such concepts presents major challenges due to the rugged, uneven, and
sloped terrain, particularly at increasingly steep slopes in the funnel
region that represent the transition between the surrounding terrain
and the approximately vertical pit wall [1] (Fig. 4). A further challenge
arises from the unknown physical stability of the terrain along the pit
funnel, let alone the uncertainty regarding the existence of a larger
cave.

While wheeled rovers offer advantages in simplicity, cost, and com-
ponent heritage, they are fundamentally limited in accessing such
environments. Especially in view of steep, uneven, and possibly loose
terrain at the MHP, the ability of wheeled rovers to traverse would be
severely restricted, reducing the capability to image into the pit and
achieving key mission objectives. Furthermore, legs offer the advan-
tage of being able to manipulate the environment, where otherwise
mechanical arms would be required, increasing mechanical complexity
and mass.

A legged robot inherently offers superior mobility on rugged and
irregular surfaces [9-11]. Examples include ETHs SpaceBok [12] and
ANYmal [13], which both demonstrated mobility on 25 degrees in-
clined planetary analog soil [14,15]. Their ability to carefully place
feet, dynamically adapt posture, and negotiate slopes and obstacles
allows them to maintain proximity to the funnel of the pit and conduct
close-up investigations. The flexible platform can also adapt to specific
positions required by instruments, eliminating the need for camera
articulation or other instrumentation. This agility is crucial to maximize
scientific return, particularly in a region where precise maneuvering is
essential to ensure the safety of the system. Thus, we propose a novel,
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15-kg-class legged robot to perform the mission and demonstrate legged
locomotion as a key technology for future lunar exploration missions
(see Fig. 1).

In the following, we will present the science and technology goals
in Section 2, the mission concept in Section 3, the payload suite and
robotic system in Sections 4 and 5, respectively, before discussing
mission implementation in Section 6, the conclusion in Section 7, and
the outlook in Section 8.

2. Science and technology goals

In order to maximize the scientific return of the mission, we have
defined a set of key scientific and technology objectives that will guide
our exploration strategy, robot design, and instrument deployment.

2.1. Scientific objectives

We expect to address a number of detailed scientific mission ob-
jectives (01-04), which are also displayed in the Science Traceability
Matrix in Fig. 2:

O1 - Investigate subsurface lava tubes: The primary objective of the
mission is to investigate the existence and extent of subsurface caves. By
combining high-resolution local ground surveys with available orbital
observations, we can gain further insight into regional geology, thus
going beyond a local study of the selected landing site/pit.

02 - Assess the suitability of lava tubes for human exploration and habi-
tation: First, it is suspected that the lava tubes could span hundreds of
kilometers, yet only ~300 pits have been located so far. This raises the
question of why the collapse occurred and whether a further collapse is
likely. Another critical aspect in the assessment of suitability for a lunar
base is the structure of the floor of the cave and the accessibility and
terrain around the pit. The capabilities of the legged robot allow us to
approach the pit and determine the accessibility and stability of the pit
funnel with large robotic (crane-) systems or other types of equipment,
as well as assess its resistance to impact bombardment. Assessment of
mineralogy around the pit will provide important information on the
availability of potential resources.

03 - Assess geological processes, specifically the volcanic evolution of the
Moon: Surface-exposed bedrock outcrops are exceedingly rare on the lu-
nar surface. However, exposed stratigraphy is uniquely accessible along
a pit wall [6] and allows addressing questions about lava flow emplace-
ment, including the number of flows, their volume, and timescales,
central to understanding lunar volcanism and thus a key aspect of the
Moon’s geologic evolution in general. Layers of paleoregolith between
individual lava flows might be present if a significant pause in volcanic
activity occurred, allowing for space weathering and impact gardening
to fracture the exposed surface rock and create regolith. Such layers are
of particular interest because they reveal pauses in the Moons volcanic
activity and might encode records of past solar activity [16]. Lunar
mare basalts are enriched in FeO and TiO,, depleted in Al,O; and are
thought to be a product of the remelting of mantle cumulates from
early differentiation [17]. Thus, changes in the composition as exposed
along the pit wall provide insights into the evolution of magma sources
over time. The combination of pit wall observations with geophysical
observations of the shallow subsurface around the pit allow us to extend
the localized view at the pit to a more regional one.

04 - Investigate the local and regional extent of regolith: The regolith
is the result of weathering and the thickness of the regolith layers
is thus indicative of the time it has been exposed to space; as such
the thickness of regolith with possible variations along the traverse
provides important information about the regional geological history.
Note that recent regolith thickness measurements from the Chinese
ground-penetrating radar (GPR) on their Chang’e-4 mission provide
points for comparison [18-20]. A source of uncertainty are the physical,
geomechanical properties of the regolith around and on the funnel of
the pit. Both aspects are highly relevant for future ISRU and exploration
activities [21], as discussed in the context of O2. Layers that are not
exposed to space, but that are accessible from inside a subsurface
cave/tube, represent unique sample sites for future missions.



H. Kolvenbach et al.

Acta Astronautica 240 (2026) 63-75

(A) Science (B) Sci ploration / (C) Investigation Objective Requirements (D) Mission Top
Objective and Level
Hypotheses Measurement Requirements Expected Requirements
. Is a lava tube present? Identify a reflector compatible with a void in
(01) Investlgate What is the extent of the lava tube? the ground radar data
subsurface lava Does subsurface structure follow the topographic Identify the gravimetric signature of a mass
tubes and/or other orbital indications for a lava tube? deficit compatible with a subsurface void
Determine the lateral extent of the subsurface
void and compare to inferred geometry, e.g. of
rille interpreted as the boundary of a lava tube.
Images of the lower part and/or floor of the pit | GPR:
if possible. Pen_etra&i?n depth Provision, deployment,
High resolution images of the pit fo identify the | rmdm: 2 GPR: and operation of a
" . 9 9 P y maximum: 70 m
(02) Assess the | Why did the pit collapse? RIMFAX2.0 lander and robot with

suitability of lava
tubes for human
exploration and
habitation

Can we identify pre-existing discontinuities?
How stable is the pit currently?

How could the pit be accessed?

What is the potential for resource utilization?

fracture network, with characteristic, and
potentially asymmetric fracture patterns.
Geomechanical measurements of the regolith
around the pit and along the pit edge (looser
regolith could be sign for impact ejecta).
Density and strength properties of the basalt
and regolith.

Variations in regolith depth.

Distribution of boulders around the pit (impact
ejecta vs collapse residuals).

Spectral assessment of pit layers and surround-

ings.

(03) Assess
geological
processes,
specifically
volcanic evolu-
tion of the
Moon

Characterize evolution and timing of lunar volcanism as
recorded along the pit wall:

How thick are individual layers along the exposed pit wall, do
they vary in composition? Is the layering interrupted by
paleoregolith layers indicative of pausing eruption activity?
What is the flow morphology of the basaltic layers?

What is the density, porosity of the basaltic layers?
Constrain regional geological history of the Marius Hills
volcanic complex at the surface and shallow subsurface:
What is the layering along the traverse and is it consistent
with layering along the pit wall? What is the effect of impact
craters on subsurface structure and surface composition?
How does the ground-truth, i.e. surface data compare with
orbital measurements?

High resolution stereo images and spectral
data along the pit wall to be put in context
with regional geophysical survey.

GPR and gravity measurements along the
traverse to identify and characterize individual
layers regionally.

Contrast geophysical measurements inside
and outside impact craters.

Images and spectral measurements along the
traverse with a focus on ROIs such as blocks
or craters.

(04) Investigate
the local and
regional extent
of regolith

What is the regolith thickness?

What is the surface/substructure of the regolith?

Are there multiple layers of regolith and if so, do they vary
in composition and/or structure?

What are geomechanical properties of the regolith?
How does the layering differ from previously investigated
sites?

High resolution stereo images and, if possible,
spectral data along the pit wall to be put in
context with regional geophysical survey.

GPR and gravity measurements along the
traverse to identify and characterize individual
layers regionally.

Geomechanical measurements of the regolith
around the pit.

Resolution: 5 m
SNR: 10 dB rel. to
noise for reflector at
70m.

GRAV:

Measure gravitational
acceleration to <20 p
Gal precision.

Detect 20 m diameter
lava tube at 30 m
depth (~ 1 mGal)

SCAM:

Resolution

<10 cm at 100 m
distance for the entire
pit wall. Color images.

SPEC:

Pointing accuracy 10s
of mrad. Thermal IR:
7.5-10.5 pm, upscope: 3
sensor heads (5-8 um
and 10-14 pm)

We expect to be able
to detect caves down
0100 meters below

the surface. Antenna
frequency < 100 MHz

GRAV:
Based on GRASS with
<10 pGal precision.

SCAM:

FoV 40 deg,
2048x2048 pixels,
resolution < 5 cm at
100 m.

SPEC: Fabry Perot
Interferometer, 7.5-10.5
Hm (thermal IR)

context and navigation
cameras and >1 km
traverse capabilities.

Accommodation of
payload on robot (GPR,
GRAV, SCAM, SPEC).

Communications link
between robot and
lander and between
lander and Mission
Operations Center on
Earth.

Relay of data to
Lander platform and
Science Team on Earth.

Landing Site within
500 m of pit.

Operation duration of 1
lunar day.

Fig. 2. The Science Traceability Matrix for the LunarLeaper mission.

2.2. Technical demonstration objectives

Beside the scientific objectives, we propose unique technical demon-
stration objectives (T1-T5). Primarily, the deployment of a legged robot
will be a validation of this locomotion concept for exploration. This will
create future opportunities for applications on the Moon and beyond.
Furthermore, the mission will validate several technologies related to
robot design, actuation, and learning-based control.

T1 - Robotic walking on the lunar surface: The objective is to demon-
strate the robot’s ability to walk on the lunar surface. The hypothesis is
that the robot can move forward using mechanical legs, switch between
walking modes to navigate various terrains, overcome certain steepness
and obstacles, and maintain operational efficiency while reducing risks.
Key performance indicators (KPIs) will include speed, gait transitions,
terrain steepness, obstacle size, efficiency as Cost of Transport (COT),
and recovery from failures. In total, we estimate a 500 m traverse to
reach the main objectives, and overcoming slopes of 15-25 degrees as
well as rocks up to a defined size, with stretch goals targeting greater
distances, dynamic walking, steeper terrain, and larger obstacles.

T2 - Demonstrate deployment of a walking robot: A unique deployment
process for a walking robot can be achieved, focusing on reducing
both the time and risks associated with deployment compared to tra-
ditional wheeled rovers. The hypothesis is that a walking rover can
be deployed more efficiently with reduced technical complexity and
fewer specific components on the lander, leading to a faster and more
reliable deployment process. The focus will be on the time required for
the deployment, the technical complexity involved, and the number
of parts used in the process. The deployment strategy may include
innovative approaches, such as deploying the robot without a ramp,
potentially using jumping or rolling techniques.

T3 - Demonstrate the ability to use limbs for manipulation: The ob-
jective is to demonstrate the ability of robotic limbs to perform mea-
surements and interact with the environment, specifically focusing
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on manipulating the lunar regolith and moving small rocks. Simi-
lar objectives have been successfully demonstrated on Earth [22-24].
This approach can be benchmarked by analyzing interaction forces
between the limbs and the regolith, monitoring rock movement and
displacement, and evaluating force-displacement curves derived from
kinematic and dynamic data. This approach aims to achieve high
accuracy and precision in force application and displacement during
interactions, allowing soil mechanic experiments along the traverse.

T4 - Demonstrate the use of main-body flexibility: The robot’s body
can serve as a pan-tilt unit, enabling fixed instruments on the body
to achieve the range of motion. The hypothesis is that the robot’s
body can be effectively utilized to adjust the orientation of onboard
instruments by leveraging its range of motion provided by the leg
kinematics. Measurements will include the extent of the body’s motion
and the precision of this motion as monitored through sensors such as
an Inertial Measurement Unit (IMU) or kinematic data. This approach
aims to simplify the design by eliminating the need for additional pan—
tilt mechanisms while still providing the necessary range of motion for
the instruments.

T5 - Demonstrate autononty on the lunar surface: The objective is
to advance and demonstrate robot autonomy on the lunar surface,
focusing on the ability to adapt and change the level of autonomy
based on mission requirements. The hypothesis is that the robot can
autonomously traverse a predetermined distance and localize and nav-
igate on the lunar surface with sufficient accuracy and limited hu-
man intervention. Additionally, the robot should be capable of map-
ping the lunar terrain, recognizing environmental characteristics and
risks, and suggesting independent decisions to perform specific tasks.
Here, we can evaluate the robot’s autonomous traversal distance, lo-
calization accuracy, navigation efficiency, and decision-making capa-
bilities in various lunar conditions. The goal is to achieve robust
autonomy that ensures mission success in dynamic and unpredictable
lunar environments.
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Fig. 3. (a) Foreseen mission traverse from the lander (star) to the MHP in Phase I with an extended traverse as part of Phase II. (b) Possible landing sites are
assessed based on slope with a maximum possible slope of 8°. Light green indicates a buffer region associated with landing uncertainty. (c) Visible area from the
landing location with the maximum visibility (90.28%), resulting in a minimum walking distance of 250 m (orange line) between the landing location and the
pit. Visibility/communication analysis assumes a lander with a 4-m high antenna. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

3. Mission concept
3.1. Target site and exploration strategy

LunarLeaper is planned to land on the lunar surface and traverse
the lateral extent of the hypothesized subsurface lava tube (Fig. 3) .
On its traverse it will take measurements with a ground-penetrating
radar (GPR), a gravimeter, and camera images. These measurements
will allow us to survey the subsurface structure and detect and map
the lava tube geometry if present. After arrival at the pit, the robot will
approach the funnel and acquire high-resolution images of the pit walls
containing uniquely exposed layers of the geophysically mapped lava
flows and regolith layers. These images will not only provide scientific
information on lunar volcanism and regolith formation, but also enable
assessment of the pit structure stability and its use as a possible lunar
base. The mission is expected to last for one lunar day (14 Earth days).
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3.2. ConOps

3.2.1. Traverse

We have investigated landing site suitability and a mission traverse
around the MHP, with focus on terrain traversability and line-of-sight
from a lander. We propose a two-phase approach after landing (Fig. 3a):

Landing: In line with a landing precision of 50 m currently commu-
nicated by CLPS landing providers, we require locations within a 100 m
circle with <8 degree slope to be considered as possible landing sites
(Fig. 3b). For such sites, we test for line-of-sight between landing site
and perimeter around the pit.

Phase I: From the landing site, we approach the pit while taking
geophysical measurements. When considering a landing site that can
provide maximum line-of-sight visibility with any point within a 500 m
radius around the pit, the best-case direct walking distance to the pit is
~250 m excluding the traverse around the funnel (Fig. 3c). It consists
of a certain periodicity of walking, measurement, data transfer, and
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Fig. 4. Slope map around the Marius Hills Pit.

heat management due to the relatively easy terrain, which allows for
a certain level of autonomy in the operations. Once arrived at the
pit, a careful walk around the pit allows detailed investigation of the
opposing wall. As the terrain is significantly more challenging here with
slopes reaching up to 35 degrees (Fig. 4), the level of autonomy will
be reduced. In total we estimate around 500 m in traveling distance
including margin.

Phase II: We continue walking while taking geophysical measure-
ments and crossing the lava tube edge, followed by the return to the pit
and in-depth investigation of the opposite pit wall (distance depending
on the extent of the traverse, but estimated around 1000 m). Phase I
of the traverse will be conducted in the most direct manner to ensure
that all primary mission objectives (01-0O4, T1-T4) can be addressed
early in the mission, Phase II will include additional elements, such
as further technology demonstrations and additional possible scientific
investigation of local features such as rocks and regolith.

Our baseline mission does not include the descent into the pit.
However, towards the end of the mission and in line with our risk
reduction approach, we will investigate the possibility of approaching
the pit funnel for a better view of the lower pit sections and possibly
the pit floor.

3.2.2. Operational sequence

Derived from the payload requirements regarding measurement
intervals, and considering the planned traverse, a refined low-level
operational sequence for the ConOps has been developed. This se-
quence includes platform displacement, measurements, data transmis-
sion, navigation re-evaluation, and stand-by phases, each representing
distinct operational modes. Measurement durations, power consump-
tion, and data output are determined by the payload specifications,
while high-level system assumptions further constrain the remaining
parameters.

Fig. 5 illustrates a potential sequence for a nominal case, repeated
throughout the mission. It incorporates standby periods, primarily al-
located for cooling or recharging, which vary in length with time of
day and operational conditions. Measurement intervals are adaptively
adjusted within a predefined range during the mission.

This timeline approach facilitates a rough estimate of total power
consumption and data generation during the mission. It enables the
assignment of mission time to different subsystems.
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Mode Power [W] | Data [kbyte] [Time per

per Mode |per Mode Mode
Baseline 10 0.1
Locomotion/GPR 40 10 4 min
Gravimeter 10 20 10 min
Camera/Spectrom 10 1000 1min
Communication 20 940 0.5min
Stand by 0 0.1 n/a

Total Power [W]: 20|30

Fig. 5. Operational sequence of the robot and payloads.

3.2.3. Lunar environment

Gravity is only one-sixth of that on Earth, and the lack of a global
magnetic field or substantial atmosphere enhances radiation exposure
on the surface [25] and leads to large temperature fluctuations. Fur-
thermore, the surface is constantly affected by impactors of various
sizes [26,27]. Our robot will face a challenging environment during
the mission, and we will describe three of these challenges related to
thermal, and radiation exposure in more detail.

At a latitude of 14°N, the inclination of the sun is nearly per-
pendicular [28]. Combined with the lack of atmosphere [29], this
results in a significant influx of solar irradiance to the lunar surface,
which is mainly modulated by the distance between the Sun and the
Moon [30]. In addition to direct solar illumination, a fraction of the
incident sunlight is scattered by the lunar regolith [31], that results in
diffuse reflection and irradiates the system from below. Consequently,
the system’s radiator must be oriented and designed to maximize
thermal emission to space while minimizing exposure to the Sun and
the reflective lunar surface.

Another significant environmental factor comes from the lunar re-
golith [32,33] and particularly its finest fraction: dust particles with a
mean diameter of 60 pm [34]. The dust particles are sharp-edged, like
glass [33] and, due to the low electrical conductivity, UV light can build
up an electrostatic charge within the particles. The adhesive nature of
the dust tends to accumulate on painted surfaces [35]. This dust affects
the efficiency of solar panels and radiator surfaces and can also affect
joint movements, leading to increased wear [36].

The Moon’s radiation environment consists of solar wind, solar
energetic particles (SEP), and cosmic galactic rays (CGR). The absence
of a magnetosphere and atmosphere allows a high flux of radiation
to reach the surface, with pronounced fluctuations correlated to the
solar cycle [37,38]. Although the total ionizing dose (TID) accumu-
lated during a 14-day mission is relatively low, the risk of highly
energetic particles striking the robot remains significant, potentially
causing catastrophic single-event effects. Predicting the probability of
such high-energy events, particularly from GCRs, remains challenging.
Moreover, as shielding against these impacts is unattainable for small
missions, the system design must accommodate this elevated risk or
trade its effect on success probability with extra cost.

4. Payload suite

The robot will be equipped with geophysical instruments to enable
characterization of the subsurface (Section 4.1,4.2). Further inves-
tigation will be dedicated to in-depth visual and possibly spectral
characterization of the MHP since the unique capabilities of the robot
will allow us to approach the pit despite the steep funnel. Images
along the traverse will help interpret the regional geology, including
craters or large blocks along the traverse (Section 4.3,4.4). Further,
we note that robotic legs enable surface manipulation and probing of
geomechanical properties and can be considered part of the mission
payload, contributing to both mobility and functional versatility.
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4.1. Ground-penetrating radar (GPR)

A GPR is particularly well-suited for detecting subsurface layering
and structures. It operates by emitting electromagnetic pulses from
an antenna, which are reflected from material interfaces with varying
dielectric properties. These variations typically result from differences
in porosity or composition, such as between regolith and basaltic
bedrock, or between solid rock and void spaces. GPR surveys have been
conducted successfully on both the Moon and Mars, providing data
on subsurface structures in their dry and cold environments [39,40].
On the Moon, GPR data has been instrumental in constraining regolith
thickness, layering across the traversed terrain and inferences regarding
the content of TiO, and FeO in lunar subsurface material [41-43].
In this mission, the LunarLeaper robot will conduct continuous GPR
measurements at intervals of approximately 0.1 m. As it approaches and
crosses the presumed boundary of the lava tube, a reflection from the
tube ceiling is expected to appear distinctly due to the transition from
compact rock to void space, while shallow reflections will represent
the boundaries of individual subsurface layers, including the regolith.
The GPR antenna detects reflections that are usually represented in
radargrams, 2D images showing reflected signal amplitude versus time.
Converting GPR travel time to depth relies on a model of the dielectric
properties of the lunar regolith and underlying layers, which influence
the electromagnetic wave velocity. This model will initially be pro-
posed based on using laboratory measurements from Apollo samples
and modeling based on regolith composition and density. Using the
hyperbolic shape of reflectors in the radargrams, we can update and
refine this prior velocity model [44]. This requires good electromag-
netic coupling of the antenna output into the subsurface, specifically
an antenna altitude of less than a quarter wavelength, which is enabled
the flexibility of a legged system. This finally allows to determine the
depth of the reflection patterns corresponding to layers or a void space
that would represent the lava tube. The expected data volume is less
than 10 kilobytes per observation. For approximately 1 km of traverse,
this results in a total data volume of less than 1 gigabyte.

4.2. Gravimeter (GRAV)

Gravimetric methods have long been used to map subsurface struc-
tures by detecting density variations [45]. The density contrast between
regolith and bedrock makes gravity surveys a valuable tool for identi-
fying structural boundaries. Orbital gravity observations, notably from
the GRAIL mission, have revealed key aspects of the lunar crust and
interior on scales of kilometers and more [46-50]. Surface gravimeters
provide higher resolution and have previously been used successfully.
For example, the Traverse Gravimeter Experiment (TGE) was deployed
during the Apollo 17 mission and helped identify and characterize a
high-density lava flow on the Moon [51,52]. Furthermore, the use of
gravimeters mounted on wheeled robotic platforms has previously been
proposed for detecting subsurface lava tubes near skylights [53,54].

Here, LunarLeaper will acquire gravity vector measurements at
approximately one-meter intervals, providing direct information on
the average subsurface density below the robot. After correcting the
data for effects not due to subsurface structure (e.g. the altitude and
surrounding terrain) [55], gravity data can be inverted for density
structure. Here, any additional information such as layering can be used
as a prior constraint. The lave tube represents a void space within solid
rock, that is, a large density contrast, and the gravimetric signature
should provide clear signals, particularly at the transition from rock
to lava tube. Additionally, it will allow constraining the density of the
ambient rock, which will complement GPR measurements and alleviate
ambiguities in interpreting subsurface dielectric properties (e.g., [40]).
Since gravimetric methods have poor depth resolution alone, the in-
tegration of GPR with gravimetric data has significant benefits. The
expected data volume is approximately 20 kilobytes per observation,
resulting in less than 20 megabytes for a 1-kilometer survey.

68

Acta Astronautica 240 (2026) 63-75

The joint inversion of gravity measurements and GPR combines the
methods’ individual strengths and will enhance the ability to confirm
the presence of a subsurface lava tube and provide robust constraints
on its geometry. These combined observations will also facilitate the
regional extrapolation of subsurface layers observed along the pit wall
and describe the stratigraphy encountered during the traverse.

4.3. Scientific camera (SCAM)

Images play a dual role by providing crucial information for both
navigation and site characterization. While satellite imagery has been
helpful in identifying potential skylights, high-resolution imaging from
the ground offers new detail, particularly for steep and partially over-
hanging walls, which may be obscured in satellite views. By mounting
a high-resolution camera on the tiltable main body of the robot, it is
possible to capture images from various angles and locations around the
pit. We aim for achieving resolutions of a few centimeters across the pit
for illuminated walls and investigate the tradeoff of LED headlights to
illuminate deeper regions. These image-based layer and fracture maps
will help assess the stability of the pit, enabling advanced modeling
to test hypotheses on skylight formation, and evaluate the current and
future stability of the lava tubes. We expect to be able to directly
map fractures in the photogrammetry model [56] and further use these
models to investigate impact processes [57] and thermo-mechanical
fatigue. LunarLeaper will acquire images along the traverse providing
information on the rock distribution possibly giving clues on the for-
mation process of the pit. At the pit itself, with dense coverage we
will create stereo images and generate 3D reconstructions of the pit
interior and its funnel at a depth resolution of potentially less than
0.1 m. Depending on the actual depth of the lava tube, it is possible
that it can be captured with the camera. The expected data volume of
a science camera with a Field of View (FoV) of 40 degrees at 2048x2048
pixel resolution is approximately 2 MB per observation for pit coverage
(~30 images) and around 45 high-quality scientific images along the
traverse. The total data volume is estimated at 150 MB. Further images
will be acquired if bandwidth limitations allow it.

4.4. Spectral assessment (SPEC)

An improved model of the surface-exposed material composition
can be provided by assessing their spectral reflectance characteristics.
As demonstrated with orbital data using the Lunar Reconnaissance
Orbiter Diviner instrument [58], the presence and concentration of
rock-forming minerals can be identified by diagnostic spectral features
in the thermal infrared wavelength range. The Christiansen feature
located between 7.5 and 9 pm is indicative of the total degree of
SiO, polymerization and together with the reststrahlen/transparency
bands (10 to 13 pm) as well as sulfate and phosphate features (8 to
10 pm) minerals like olivine, pyroxene, feldspar, apatite, and ilmenite
can be identified [59]. During the next mission design phases, we
will investigate the option of adding a MEMS-based Fabry—Perot point
spectrometer [60] to better constrain the composition along the pit
walls and possibly distinguish source depths of the deposited lava
layers. This trade study will take compositional results from landed
missions in the CLPS program into account. Expected data volume is
<1 Mbyte.

4.5. Payload integration

One key decision is whether to adopt a decentralized architec-
ture, where each payload operates with its own dedicated processor
communicating with the main OBC via well-defined protocols, or a cen-
tralized system that integrates all payloads into a unified hardware and
software platform. While the centralized approach minimizes physical
footprint, it also introduces greater system complexity due to the need
for extensive cross-talk management.



H. Kolvenbach et al.

When fully deployed, the GPR antenna has a total tip-to-tip span
of 1.0m. Its placement is coordinated with the locomotion system to
minimize movement constraints while maximizing ground penetration
efficiency and overcoming bending cycles over obstacles. During lunar
transfer and before deployment, the antenna is stored compactly. The
extraction mechanism will pose a challenge for the system design.

5. LunarLeaper robot

The most important technological innovation of this mission is
the integrated use of robotic legs. This approach underscores several
mission objectives, from the demonstration of autonomous walking and
flexibility of the main body to the use of limbs for soil manipulation
and deployment. By employing the legs, the robot can access steep
areas around the pit, point the thermal radiator directly toward free
space and optimize sensor positioning. In the future, this concept may
facilitate exploration of the interior of the pit and serve as a modular
platform for further missions to the Moon and beyond.

5.1. Related work

Small robotic lunar exploration is thriving, driven by affordable
launch opportunities and a growing market for lunar landing providers.
Recent missions such as Pragyan [61], Yutu-2 [20], SLIM [62], and the
current iSpace Rover [63] underline this trend. Additionally, scheduled
projects like the Mobile Autonomous Prospecting Platform (MAPP)
rover [64] and CADRE [65], as well as promising approaches like
Rashid-1 [66] and the Astrobotics Rover [67], further demonstrate the
rapid growth in the field.

Recently, the Pragyan mission successfully landed near the South
Pole (69.4°S), carrying two payloads with a total system weight of 26 kg
and a power production of 50 W, operating for one lunar day. Similarly,
the CADRE (NASA/JPL) mission is set to land at a comparable latitude
(7°N), in conjunction with the MAPP (Lunar Outpost). The CADRE
mission will deploy three autonomous agents equipped with GPR to
collaboratively explore the lunar surface, and is designed to operate
for one lunar day.

We have actively been conducting research to advance legged robots
for planetary exploration [68,69]. Unstructured, natural terrains, char-
acterized by dry granular media, rocks, and slopes, present an ideal
challenge for these systems [14,15]. In particular, the development of
SpaceBok [12] and SpaceHopper [70] (Fig. 9) has been tailored for
such environments. Further analysis, in the context of a potential legged
mission to the Moon, confirmed the thermal feasibility of the concept
through a first-order approximation [71].

Key learnings from the review of other space robot concepts are
multifaceted and offer valuable insights for our design. First, placing
motors on the exterior has proven effective for regolith interaction,
though it requires robust sealing to protect against abrasive dust.
Several missions have also successfully integrated electronics from the
private market, demonstrating the viability of leveraging commercial
off-the-shelf components. An operational strategy commonly observed
is the transition between active and hibernation modes, which op-
timizes energy consumption and thermal management. In addition,
the use of batteries capable of operating in wide temperature ranges
enhances the resilience of the system. Finally, a notable design fea-
ture is the incorporation of a large, flat radiator on top, with heat-
emitting components directly bolted underneath, effectively managing
the thermal load.

5.2. Approach and methodology

In the scope of this work we developed a high-level robot design that
integrates a suite of COTS components with several key assumptions
(see Fig. 7) with each mode linked to a dedicated configuration aimed
at optimizing overall performance. In this methodology, we define the
environmental assumptions and system-level parameters that underpin
our design.
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Fig. 6. High-Level Hardware Systems Architecture.

Fig. 7. Early conceptual sketch of the LunarLeaper robot.

5.3. System overview

The system architecture (Fig. 6) is based on the guidelines estab-
lished by small spacecraft design manuals [72], with the addition of a
robotics system that provides attitude control and locomotion for the
robot. At the core of the system is the computation and data handling
(CDH) unit, which directly connects to the communication system for
data transmission and command. The computation system is assumed
to be divided into two parts: a low-power onboard computer (OBC)
for basic operations and a high-power, high-computation unit for more
intensive processing tasks. The robotics system is integrated into a
feedback loop with the sensing system, which provides data from both
exteroceptive and proprioceptive sensors. The sensing system is also
used to localize the robot in the world frame and estimate its current
state.

The structure and mechanism system provides the framework for
the robot, including interfaces for mechanisms such as deployment sys-
tems, antenna extension, and solar panels. The thermal control system
regulates the internal temperature, maintaining the internal tempera-
ture within operational limits, preferably through passive means. All
payloads are directly connected to the CDH system. The robot inte-
grates commercially available off-the-shelf (COTS) components wher-
ever possible, in order to advance the overall technology readiness level
(TRL) of the system.

5.4. Mobility and locomotion

The robotics subsystem is central to the mission, serving not only as
the primary means of locomotion, but also as an enabler for advanced
operational modes. The selection of either mammal-type or spider-type
leg configuration, each offering unique benefits in terms of range of
motion, terrain interaction, and attitude control, remains under evalu-
ation. The choice between dynamic and static gaits will be determined
by specific mission requirements, such as the frequency of crouching
maneuvers during the traverse, and the overarching risk policy. Initial
locomotion studies have provided estimates for power consumption and
velocity, laying the groundwork for further refinement.
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5.5. Power and thermal control system

The mission duration is set at 14 Earth days, with power consump-
tion expected to range between 10 W to 50 W. Given these parameters,
the most promising power solution is a combination of solar power
and battery storage. The power system consists of two deployable solar
panels, mounted on both sides of the robot, and a Power Conditioning
and Distribution Unit (PCDU), which connects the solar panels and a
battery. The PCDU regulates the set points of the solar panels, controls
the charge and discharge of the battery, maintains the activity of
the Battery Management System (BMS), and provides power at differ-
ent voltage levels [72]. These units are well-established in spacecraft
technology and are compatible with the PC-104 standard [73].

During the preliminary analysis, a battery capacity of 100 Wh pro-
vides sufficient margins for all phases. The primary driver of battery
size is activity during the first and last 24h of the mission. Batter-
ies traditionally impose strict limits on the operating temperature of
spacecrafts, but advances in research have enabled a wider operational
temperature window (—40 °C to 85 °C) [74]. With two solar panels, each
measuring 0.3 m by 0.2m (6U configuration), we expect a peak power
output of 40 Wp at the start of the mission. Degradation of the solar
panels during the mission has two main contributors: lunar dust and
radiation damage (see Section 3.2.3). Dust primarily originates from
electrically charged particles accelerated near the terminator, as well
as human-induced landing plumes. For short-duration lunar missions,
dust accretion of regolith outweighs the effects of long-term radiation
damage. Chang’e-3 recorded a deposition of 0.83mgcm~2 on a hori-
zontal collector during its first lunar day at a young mare site, a load
sufficient to decrease the output current by 16% [75]. Laboratory tests
on partially obscured solar panels show a convex relationship between
output power and obscured area, with a current drop of around 35%
for a deposition of 2.23 mgcm~2 of regolith [76].

Data from the Apollo missions analyze long-term effects and at-
tribute degradation to cosmic particle radiation and ultraviolet light.
The performance drop due to radiation damage is estimated at around
0.8% per six months [77,78]. Overall, data on lunar dust and its effect
on solar power generation are limited to specific cases and remain
scarce, making reliable degradation estimates difficult. Additionally,
the legs of our robot introduce a new challenge by adding unknown
dynamics of dust kick-up during locomotion. This requires a dedicated
study on the behavior and impact of lunar regolith, including the
development of a model and simulation throughout the mission.

For solar panels, systems from Endurosat' and Gom Space were
investigated, as well as satellite drives from Revolv.? Feasible PCDU
solutions were identified from ISIS® and GAUSS,* while batteries from
Saft®> or Murata® meet the mission requirements.

The thermal design focuses on passive control mechanisms wher-
ever possible, using fail-safe technologies to ensure reliability. The
system consists of an insulated box, equipped with solar panels and
a radiator on top, optimizing thermal management. The thermal mass
is modeled as the main body frame, to which all heat-emitting compo-
nents are connected. In practice, additional heat sinks are also incorpo-
rated. Thermal straps efficiently direct heat flow from the mass to the
radiator, ensuring optimal heat dissipation (see Fig. 8).

Endurosat: https://www.endurosat.com/products/6u-solar-panel/.
Revolv Space: https://www.revolvspace.com/products/sara.

ISIS PCDU: https://www.isispace.nl/product/compact-eps/.

GAUSS PCDU: https://www.gaussteam.com/pcdu/.

Saft battery: https://saft4u.saft.com/en/product/mp-small-vl.

Murata battery: https://www.murata.com/products/batteries/cylindrical.
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Fig. 8. Thermal heat flow of the robot concept.

For insulation, multi-layer insulation (MLI)” is assumed, with a heat
transfer coefficient between 0.01Wm 2K~! to 0.1 Wm=2K~!, depend-
ing on the amount of layers. The exterior hull is coated with specialized
materials that meet emissivity and absorptivity requirements for both
infrared and solar radiation [79]. These coatings are also designed to re-
sist the adhesion of lunar dust, further enhancing thermal performance.
To limit heat transfer through the solar panels, a decoupling material
like Glass Fiber Polymer is used, ensuring effective thermal isolation.

The heat flow was modeled using first-principle equations according
to [80]. Managing heat is a primary concern for this mission, par-
ticularly during the extreme conditions of morning and midday. We
identified three key free variables:

Radiator Surface: We assume a top-mounted radiator whose dimen-
sions and material are determined by the system’s thermal require-
ments. Although the baseline design uses a flat radiator, alternative
configurations are being evaluated to optimize heat dissipation under
peak thermal loads.

Concept of Operations: Optimize system activity during specific peri-
ods of the day to maximize performance.

Operating Temperature: Allow for a higher internal temperature to
enhance heat dissipation through the radiator.

5.6. Communication

The primary communication link for the robot is the Lander-to-
Rover system, while the relay to Earth is assumed to be covered
under the launch provider’s contract. Furthermore, a service provider is
required to transmit data from the Ground Station to a Mission Control
Center, with the latency expected to remain under 10s.

The total data volume for the mission is estimated based on the
minimal measurements required from each payload, plus additional
data for system health monitoring, resulting in approximately 650 MB.
Uplink data is assumed to be negligible, and the downlink data rate is
estimated at 250 kbps. From an operational (ConOps) perspective, data
transmission is assumed to occur in discrete packages at designated
transmission windows. Consequently, the robot must be capable of
storing data onboard and selecting specific data packages for down-
link during these windows. For safety and reliability, it is crucial to
detect communication loss and implement recovery strategies, such as
returning to a previously known communication point.

The communication system consists of a COTS available radio mod-
ule that interfaces directly with the OBC and includes multiple antennas
for redundancy. A wide variety of software-defined radios are available
on the market, with established options from Caesium,® Gomspace,’

7 Beyond Gravity MLIL: https://www.beyondgravity.com/en/satellites/
thermal-control-solutions/satellite-insulation.

8 CesiumAstro Radio: https://www.cesiumastro.com/.

9 Gomspace Radio: https://gomspace.com/shop/subsystems/
communication-systems/default.aspx.
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Fig. 9. The SpaceHopper robot (a) from [70] and (b) during ESA’s 83rd
Parabolic Flight Campaign.

and Endurosat.'® A directional antenna will leverage the robotics plat-
form for pointing, with an increased bandwidth when possible, while
an omnidirectional antenna will serve as a backup, ensuring continuous
connectivity. For the ideal landing site, analysis shows that line-of-sight
communications can be maintained for most of the operational time
within a 500 m radius (Fig. 3c).

5.7. Autonomy and navigation

We use a scalable autonomy approach [81] with multiple autonomy
levels with which the human operator can interact. In our baseline
design, we consider three main autonomy levels. At any time, the robot
is supervised by a human operator, and the operator can interrupt the
robot’s operation and interact on multiple levels.

5.7.1. Autonomous operation under human supervision

The highest level of autonomy is mostly aimed at the traverse to
the pit. The robot autonomously follows globally defined paths by
localizing in the global reference frame and using a local navigation
planner to avoid obstacles. The scheduler triggers different robot modes
based on pre-defined intervals (for the measurements) or environment
parameters (for switching to standby) (see Fig. 5). This mode allows for
a fast traverse speed while still ensuring the robot’s safety and a high
scientific return.

5.7.2. Task-level autonomy

In the intermediate autonomy mode, the user sends task goals.
These tasks can include navigation targets that are a few meters away
from the robot, measurement requests, or going to other robot modes
(i.e. communication, standby). This autonomy level allows for a swift
interaction with the robot, while leaving detailed decisions, such as
where exactly to move and measure, to the human operator.

5.7.3. Direct teleoperation

The lowest level of autonomy is a backup mode in which the
operator sends direct twist commands to the robot. This mode might be
needed in case the navigation planner is unavailable, for example if the
perception system fails. However, direct teleoperation over the delayed
network leads to very slow operation and thus reduced scientific return.

10 Endurosat Radio: https://www.endurosat.com/products/uhf-transceiver-
ii/.
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5.8. Feasibility study results

We assessed the overall viability of the mission by integrating the
thermal model with other critical robot parameters, including power
generation, communication system, and locomotion dynamics, while
also accounting for environmental factors. These high-level assump-
tions allow us to predict overall system performance throughout the
mission. The boundary conditions for the assessment are set as follows:
to account for indirect paths and to add a buffer for landing uncertainty,
we set the baseline walking distance for accomplishing Phase I of the
mission at 500 m with measurements performed at defined intervals.
Along the path, the state of charge must remain within the limits
specified by the power control system. The internal temperature must
stay within the assumed bounds for the worst-case hot and cold sce-
narios. The resulting performance metrics offer a high-level evaluation
of the selected system throughout the duration of the mission. While
these results guide the design direction, more detailed, time-dependent
modeling of temperature and power dynamics is required moving
forward.

Thermal: The systems internal temperature is influenced by two
dynamic components, the slow but intense external heat fluctuations
driven by solar radiation, and rapid changes resulting from the heat
dissipation of electronics during active periods. These findings indicate
that mission activities must be scheduled taking into account solar illu-
mination. For example, complete hibernation phases may be necessary
during noon to prevent overheating.

Power: Solar input varies with solar position, and the efficiency of
the solar panels at end-of-life will be critical, as dust buildup diminishes
their performance. With the selected components, power management
becomes particularly challenging during the transition to lunar night.
This analysis underscores the need to limit operations during these
periods. Note that extended lunar night operations would require sig-
nificantly greater energy storage and the mission is currently planned
to not last beyond the lunar day.

In its current state, numerous approximations have been made to
rapidly assess the feasibility of the mission. For instance, the thermal
model is derived from first-principle calculations and does not account
for the robot’s precise positioning relative to the Sun. Additionally, the
power consumption of the legs is represented by a fixed value, as a
detailed conceptual analysis is still pending. The integration and place-
ment of all COTS components has been preliminarily deemed feasible
from both thermal and electrical perspectives, but further validation
is required. Moving forward, the simulation fidelity will be iteratively
enhanced to more accurately reflect real-world conditions.

6. Mission implementation
6.1. Programmatics

We currently estimate the total mission cost, including launch, to be
40 million Euros, excluding a 25% contingency, bringing the available
mission budget to 50 million Euros. The budget allocation has been
carefully structured across different mission stages (pre-Phase A to
launch) over a planned five-year duration.

Pre-Phase A: For the system and the core technology identified,
we outlined a technology development plan. Critical subsystems that
require significant maturation of the TRL have been prioritized for
engineering model development.

Phase A: Engineering models (EM) will be developed for critical
subsystems (Robot leg mechanism, Energy & Thermal control system,
Locomotion control and Autonomy, etc.). We will use our facilities
and external facilities to demonstrate system performance in simulated
lunar environments. Initial testing will demonstrate feasibility, allow
TRL advancement and harmonization of all components to >TRL 6, and
inform design of the flight system.
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Phase B: A complete engineering model (EM) of the robot will be
integrated and tested in relevant, simulated lunar environments. We
will develop and test the high level navigation and autonomy strategies
as a focus, as well as demonstrate dust/regolith ingress protection.
Terrestrial analog testing of science payload will be conducted.

Phase C: Flight design will be finalized, and fabrication will begin
following a successful Critical Design Review (CDR). Ground support
systems and test procedures will be developed in preparation for flight
integration and testing.

Phase D: We will produce the Flight/Qualification unit and test it for
launch. We will determine the sparing/qualification unit philosophy in
Phase B/C.

The cost items besides the mission planning & management include
the engineering design, consisting of modeling of critical subsystem
functionality (thermal, power, operation, etc.), design and prototyping
mechanical and electrical parts of the system, as well as building up
the ground system. For hardware costs, we intend to source compo-
nents with high TRL and build a flight and an engineering model.
For payloads, we rely on existing systems with a high TRL. The soft-
ware development is another key element, which requires writing of
space-ready software according to standard. Testing and validation will
be largely performed by team members, who have access to analog
missions and have dedicated testing facilities. Further validation capa-
bilities for (subsystem) environmental systems will be available on a
contractual basis with industry. We foresee carrying out standard ther-
mal, radiation, vacuum, shock & vibration, dust and electromagnetic
compatibility (EMC) testing. The Integration & Assembly is planned to
be performed partially in-house and partially at external facilities.

Lastly, to deliver the robot to the lunar surface, we rely on a partner-
ship with commercial or national launch providers. The standard rate
among companies currently offering such services is 1 million USD/kg.
We anticipate this cost will remain stable or decrease as the number
of successful landings grows and market competition becomes more
established.

6.2. Risk assessment and mitigation

We performed a detailed risk assessment and mitigation strategy
according to the guidelines of the ESA-ECSS-M-00-03 A Risk Man-
agement procedure. The risks are structured in scientific, technical,
programmatic, operational, environmental, and external challenges.

6.2.1. Scientific risks

We identified three main scientific risks. First, rover- and surface-
induced artifacts could impact GPR data interpretation; to mitigate this,
the antenna and robot are designed together to minimize artifacts,
drawing on experience from the Perseverance mission, and validated
through field testing. Second, potential instrument underperformance
is addressed through robust modeling of lunar subsurface conditions
and design redundancies: the GPR and gravimeter can independently
confirm key hypotheses, and navigation cameras can supplement data
if needed. Lastly, the risk of a shortened mission is mitigated by struc-
turing the traverse in two phases, ensuring critical scientific objectives
are prioritized early, even if the mission duration is reduced.

6.2.2. Technical risks

We identified seven technical risks. Power system failures are mit-
igated by designing the locomotion system to remain safe during in-
stantaneous power loss. If a higher power consumption is detected
than expected, we can adjust locomotion strategies to include more
charging stops at the cost of more detailed scientific data. Currently,
thermal management risks arise from passive thermal coupling of el-
ements of the robot which can be compromised as a result of the
launch. Thorough vibration testing of all components will be required
to ensure integrity after launch. To manage communication delays and
blackouts, the robot will feature self-diagnosis and recovery functions,
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with pre-mapped line-of-sight communication plans. In case of actuator
failure within the robots legs, the robot will be trained with alternative
locomotion gaits to continue operations at reduced speed. Protecting
the main computer from damage due to shock or the environment is
essential and the risk of breaking is foreseen to be mitigated by pack-
aging electronics with dampening and verifying robustness through
drop tests. Payload interference risks will be minimized via extensive
integration testing, while structural integrity issues will be addressed
through FEM analysis and vibration testing for different load cases.

6.2.3. Programmatic risks

We identified four programmatic risks. The deployment of the robot
to the surface remains an open challenge, it is mitigated by design-
ing flexible deployment strategies, including options for the robot to
“hop” or “walk off” the lander, with final selection based on the
chosen landing provider. To manage the low initial TRL of the legged
robot, the usage of conventional technologies with flight heritage is
prioritized, modular development is emphasized, and engineering and
scientific leadership are co-located to streamline progress. The risks of
slow design maturity are addressed through frequent interdisciplinary
interaction, a compact team structure for rapid iteration, and the use
of external domain expertise when necessary. The risk of not achieving
an ideal lunar landing site is mitigated by performing a comprehensive
global analysis of the pits and maintaining continuous engagement with
multiple landing providers and potential partner missions to maximize
flexibility.

6.2.4. Operational risks

We identified five operational risks. Communication delays between
the lunar surface and Earth may be introduced due to the lander
communication windows and other factors. This risk is mitigated by
designing the robot with a high degree of autonomous operational
capability, thus reducing the reliance on continuous operator interven-
tion. Risks associated with navigational errors, due to potential sensor
degradation or human error, have been acknowledged and will be
further mitigated through redundancy concepts and operator training.
Inadequate qualification and testing, particularly in replicating lunar
conditions such as reduced gravity, are addressed through a com-
bination of extensive physical testing, supplemented by high-fidelity
simulations, and the application of conservative design safety margins.
To mitigate risks related to faulty autonomy logic or perception errors,
the system will undergo statistical modeling in simulation and through
selected analog field campaigns. Furthermore, potential challenges aris-
ing within the Concept of Operations, such as reduced locomotion
speed or suboptimal landing locations, are mitigated through conserva-
tive mission planning, including the use of a traverse velocity of 0.2 m/s
and a phased mission approach that prioritizes early achievement of
critical scientific objectives.

6.2.5. Environmental risks

We identified nine environmental hazards associated with lunar
surface operations. To manage the extreme thermal fluctuations and
vacuum conditions, extensive subsystem testing in lunar-like envi-
ronments, including (dirty) thermal vacuum chambers, is planned,
supported by thermal modeling and simulation. Risks posed by lunar
regolith, such as abrasion, mechanical interference and sinkage, are
mitigated by developing dust-tolerant systems, for example with the
use of protective sleeves, and optimizing robotic foot designs to re-
duce sinkage. Radiation and single-event upsets (SEUs) are addressed
through the integration of radiation shielding, with the relatively short
mission duration reducing cumulative exposure concerns. Risks from
micrometeoroid impacts, vacuum degradation of materials, and cu-
mulative component degradation during transport and mission are
mitigated through material selection informed by NASA database and
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environmental testing. To address risks of temperature peaks beyond
expected margins, the robot will autonomously enter a hibernation
mode to prevent thermal overload. Mobility hazards due to uneven
terrain are mitigated through extensive testing with regolith simulators
and the use of a high-degree-of-freedom legged platform capable of
self-recovery. Finally, the potential damage to solar panels from terrain-
induced incidents is minimized by segmenting the panels, ensuring
that partial damage does not critically compromise the energy supply,
allowing operational adjustments as necessary.

6.2.6. External risks

We identified five external risks associated with lunar surface op-
erations inherent to lunar exploration via rideshare opportunities. In
the event of a lander crash, if the robot remains functional, flexible de-
ployment strategies and the robot’s adaptability will be investigated to
attempt mission salvage. Launch schedule delays are mitigated by plan-
ning for mission timeline adjustments, including compensatory move-
ment strategies to maximize scientific output within shortened win-
dows. Geopolitical risks affecting component procurement and launch
opportunities are addressed through diversified component sourcing
strategies and proactive engagement with multiple lander providers.
To mitigate the risk of third-party payload interference, the team
maintains flexible integration strategies and continuous monitoring of
mission configurations. Finally, the risk of damage during transport or
launch is mitigated through rigorous vibration testing to ensure that
the robot can withstand launch and transfer environments.

7. Conclusion

In conclusion, the LunarLeaper mission concept presents a novel
approach for exploring lunar pits, potential entry points to subsurface
lava tubes on the Moon. By deploying a robot equipped with geo-
physical instruments such as a GPR and a Gravimeter, the mission is
able to investigate the existence of lunar caves and their potential as
shelters for future human explorers. Furthermore, detailed imaging and
geophysical mapping of the pit and surrounding volcanic features will
provide new insights into lunar volcanic history and regolith formation.

Beyond its immediate scientific objectives, the first-time deploy-
ment of a legged robot will demonstrate the viability of a novel, dis-
ruptive technology for planetary exploration. Validating the technology
objectives will pave the way to access hard-to-reach yet scientifically
interesting terrain on the Moon, Mars, asteroids, and beyond.

8. Future work

The immediate next steps involve preparation for the System Re-
quirements Review (SRR). This critical phase will require the formal
definition and validation of system-level requirements, informed by
preliminary feasibility analysis and risk assessments. Key efforts will
include refining the mission concept of operations with greater gran-
ularity, finalizing payload integration strategies, and maturing sub-
system designs, particularly focusing on the locomotion, thermal, and
communication system. In addition, emphasis will be placed on detailed
modeling of environmental interactions, such as dust mitigation and
thermal load management, to ensure robust performance under lunar
conditions. Parallel efforts will address the development of autonomous
algorithms for navigation and operational resilience. Beyond the SRR,
subsequent development phases will aim to iteratively validate subsys-
tem performance through analog field campaigns and environmental
testing. Collaborations with lunar lander providers and the lunar sci-
ence community will be pursued to align deployment strategies and
optimize scientific return.
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