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Abstract

The DAEDALUS mission concept aims at exploring and characterising the entrance and initial
part of Lunar lava tubes within a compact, tightly integrated spherical robotic device, with a
complementary payload set and autonomous capabilities. The mission concept addresses specif-
ically the identi cation and characterisation of potential resources for future ESA exploration,
the local environment of the subsurface and its geologic and compositional structure.

A sphere is ideally suited to protect sensors and scienti ¢ equipment in rough, uneven en-
vironments. It will house laser scanners, cameras and ancillary payloads. The sphere will be
lowered into the skylight and will explore the entrance shaft, associated caverns and conduits.
Lidar (light detection and ranging) systems produce 3D models with high spatial accuracy inde-
pendent of lighting conditions and visible features. Hence this will be the primary exploration
toolset within the sphere.

The additional payload that can be accommodated in the robotic sphere consists of camera
systems with panoramic lenses and scanners such as multi-wavelength or single-photon scanners.
A moving mass will trigger movements.

The tether for lowering the sphere will be used for data communication and powering the
equipment during the descending phase. Furthermore, the connector tether-sphere will host
a WIFI access point, such that data of the conduit can be transferred to the surface relay
station. During the exploration phase, the robot will be disconnected from the cable, and will
use wireless communication. Emergency autonomy software will ensure that in case of loss of
communication, the robot will continue the nominal mission.
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Chapter 1

Introduction

Lunar exploration is on the verge of a new golden age starting with the foreseen Gateway station
in cislunar orbit serving as an outpost for human exploration and precursor missions such as the
foreseen ESA European Large Logistic Lander (also known as EL3), whose development will tie
in with the NASA Artemis programme. With this in mind, it is envisioned to have temporary,
semi-permanent or permanent outposts on the surface of the Moon and to bring astronauts
to these outposts. Such setup implies new challenges in terms of mission concepts for future
long-lasting permanence on the Moon requiring new approaches to achieve exploration goals in
caverns and lava tubes (Figure 1.1, 1.2).

Two of the main topics to be addressed are identi cation of in-situ resources such as H,O, for
fuel and oxygen production in situ [88], construction materials for habitats, REE etc. (see [5, 12])
and natural shelters for settlements [22, 133]. Cosmic radiation, extreme temperature excursions
between night and day such as 360K to 220K at the Apollo 11 landing site (according to the
Apollo 11 technical memorandum, [72]), to extremely low temperatures such as at the lunar
south polar regions [29] and not exceeding 100K such in the shaded areas of the Shackelton Crater
[74], micrometeorites impacts and sharp, ne-grained regolith represent signi cant challenges for
robotic system design and performance as well as life-support systems.

1.1 The importance of lava tubes exploration

The discovery in 2009 of the Marius Hills skylight with SELENE-Kaguya Terrain Camera [67]
opened new questions on the existence [79], formation processes [33, 83, 133], size and stability
[22, 133, 149] of underground voids related to drained lava tubes. The existence and entity
of such voids has been inferred to be up to hundreds of meters in height by radar sounder
measurements at several locations, including Marius Hills [79], gravity mass de cits with GRAIL
[36] and comparative planetology with morphometric analysis of Earth analogues [133]. Their
stability has been addressed by structural stability models [22, 149] suggesting that, theoretically,
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Figure 1.2: Location of pits mentioned in the text, from [153].

under lunar gravity conditions voids up to 1 km across can be stable under only few meters-thick
roofs. Such roof geometry has been imaged at di erent phase and incidence angles by NASA
LROC NAC showing that these lava-tube roofs are often overhanging and formed by several

DAEDALUS { Descent And Exploration in Deep Autonomy of Lava
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1.2. Exploration challenges 15

meter-thick layers of lava ows [125]. Therefore the accessibility of these lava-carved caves could
potentially provide, as in Earth analogues, stable temperatures with little to no variation across
day and night cycles, micrometeorites impacts and shelter from radiation. The only known
access to these voids are vertical shafts with overhanging roof (Wagner and Robinson 2014),
whose thickness is variable and the estimate of the environmental characteristics of these voids
as well as their stability remains largely theoretical or inferred from comparative planetology
(e.g. [44]) , including aspects to their hazards to humans (e.qg. [8]).

The ability to access such voids (Figure 3) could both provide answers to all the above
questions related to environmental conditions as well as give the possibility for science of op-
portunity also during the descent of the vertical shaft (e.g. [68]). In fact, along the walls, the
possibility to analyse at close-range the stratigraphy of the stacked lava ows (which is present
and well-visible as in [125]) constituting the roof of the conduit, will provide more insights both
in terms of morphological characteristics of the lava layers, presence of paleoregolith, fracturing
and compositional diversity. Overall, the knowledge of the uppermost crust of the Moon and its
thermal evolution, the styles of its volcanism and the volatile migration history will be advanced
through observations of lava layers, in particular through their:

Composition
Derived ow rheology
Overall morphology of the tunnel

Possible presence of volatiles and cold traps

1.2 Exploration challenges

The exploration of the surface of the Moon, both with crewed and uncrewed missions, has been
essentially concentrated in the Apollo era. Later on, the CNSA with the Chang’e 3 mission in
2013 [156] and the Chang’e 4 in 2019 [155] were the newest attempts to navigate on the surface
of the Moon since decades.

Several environmental, geomorphological and tra cability challenges and hazards have to
be taken into account and mitigated when planning a mission on the surface, adding new levels
of complexity in the attempt to deploy a device in the subsurface. These challenges are even
more increased in semi-autonomous navigation and mapping in a previously unexplored area,
with limited communication increases the level of complexity and hazard as well.

Overall, the rst challenge is of course environmental. Radiation and temperatures need
to be cped with proper materials and dissipation/heating of the internal robotic devices and
analytic instruments. We have a well-known record on how the radiation and temperature
pro les to expect on the Moon since the early ‘70s thanks to the Apollo missions at low-mid
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16 Chapter 1. Introduction

latitudes [72] and further re ned and expanded towards the poles (e.g. [29]) and the knowledge
of the amount of radiation was re ned as well [8]. We could expect that the subsurface will
retain lower radiation levels as it is shielded by meters of hard rock.

The second challenge is selecting the landing area. It should be essentially obstacle-free,
su ciently at and with a ground material able to support the lander/rover devoted to pit
approach and Daedalus deployment.

Therefore, the selection of the landing site is tied with terrain characterization and tra ca-
bility towards the experiment site. In our case, boulders and small craters can be an obstacle
to approach and maneuver towards the pit. This problem has been under characterization and
assessment since the late ‘90s on the Mars surface [57] in order to assess safety for the lander and
rovers tra cability/operations [58]. Such hazard analysis was further re ned with both man-
ual [115] and automatic detection [58]. Since 2006, these operations were performed on Mars
by means of the high-resolution capabilities of HIRISE camera [100] with a ground resolution of
0.25 m/pixel. On the moon the same detections can be performed on the LROC NAC images
with a ground resolution of 0.5 m/pixel [127].

Overall, all these challenges and relative hazards will be analyzed and characterized in detail.
Indeed, the techniques are well-established by the scienti c/engineering community thanks to
case-studies associated with past, present and future Mars landing sites (see e.g. [60, 116] and
references therein). However, for the lunar case the major challenge never attempted before
is the deployment of a device within an almost totally con ned environment (i.e. the vertical
pit and the underground tunnel) which will require ad hoc communication and data transfer to
the surface, as well as ad-hoc analytical solutions to carry out analyses in a completely dark
environment, and essentially made up of dark basaltic rocks.

The eventual tra cability of the tunnel and the untethered communication with the Daedalus
sphere will also provide a major challenge in the entire mission scenario. Semi or complete au-
tonomous navigation is required, and, as happens in terrestrial analogues (see [82, 134] and
references therein) the type of environment to expect is essentially regolith with piles of boul-
ders of various sizes (from centimeters to tens of meters) due to the roof collapse. Therefore,
navigation must be expected to be extremely challenging or impossible.

Finally, if navigation turns out to be possible due to a relatively obstacle free underground
environment, the sharpness of the rocks and the lunar regolith must be seriously taken into
account. Indeed, it is well-known since the Apollo missions that regolith can be extremely sharp
and abrasive, and being also of very ne granulometry (50% by volume <50 micron), hence it
can interfere with and degrade mechanical joints. The adhesive properties of regolith must also
be taken into account and mitigated.

DAEDALUS { Descent And Exploration in Deep Autonomy of Lava
Underground Structures



Chapter 2

Executive Summary

2.1 Study Flow

The DAEDALUS study was an ESA Open Space Innovation Platform (OSIP) lunar caves-system
study, requested by ESTEC. The study was carried out by an interdisciplinary team of specialists
from University of Wurzburg, Jacobs University Bremen, University of Padova, INAF Padova,
and VIGEA, starting with a Kick-O on April 7, 2020 and nishing with an nal Presentation
on December 17, 2020. Intermediate progress meetings were held on September 17, 2020 and
November 9, 2020.

2.2 Study Objectives

The Daedalus mission concept addresses speci cally the following ESA Moon exploration objec-
tives:

Identi cation and characterisation of potential resources for future exploration.
Characterisation of the dynamic dust, charge and plasma environment.
Characterisation of biological sensitivity to the lunar environment.

Those objectives will be addressed with geologic and compositional vertical surveying and three-
dimensional assessment in the landing / caving site, continuous monitoring throughout the de-
scent of temperature, radiation and dust environment, as well as with the overall environmental
and lithological characterisation of the shaft and explored cave portions.

Moreover, DAEDALUS indirectly contributes to the following objectives:

Deployment of geophysical instruments and the build up a global geophysical network.

Analysis of new and diverse samples from the Moon.

17



18 Chapter 2. Executive Summary

These indirectly addressed objectives will be tackled with the one-station role of DAEDALUS at
the bottom of the selected shaft, whose measurements will be correlated with eventual additional
lander or rover locations active at the time of the mission. Moreover, the access to pristine sam-
ples protected from the surface radiation environment (space weathering) and micrometeorite
impacts could provide, for follow up robotic and human exploration missions, access to samples
for additional deeper in-situ and sample return analyses.

2.3 Requirements and Design Drivers

Lunar exploration is on the verge of a new golden age starting with the foreseen Gateway station
in cislunar orbit serving as an outpost for human exploration and precursor missions such as
HERACLES [97]. With this in mind, it is envisioned to have temporary, semi-permanent or
permanent outposts on the surface of the Moon and to bring astronauts to these outposts, such
as in the future Artemis programme. Such setup implies new challenges in terms of mission
concepts for future long-lasting permanence on the Moon requiring new approaches to achieve
exploration goals in caverns and lava tubes.

Two of the main topics to be addressed are the identi cation of in-situ resources (H,O, for
fuel and oxygen production in situ, construction materials for habitats, Rare Earth Elements
etc.) and natural shelters for settlements. Cosmic radiation, extreme temperature excursions
between night and day such as 360 K to 220K at the Apollo 11 landing site (according to the
Apollo 11 technical memorandum [76]), to extremely low temperatures not exceeding 100K in
the Shackleton Crater [73], micrometeorites impacts and sharp, ne-grained regolith represent
signi cant challenges for robotic system design and performance as well as life-support systems.

The discovery in 2009 of the Marius Hills skylight with SELENE-Kaguya cameras opened
new questions on the existence, formation processes, size and stability of underground voids
related to drained lava tubes [65]. The existence and entity of such voids has been inferred
to be up to hundreds of meters in height by radar sounder measurements at several locations,
including Marius Hills [80]) as well as gravity mass de cits with GRAIL [37]. Their stability has
been addressed by structural stability models [23] suggesting that, theoretically, under lunar
gravity conditions voids up to 1km across can be stable under only few meters-thick roofs.
Such roof geometry has been imaged at di erent phase and incidence angles by NASA LROC
NAC showing that these lava-tube roofs are often overhanging and formed by several meter-
thick layers of lava ows [126]. Therefore, the accessibility of these lava-carved caves could
potentially provide, as in Earth analogues, stable temperatures with little to no variation across
day and night cycles, micrometeorites impacts and shelter from radiation. The only known
access to these voids are vertical shafts with overhanging roof, whose thickness is variable and
the estimate of the environmental characteristics of these voids as well as their stability remains
largely theoretical or inferred from comparative planetology (e.g., [45]), including aspects to
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2.3. Requirements and Design Drivers 19

their hazards to humans (e.g., [7]).

The ability to access such voids could both provide answers to all the above questions related
to environmental conditions as well as give the possibility for science of opportunity also during
the descent of the vertical shaft (e.g., [66]). In fact, along the walls, the possibility to analyse
at close-range the stratigraphy of the stacked lava ows (which is present and well-visible as in
[126]) constituting the roof of the conduit, will provide more insights both in terms of morpho-
logical characteristics of the lava layers, presence of paleoregolith, fracturing and compositional
diversity. Overall, the knowledge of the uppermost crust of the Moon and its thermal evolution,
the styles of its volcanism and the volatile migration history will be advanced through observa-
tions of lava layers, in particular through their composition, derived ow rheology, overall tunnel
morphology and possible presence of volatiles or cold traps.

DAEDALUS { Descent And Exploration in Deep Autonomy of Lava
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Chapter 2. Executive Summary

Requirements
Req. Category Requirement formulation
1D
Reg- Mission The Mission shall be designed for a launch in
Mo01 2030
Reg- Science The Sphere shall map lunar caves and shafts
So01 with a LIDAR scanner and 95 % coverage.
Reg- Science The Sphere shall record the cave with optical
S02 sensors to 95 % in stereo coverage.
Reg- Technical The sphere shall gather the data on the ground
ToO1 of the cave.
Reg- Technical The sphere shall gather the data while desending
T02 the shaft to the cave.
Reg- Technical The sphere uses new hemispherical lenses with
TO3 a eld of view of 270 degree.
Reg- Technical The robot needs to have a working temperature
TOo4 range of 100K to 360K.
Reg- Technical The robot shall be designed as a sphere with
TO5 only minimum deviations.
Reg- Technical While descending the sphere shall cover the wall
TO06 of the shaft with 4cm per optical pixel.

DAEDALUS { Descent And Exploration in Deep Autonomy of Lava
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2.4. Study Approach 21

2.4 Study Approach

The study is structured as follows: First, we analyze the sphere for descending lunar craters. This
includes an analysis of the locomotion principle, where we review also alternative approaches,
such as using the concept of impulse by conservation of angular momentum (IBCOAM). These
considerations lead nally to the proposed locomtion system. As the LIDAR subsystem plays
an important role in our concept, we take an in-depth look at it, when discussing the sphere for
descending lunar craters. The same applies to the camera subsystem. Second, we take a look at
the geology and the spectral requirements. This includes the landing site analysis and spectral
requirements. Third, we discuss optical imagary and how it can be used to compute 3D models
for this exploration task.

Based on all discussed points, we come up with the nal design proposal for the DAEDALUS
sphere. The overall study ow is presented in Figure 2.1.

WP 1 - Coordination and Administration

‘WP 4 - Optical Imagery
- Visual SfM and LiDAR SLAM
- Dust Removal

WP 2 - Robotic Sphere for Descent

[

WP 2.1 - Locomation
~ initial / alternative locomtion study
- Deadalus locomotion principle

[
WP 2.2 - LiDAR Subsystem
- general considerations
- Prism scanner
- Initial tests

[
WP 2.3 - Camera Subsystem
- Hemispheric lens
- multi-camera calibration

Figure 2.1: Study ow as PERT-like diagram.
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22 Chapter 2. Executive Summary

2.5 Landing Site Characterization

2.5.1 Introduction

The tra cability of maria-like terrains has been widely explored during Apollo human explo-
rations with crewed vehicles. In this case the exploration of the Marius Hills lava tube is tied to
the possibility to land, rove and approach safely to the skylight. Without that, no exploration
mission would be possible, and therefore it is mandatory to characterize in high detail the ter-
rains surrounding the skylight both in terms of hazard and safety. Ideally, the pit should be
surrounded by obstacle-free terrains and presenting a relatively low boulder presence, while the
regolith would be able to sustain inertial platforms with a relevant weight (up to the 300 kg
foreseen for the HERACLES deprecated robotic sample return mission as detailed in [97]). In
addition, the location should guarantee an easy approach to the pit up to a location where the
Daedalus sphere will be deployed. Therefore in order to characterize the feasibility of landing,
approach and deployment of the Daedalus sphere several aspects of the terrains surrounding the
pit must be investigated taking into account several morphometric parameters:

at surface over steep overhanging pit margins, with a slope safety margin of 15deg
hazard-free or low-hazard tra cability from landing ellipse to the pit
hazard free landing area (low crater density, low slopes, boulder-free)

closest point to the shaft

2.5.2 Geologic context

Marius Hills region is among the largest volcanic complexes on the Moon and is located in the
Oceanus Procellarum. Aside from the presence of multiple monogenic cones set on a 300km
shield, it is also characterized by widespread mare basalt and very large rilles at its anks,
namely rille A and B [18, 141].

The selected skylight is a nearly circular hole of 65m in diameter, located at 303.3 E,
14.2 N in the Marius Hills region, roughly in the middle section of the so-called \rille A" in
correspondence of a 90deg change of direction (Figure 4). The rst detection was achieved
via SELENE-Kaguya Terrain Camera images by [65], whose st depth estimate was of 80m.
Later, [126] performed photoclinometric measurements on the shadow on the pit oor with
slanted observation (Figure 5) at 5 m/pixel resolution with LROC NAC images, reduced the
height estimation at 40m.

2.5.3 Datasets and software tools used

The datasets used are listed in table 2.2

DAEDALUS { Descent And Exploration in Deep Autonomy of Lava
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2.5. Landing Site Characterization 23

Figure 2.2: In A) location of the Marius hills rille \A" and in B) location of the pit, from [153]

LOLA (Lunar Orbiter Laser Altimeter) data merged with the SELENE-Kaguya stereo DEM
result in a global DEM of 59 m horizontal resolution and 4m of vertical resolution. The LROC
NAC stereo DEM produced by the instrument team was used as an absolute reference for the
heights of our custom made DEM for the landing area.

To achieve this product we used ISIS (Integrated Software for Imagers and Spectrometers)
by USGS to process the LROC NAC raw les and the ASP (Ames Stereo Pipeline) software to
generate the stereo DEM and align it with the absolute reference.

DAEDALUS { Descent And Exploration in Deep Autonomy of Lava
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Figure 2.3: Slanted observations with LROC NAC camera of the marius hills pit. In C the di erent
lava layers along the pit walls are visible [126].
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Figure 2.4: LROC NAC Orthoimage of the Marius Hill pit entrance (1 m/pixel resolution).

2.5.4 Data processing and analysis

Raw LROC NAC stereo images from the PDS geosciences node were processed in order to
perform radiometric calibration to remove vignetting and possible sensor-related artifacts. The
pointing and navigation kernels of the satellite were then attached to the image header in order
to obtain a precise location on the surface of the Moon. Furthermore, the two images were
bundle-adjusted in order to re ne the pointing of the two images and obtain a product validated
for scienti ¢ measurements. Processing steps used both USGS 1S1S3 [6] and NASA ASP [19]
respectively higher level data processing and stereogrammetry systems.

Such images were then cropped in order to obtain a bu er area around the skylight of 1 1
km. This has a double advantage: speed up the processing time for stereo DEM generation and
avoid possible problems generated by areas outside our region of interest.
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The stereo matching algorithm takes care of identifying tie points in both of the images
and reconstructs a 3D point cloud by means of an iterative closest point algorithm, and nally
was further aligned to the LROC NAC DEM used as absolute reference. At this point the
point cloud is interpolated in a grid whose horizontal resolution is typically three times larger
than the original stereo imagery resolution, in order to avoid noise and artifacts. However, we
interpolated our point cloud at 1 m resolution in order to be able to further re ne the DEM with
shape from shading technique.

This technique is frequently used to enhance the ne details of the DEMs where the stereo
matching algorithm is not able to do that with the use of tie points. It is based on using
the illumination conditions of one (or multiple) images of the same area in order to derive the
convexities and concavities of the surface de ned by the shading in the images themselves. Shape
from shading is typically highly computationally expensive and does not always provide a best
solution, but is largely dependent on illumination conditions, and in particular to the presence
of hard shadows or oversaturated image portions.

We decided to use it in order to cope with the poor performances of the stereo matching
algorithm in the particular setting of the Marius Hills region. In fact, the best results in stereo
reconstruction are obtained when the illumination conditions of the original stereo images are
quite similar one to each other, when there is no occlusion of terrain portions by steep slopes or
overall terrain morphology that needs to be variegated and not completely at and completely
shaded areas need to be avoided as they bear no information. However, the Marius Hills skylight
surroundings display all of these far from ideal features: a at terrain with no or little stereo
information usable for reconstruction, a very steep and completely shaded region (the pit itself).
This hard shadow is furthermore not ideal even for shape from shading as it can severely a ect the
result in the whole region. With this respect, the ASP stereo_gui function was used to calculate
the shadow-threshold value, in order to be avoided by the shape from shading algorithm while
performing DEM re nement.

In order to parallelize the computation we used the gnu-parallel utility, divided the image
into 200 200 pixel tiles (with 1 pixel=1 meter in this case) and 50 pixels of overlap between
adjacent tiles to avoid stitching artifacts. We assigned a low smoothing value in order to preserve
as much information as possible and we limited the shape from shading iterations at 3. More
iterations will result in artifacts as streaks in the illumination direction and deteriorate the nal
DEM quality. We chose a lunar Lambertian re ectance type material [19] to be used and used
the bundle adjustment information of the 2 images used also to perform shape from shading.
We thus obtained a perfectly comparable DEM with all the heights matching with the previous
validated one but with much higher detail, mandatory to quantify slopes, depths and terrain
hazards in detail (Figure 8).
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Figure 2.5: Original DEM obtained from stereogrammetry, using LRO LROC NAC data. DEM ground
resolution is 3 m/pixel

2.5.5 Hazard characterization

The stereo DEM re ned was analyzed with several algorithms for morphometric characterization.
In general terms, we were able to perform an automated quantitative crater detection using the
re ned DEM and the multi-scale TPI (Topographic Position Index) in SAGA GIS (See Pozzobon
et al, 2018, and ref. therein). TPI is a dimensionless index based on the di erence of elevation
between a DEM pixel cell and the average elevation of its neighborhood. By selecting a proper
neighborhood we could derive all the depressed areas with respect to the surrounding plateau.
Since TPI output is depending on the scale of the neighborhood it is possible to use a multi-scale
TPI tha analyzes neighborhoods at di erent scale-size at the same time. We set these thresholds
to be 4, 10 and 100 meters in order toso that we could detect small craters (less than 4 meters,
the minimum viable threshold to de ne a circular object), medium craters and the larger ones
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Figure 2.6: Re ned DEM with SfS applied. Note the limited striation/artifact, vs. a large increase in
detail, with craters of just a few meters appearing and with measurable depths.

(as also the pit, 0 s 80 90 meters of size, it is also classi ed as a depression).
We were therefore able to characterize the following hazards:

Crater density: Crater density is a rst order of tra cability hazard [114]. Of all craters
we identi ed, some of them are not hazardous as they may be very shallow (few decimeters
per meter in diameter, slopes being negligible);

Slopes: slopes thresholds were extracted following the Burrough and McDonnell technique,
and they represent the major tra cability constraint on the area [28]. Based on both HER-
ACLES [97] and MSL Curiosity/Perseverance constraints [60] we selected a maximum
slope safety threshold to be < 15deg. We also characterized the terrain in order to have
a safer slope threshold set at < 10deg which should be acceptable by any rover-lander;
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Figure 2.7: LROC NAC orthorecti ed image at 1 m/pixel resolution. Red areas mark the impact
craters and depressions extracted from the high-resolution SfS-re ned topography.

Craters’ depths: Crater depths’ have been characterised through the derived DTM. All
craters shallower than 1 m and with inner slopes <15 deg have been considered safe;

Boulder abundance: it was detected by means of the LROC NAC orthorecti ed 0.5 m/pixel
image, as boulders are usually smoothed by the interpolation algorithm while creating the
DEM. Less than 50 boulders are present in the area and none of those are a ecting the
overall hazard of the analyzed region

2.5.6 NO-GO areas de nition and proposed landing ellipse

The no-go areas have been nally de ned by merging together all the hazard information de-
tected, and marked in red in g. 12. We also provided a map of the areas where tra cability is
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Figure 2.8: Impact craters’ and depressions’ depths, as inputs for the hazard assessment.

possible but with more caution, as potential hazards can be present but not clearly detectable
with the available data resolution. A tentative landing ellipse of 300 200 meters was placed
in the safest area of the 1 1km bu er around the pit, where minor landing and tra cability
hazards are present and the travel distance towards the pit is less than 1 km.

2.5.7 Skylight and cave entrance characterization

In order to identify the sizes of the boulders located on the oor of the sinkhole (remnants
of the collapsed ceiling) we made use of an LRO/LROC-NAC image (M155607349RE) with
a spatial scale of 0.42m and with a solar incidence angle of 12deg. Through the ArcGIS
software we assumed the boulders to be circular in shape (the resolution of the image did not
allow to characterise such features as polygons) and then extracted their maximum dimension.
This is a common technique that was already applied several times to the Moon (e.g. Bart and
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Figure 2.9: Slope classi cation of topography, overlaid on LROC NAC orthoimagery, used as input for
hazard assessment.

Melosh, 2010; Pajola et al., 2019) and to other bodies, such as planets [115], comets [117] or
asteroids [47]. Afterwards, in a log-log plot, we tted the data by using a linear regression as
shown in Figure 2.12, hence obtaining the power-law index of the distribution. The error bar for
each value is the root of the unbinned cumulative number of counted boulders [104]. We used the
common three pixels sampling rule to estimate the minimum size of the statistically meaningful
dataset [111], hence all counts with dimensions smaller than 1.2m are not considered by the

t. The resulting power-law index is -2.6 +0:3=  0:4. Such slope can be used to assess the
possible cumulative number of boulders/pebbles towards the smallest sizes and is pivotal for
engineering safety evaluation. The maps in Figure 2.11 show how the boulders are distributed
and which is their abundance in the bottom of the pit. A relatively boulder free area with high
frequency of small-sized ones is located in the north-western part, making it a promising target
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Figure 2.10: Hazard detection quantitative map resulting from the integration of Figure 9-11). The \no-
go™ areas are marked in red whereas the orange areas present low (but still present) hazard corresponding
to the maximum tolerance of slopes/roughness/relative depths of the terrain. All remaining regions are

virtually safe.

for DAEDALUS deployment.
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Figure 2.11: Boulder mapping in the pit. In the left panel close up of the LROC NAC M155607349RE
image with 12 deg of solar incidence angle. In this case the bottom of the pit is well-lit and tra cability
evaluations can be quantitatively assessed. In the central panel are visible in red boulders mapped on
the bottom of the Marius Hills Skylight. In yellow boulders mapped on the surface close to the edge of
the pit. In the right panel is displayed the boulders map (black circles) and colour-coded map of boulder
abundance weighted on their size. The red-white bears the largest number of boulders with the largest
diameters, the yellow-green portions present boulders of sub-metric size with high tra cability potential.
Indeed, the north-western portion of the pit is a promising target for DAEDALUS deployment.
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Figure 2.12: The boulders size frequency distribution evaluated on the Marius hills pits’ oor. The
grey area covers the sizes that are not considered by the tting curve (<1.2m)
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Chapter 3

Robotic Sphere for Descent

The advantage of using spherical robots is the practicality it represents in the face of di erent
types of terrain and environments in which they can perform a variety of tasks, all sensors,
internal control unit (ICU) and framework setup are shielded from the outside by the shell,
meaning that they are una ected by harsh environments such as sand, mud, water, and even
snow. Likewise, the spherical shape allows them to perform actions that cannot be achieved
with other types of robotic con gurations: they can be more task-adjustable than any other
conventional robot, depending on the objectives they can even semi-deform their shape so that
they can achieve more complex tasks, they can also be networked and allow signal transfer in
places where communications from surface to subsurface are not possible due to electromagnetic
absorption by rock and/or debris [51], they can also be useful tools in the monitoring and tend
of crops all over the world [34]; everything lies in the type of tasks to be carried out and in
the work environment, and even in the imagination of its creators. As Ocampo-Jimenez et al.
[112] state in their work on spherical robots based on the sea-urchin characteristics, a source
of inspiration is nature itself, where locomotion and recon guration mechanisms can be used as
metaphors to inspire or improve the design of mobile robots and autonomous vehicles, to be used
and implemented in the most diverse ways. Thus, they are ideally suited for the exploration of
unknown harsh environments such as lunar lava tubes. Apart from the crucial design also the
materials are highly important, since the durability of the robot and the extent of the tasks it
performs depends on this. In this chapter the general design for the Daedalus sphere is analysed,
including experiments regarding the locomotion mechanism and the sensor setup. Additionally,
algorithms for state estimation as well as autonomous navigation are discussed.

3.1 Locomotion

The spherical design allows to create a holonomic system, which is a system where the control-
lable degrees of freedom are equal to the total degrees of freedom, making them omnidirectional

37



38 Chapter 3. Robotic Sphere for Descent

irrespective of their desired direction of movement, enhancing the mobility on spherical-shaped
robots. This section decribes di erent locomotion concepts that have been studied for the design
of the Daedalus sphere.

3.1.1 Di erential Drive { Comparable Study

A di erential drive system for locomotion is the rst comparative platform which was developed
and studied, due to vast use of these motors and con guration for various robotics systems.
For the sake of stability and payload space, the original spherical design was extended into a
cylindrical shape. This guarantees an easier maneuverability and more space for the scienti c
equipment.

Figure 3.1: Design of the di erential driven robot with spherically shaped wheels.

The robot is divided into three parts: the two semi-hemispheres that act as wheels and an
internal corpus which houses the scienti ¢ equipment and is connected to the semi-hemispheres
with two motors. The robot moves by controlling each of the semi-hemispheres individually,
which enables it to turn into any direction with a zero-turn radius.

The body is further divided into three sections, each section dedicated for a di erent purpose
as shown in Figure 3.2. The top section is intended to house equipment for visual odometry.
The middle layer contains the control and communication module, as well as the two electrically
driven motors to propel the wheels. Lastly, the bottom section is selected for the battery system.

Laboratory Setup

The contact area of the ground of this design’s wheels is relatively small. Since traction is very
important to consider when designing a lunar robot an alternative design has been developed
that has a contact surface which is twice as large (bottom images of Figure 3.3). The larger area
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Figure 3.2: The top left image demonstrates the bottom segment of the robot. The top right image
shows the top segment of the robot and the bottom image shows the middle segment of the robot.

is assumed to have a better grip into the soil, noting however that this type of wheel design is
exposed to a larger amount of rolling drag than the spherical shaped wheels.

In order to simulate the di erence in gravity on the moon compared to earth, a mechanism
was built to resemble the lunar gravity. The robot is connected to a rope that goes through a
pulley and has a counterweight on the other side to decrease the weight of the robot to % Figure
3.4 shows an image of the constructed site. The robot drives along a straight line underneath
the pulley system. For the counter weight, a bucket with sand is used to approximate the weight
of the robot under lunar gravity.

Results and Shortcomings

A fundamental problem arises with this design. Since the internal body has no point of contact
to the ground, the torque produced by the motors can cause a rotation of the body itself instead
of the wheels. This case can occur when the weight of the body is too light compared to the
wheels. To ensure that the motor torque results in a rotation of the wheels instead of the body,
the center of mass has to be as far away as possible from the wheel axis. To distribute the
weight accordingly, the heaviest component, the battery system, is mounted in the bottom of
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Figure 3.3: The top images show the spherically shaped wheels. The bottom images show the alternative
design with a rectangular shape.

the robot. The robot might still be susceptible to tilting during the acceleration phase which
needs to be considered when evaluating the data of the visual sensors.

A mechanical solution for this problem is to attach a rod perpendicular to the horizontal
axis and the center of mass at the bottom of the robot to prohibit the internal body from
rotating. However, this reduces the mobility of the robot greatly as it continuously creates drag
and reduces the turn radius of the robot. It is also a new potential failure point considering
the harsh environment the robot is to be deployed in. The connection to the wheels can also
represent another weakness in high dust environments while the self contained spherical robots
do not share this weakness.
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Figure 3.4: Testing site for the rectangular wheels

3.1.2 Impulse by Conservation of Angular Momentum Drive
Concept

We investigated another approach to move the spherical robot using the impulse generated by
the conservation of angular momentum (IBCOAM). The basic idea behind the IBCOAM drive
is that a torque generated by ywheels mounted inside the sphere will cause an opposing torque
onto the sphere itself. The spinning motors provide a force, and according to Newtons’ third, a
force is applied back, resulting in the opposite change of momentum of the sphere. However, it
is important to note that the rotation of the sphere is not a direct consequence of the angular
momentum of the ywheels, but rather of the impulse needed to spin them.

Laboratory Setup

We built a prototype called L.U.N.A (abbr. \lasermapping unidirectional navigation actuator')
using the concept described above to test if the IBCOAM drive reliably moves a spherical robot in
one direction. Figure 3.5 shows a CAD blueprint of the overall interior layout of the mechanical
structure of the L.U.N.A sphere, ignoring the outside shell, ywheels and wiring. The images in
3.6 show the prototype with and without the outer shell. In both images, ywheels are attached
to the motor. A low cost LMS-100-10000 laser scanner as well as an IMU system is mounted in
the inside to the supporting structural components which are made of acrylic glass.
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Figure 3.6: Images showing the L.U.N.A prototype without outer shell (left) and with outer shell (right)

Test Results

The conversation of angular momentum drive accelerates the L.U.N.A. sphere reliably. Figure
3.7 shows the angular velocities of the whole sphere measured by the IMU system in one test
run. Furthermore, it shows that the velocities along the rotational axis of the ywheels rises
while the velocities along the other axes remain lower, albeit are noisy. The vibrations and tilt
of the robot contribute to the velocities along the non-rotating axes. However, the vibrations
are results of inexact drilling of the ywheels such that there is an unbalance.
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Figure 3.7: Angular velocities of the sphere in 3 axes. Motors start rotating at t = 23s

Shortcommings

Although the results mentioned above are a great proof of concept, the IBCOAM drive is not
the choice we propose for the nal design due to the following issues.

First, the power consumption is too high since the torque generated to impell the sphere has
to be within the order of magnitude of the spheres overall weight. This is an ine cient way to
drive the sphere because with the IBCOAM concept there is no way of maintaining the achieved
movement. Instead, the ywheels velocities need to be desaturated in order to generate a large
torque in the same direction over and over again. Furthermore, the impulse (i.e. the acceleration
of the ywheels) has to be as instantanious as possible to maximize the torque on the sphere,
which increases power consumption even more.

Second, the drive is too unprecise since with the presented setup there is no reliable way to
drive curves or correct the orientation once the sphere falls to one side. However, even with a
curve driving mechanism built in the mobility of the sphere still is un exible because it is unable
to change its direction on one spot, which exacerbates object avoidance.

3.1.3 Locomotion by Mass Distribution
Concept

This approach is based on the idea of shifting the center of mass of the sphere to cause rotation.
When the center of mass of a sphere is not directly above the point of contact between the
sphere and the ground, the sphere will roll until its center of mass and the point of contact are
realigned. Shifting the center of mass of our sphere is achieved by two motors which attach the
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Figure 3.9: Our prototype with o -center pendulums and prepared to move in an arc

outer sphere to the inner structure. When these motors rotate, the internal structure rotates as
well and causes the the center of mass to shift. Steering is achieved by two additional motors
which move parts of the internal structure perpendicular to the line of motion and causes the
center of mass to shift left and right.

Laboratory Setup

Figure 3.8 shows our prototype which demonstrates an implementation of this concept. We
used two motors to attach the inner structures to the outer sphere. In addition to mounts for
the di erent boards, the inner structure also consists of two pendulums which are responsible
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for steering. These pendulums are attached to the rest of the inner structure by motors which
rotate on an axis parallel to the direction of motion. The batteries are housed within these
pendulums to increase their weight and their contribution to the position of the sphere’s center
of mass.

Our prototype executes forward and backward motions in small steps. Each step consists
of rotating the motors connecting the outer sphere to the inner structure for a fraction of a
second and then stopping the rotation for the same duration. At the end of each step the sphere
rolls forward as a consequence of its center of mass having shifted over its point of contact with
the ground. Smooth continuous motion is achieved by reducing the duration of each step and
concatenating a large number of steps.

Steering is controlled by the position of the pendulums. When the pendulums are positioned
0 -center, the sphere tilts in their direction until its point of contact with the ground is directly
below its center of mass. Fig 3.9 shows our prototype in such a position. Any forward or
backward movement at this point is arced in the direction of the sphere’s downward tilt.

Results and Shortcomings

This setup reliably drives the sphere in a motion whose speed/direction is controllable but is
restricted to straight lines and arcs. While the sphere executes straight line and arced motion
satisfactorily, it ends motions with some wobble that causes it to turn away from the direction
of motion. This cannot be simply compensated for after the movement since our design does
not allow for rotation on the spot. We have observed that the wobble increases as the length
of motion increases. By limiting the distance traveled by the sphere in one motion we have
managed to limit how far the sphere turns away from its direction of motion.

3.2 Sensing

3.2.1 LiDAR Subsytem
Concept

LiDAR is a method for measuring distances (ranging) by illuminating the target with laser light
and measuring the re ection with a sensor. Di erences in triangulation angles or in laser return
times of laser pulses or observed phase-shifts and wavelengths can then be used to make digital
3-D representations of the target. It has terrestrial, airborne, and mobile applications. A key
issue is the software analyzing the raw sensor data to produce meaningful results.

We propose a LIDAR system as part of the spherical robot in order to measur distances in
the environment. LiDARS that use triangulation as the basic work according to the principle
are only usable for small distances and cannot be used in the target environment. Time-of-
Flight LiDARs that analyze the phase-shift have the potential to measure at very high-data
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Illustration of a 16-line scanning lidar

Figure 3.10: Left: LiDAR by rotating a mirror and some well-established examples from industrial
automation. Right: Principle of conventional 16-line lidar [91]

rates and obtain high-precise results. While phase-shift-based scanners are well established in
surveying, they are not usalble in the target environment due to the inherent unambiguousness
range. Thus, DEADALUS will employ a time-of- ight device using a pulsed laser ranger.

3D laser scanning always involves mechenical parts that steer the laser to target locations
as well as the actual sensors, cf. Figure 3.10. Typically, a mirror or the sensor head rotates.
Mirror-based systems have a large eld-of-view up to 360 deg, where a plane is scanned. Smaller
FoVs are not possible. Sensor heads with several pulsed laser diode and avalanche photodetectors
are di cult to manufacture and to calibrate. To this end, we explore in this study the usage of
a prism scanner.

Line Scanner

Figure 3.10 (left) shows a line scanner. We tested such a scanner, i.e., a SICK LMS141 industrial
scanner, in a sphere, on a oating desk, rolling on tracks, and free rolling. This is shown in
Figure 3.11. The row above shows the sphere rotating. This means, that the translation does
not need to be considered. The images below show the resultung 3D point cloud. Applying
SLAM algorithms in such a condition is rather challenging, as the overlap between the scan
lines is too little, cf. section 5.2 and a di erent scanning pattern should be considered.

Prism Scanner

While traditional laser scanners have a wide FoV, the point density is xed for a certain distance.
Additional gimbals or other mechanical mechanisms for steering the scanner require more driving
energy while non-carried-axis galvanometers have limited aperture sizes [87]. To overcome these
issues, we study a so-called Risley prism scanner. Such a cosists besides a sender and receiver
for the laser light two motorized, rotating prisms for controlling the beam de ectance [150], see
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Figure 3.11: Top: Sphere rotating on a oating table. Bottom: Scan matching results. Left: 3D view
of the lab. Right: Top view.
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Figure 3.12: Left: Two rotating prisms for controlling the beam de ectance. Right: Scanning principle
of prism-based lidar by summing up the de ection vectors. Both images taken from [91].

Figure 3.12. Rotating a pair of Risley prisms with their locations xed relative to each other
traces out a circle with a maximum cone angle of de ection de ned by the prism material and
wedge angle [87]. The prisms can be made of a single material for single-wavelength operation.

A typical resulting scan pattern is given in Figure 3.13. It displays the pattern integrated
at di erent points in time and as one sees it becomes more dense. The shape of the pattern is
adjustable by the rotation speed of the prisms [150].
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Figure 3.13: The scan pattern becomes denser over time.
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Figure 3.14: Blueprint showing the hardware setup used for testing the LiDAR subsystem.

Laboratory setup

In order to test the performance and reliability of the LIiDAR subsystem we used one Livox
Mid-100 laser scanner (basically consisting of three individual laser scanners put together to
increase FOV) which has the technical features described in table 3.1. The blueprint in 3.14
describes how we implemented the hardware setup.

We connected the laser scanner to an outsourced processing machine via a 50m tear-resistant
tether cable (Fathom ROV Tether by BlueRobotics) which we rolled around a coil in order to
perform the descending and ascending movement of the sphere, as shown in gure 3.15. A
spin encoder measures the rotation of the coil which directly corresponds to the height of the
sphere according to the helix arc length formula. That way we estimate the position (only in
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Table 3.1: Features of the Livox Mid-100 LiDAR.

Laser Wavelength 905nm
90m @ 10% re ectivity
Detection Range 130m @ 20% re ectivity
260m @ 80% re ectivity
Horizontal FOV 98:4 (3 384)
Vertical FOV 38:4
Angular precission 0:05
Detection range 260m
Range precission 0.02m
Point rate 100.000 pts/s
Temperature range 20 {60 C
Input voltage 10{16 VvV
Operating power > 60W

one direction) of the laser scanner. We use a Phidgets 3/3/3 Spatial IMU to gain information
about the orientation of the sphere. A voltage stabelizer keeps the input voltage for the laser
scanner constant at 14V.

Test run and results

We used the LIDAR setup described in 3.2.1 to conduct a test run in a restation building,
which allowed us to test the reliability of the descending mechanism as well as the quality of
the 3D point cloud. The descent of the sphere covered a distance of 22m (see gure 3.15) and
was performed in a duration of 402s. The cable introduced some non-linear rotations in both
directions to the sphere, as chapter 6.2.2 describes this in more detail. During descent, the
sphere recorded the scan data of the laserscanner as well as pose information of the IMU. Post
processing of this data results in a 3D point cloud of the building. For comparison a reference
point cloud was recorded with a terrestrial 3D laser scanner. A second test run, performing the
ascent while covering the same distance in a duration of 258s, yielded faster rotations, making
the resulting point cloud very noisy and barely usable.

Figure 3.16 shows a view of the two 3D point clouds as well as a top view of the entire scene.
The general geometry of the scene is well captured with the test sphere. Towards the left wall
in the top view an increase in the noise level becomes visible. Figure 3.17 gives a quantitative
analysis of the results by displaying the distance of the points to the closest point in the reference
scan. The majority of the points has a distance of less than 20 cm to the reference scan. A lot of
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Figure 3.15: (Left) Laboratory setup showing the connection of the laser scanner with the tether cable
that is rolled around a cable reel. (Right) Image showing the test sphere as it gets descended 7 oors of
a restation building.

the points with a larger distance are in areas that were occluded for the terrestrial scanner. A
slight decrease in accuracy is visible in the far corner. A further source of error is the di erent
behavior of the two laser scanners on the windows. Figure 3.16 shows that the test sphere
captures signi cantly more points on the windows than the terrestrial laser scanner.

The comparison in Figure 3.17 shows that improving the 3D point cloud quality should
de nitely still be an objective for future studies. To improve 3D point cloud quality, the following
roadmap is given:

Improving pose estimation
Establishing a robust time synchronisation between scan and pose

Developing a post-processign algorithm to remove noise, outliers and corrupted scans
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Figure 3.16: 3D point clouds of the re station building. (Left Above) A view of the 3D point cloud
acquired by the test sphere during descent and processed with 3DTK. (Left below) Reference 3D point
cloud recorded by stationary RIEGL 3D terrestial laser scanner and post processed with 3DTK. (Right)
Top view of both points clouds. For a better view of the scene the ceiling and re ections from the windows
have been cropped. The data captured with the test sphere (magenta) represents the geometry of the
environment well. Towards the left wall the noise level increases.

Designing a rotation resistant cable to minimize the chaotic nature of load rotation (as
described in chapter 6.2.2)

Identifying other sources that lead to noise and outliers
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Figure 3.17: (Above) The 3D point cloud acquired by the test sphere compared to the test scan of the
re station building. (Below) A histogram showing the number of points with a given distance to the
reference and the color scale used to color the point cloud.
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Figure 3.18: Hyperhemispheric lens FoV diagram.

Figure 3.19: Hyperhemispheric lens FoV diagram

3.2.2 The Camera Subsytem
Aim of the Study

We propose to use two hyper hemispheric lenses mounted ingdhe spherical robot in order to
map the whole environment and have stereoscopic capabiligs in the lenses equatorial region.

Basic Concept

An hyperhemispheric lens (see [118] for details) has a eld foview (FOV) of 360deg 260 deg,
as depicted in Figure 3.18.

Putting a couple of lenses inside the robot permits to have sme stereoscopic capabilities in
the equatorial plane of the lens, as shown in Figure 3.19.

During the cave descending phase, the lenses could be moudté the setup shown in Fig-
ure 3.20 (TBD).
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