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The CHILL-ICE (Construction of a Habitat Inside a Lunar-analog Lava tube - Iceland Campaign of Eu-
roMoonMars) is a series of analog missions conducted by students and young professionals in Iceland. The
first edition took place in August 2021 and consists of two short analog astronaut missions of 48 hours
each. The missions focuses on the construction of a small habitat designed and prototyped by students
from the Wilson School of Design from Kwantlen Polytechnic University, built inside a subterranean lava
tube in the Hallmundarhraun lava field, which is highly similar to those present on the Moon. Prior to the
mission, the three-person astronaut crews receive training in geology, systems engineering, emergency rescue
and first-aid, as well as psychological assessments and team-building exercises, from a range of CHILL-ICE
staff and partners. To ensure a high-fidelity simulation of an actual lunar mission, no communication with
Mission Control is possible until successful deployment of the habitat and communication systems, which has
an 8-hour time limit to simulate realistic oxygen supplies. During this time the astronauts will be wearing
field-tested analog astronaut suits from the Astroland Interplanetary Agency. Upon setting up the habitat,
as well as the power and communication systems, the analog astronauts will explore the surrounding lava
tube system during research Extra-Vehicular Activities (EVAs). Lunar Zebro, a student-led robotics team
from TU Delft and a partner of CHILL-ICE, has developed a rover for use in the CHILL-ICE missions.
Zebro is a six-legged rover with a novel type of locomotion, suitable for exploring the rocky lunar surface.
This prototype will assess whether swarms of these rovers could explore lunar lava tubes in the future, map-
ping the interior to determine the feasibility for human access and assessing the effectiveness of robotic lava
tube exploration versus human exploration. Similarly, data will also be captured during the mission to test
a prototype machine, a learning detection model known as SpotNet. This model is trained on video and
image data of the analog astronauts, with the goal of autonomously detecting an astronaut within camera
footage. The model achieves accurate detection of the astronauts, and could be used in future missions
as an embedded monitoring system in helmet cameras or habitat surveillance cameras. In parallel to the
mission, a system engineering design study has been performed on a cable rope system for accessing the lava
tubes. The study showed the system could be developed into a feasible prototype for future analog missions
involving lava tubes. Furthermore, CHILL-ICE showed an impact on the Icelandic space sector, fostering in-
ternational collaboration from over 16 nations and a range of public and commercial bodies to work together
in undertaking a lunar simulation mission. CHILL-ICE hopes to extend this campaign, expanding future
missions to enhance existing robotics experiments and to include activities such as astrobiological research.

Keywords: analog, mission, astronauts, robotics, exploration, artificial intelligence

IAC–21–E2,3-GTS.4,14,x67020 Page 1 of 14

mailto:info@chill-ice.com
mailto:b.m.cattani@student.tudelft.nl


72nd International Astronautical Congress, Dubai. Copyright © 2021 by EuroMoonMars. Published by the IAF, with
permission and released to the IAF to publish in all forms. All rights reserved.

Acronyms

CHILL-
ICE

Construction of a Habitat Inside a
Lunar-analogue Lava tube - Iceland
Campaign of EuroMoonMars.

ECHO Extreme Cave Habitat One.
EVA Extra-Vehicular Activity.
GCR Galactic Cosmic Ray.
MCC Mission Control Centre.
MDRS Mars Desert Research Station.
PVES Photovoltaic Energy System.
SEP Solar Energetic Particle.

1. Introduction

Human curiosity has always played a vital role
in space exploration. Since the Apollo missions,
humans have been dreaming of going back to the
Moon, which with the upcoming Artemis missions
now appears to be a reality. However, the question
of why we should go back to the Moon remains
something that is still frequently asked. Constructing
the first human settlement will result in significant
advances of a wide range of technologies, and act
as an important step in becoming an interplanetary
species. The Moon will provide a suitable testing
ground for missions to Mars, providing valuable
data in the planning and execution of long-duration
space missions. Previously, the established way
of studying the surface of the Moon and Mars
has been through remote sensing with orbiters or
surface exploration with robotic rovers, either in an
automated or remote-controlled fashion. Sending
astronauts on crewed missions to the Moon again,
and eventually Mars, would revive the enthusiasm of
space exploration and would take humanity one step
closer to the colonisation of other planetary systems.
A key first step in doing this is effective simulation
of these missions, which is what this paper discusses.

A general overview of the mission and some key
robotic technologies will be given in this introduction
section. Later in the methodology, we discuss all the
relevant mission experiments and studies carried out,
which we then analyze in the results section. Finally,
we discuss the relevance of this research and how it
can be used in other analog missions and future space
missions.

1.1 CHILL-ICE analog mission 2021

Analog missions are an established way of testing
equipment, procedures and operations that are simi-
lar to those used in real spaceflight missions. The aim
is to emulate as much as possible the conditions of an
actual space mission, which could involve such factors
as isolation, confinement, extreme environments, un-
planned event scheduling, emergency rescue scenarios
and more.

From 26th July to 8th August, 2021, a team of
young professionals from 16 nations performed two
lunar analog mission simulations in the Stefánshellir
lava tube in Iceland, named the CHILL-ICE Mission.
CHILL-ICE stands for the ”Construction of a Habi-
tat Inside a Lunar-analog Lava Tube”. The main
objective of the CHILL-ICE mission is to deploy an
habitat and its systems inside a lunar analog lava
tube. The decision of performing the mission inside
a lava tube was taken as there are many lava tubes
present on the Moon and Mars, so the mission could
research the possibility of utilising them as natural
shelter for human exploration and settlements[1].
A lava tube based habitat would ensure enhanced
protection against micro-meteorites, Galactic Cosmic
Rays (GCR’s) and Solar Energetic Particle (SEP)
radiation, regolith, and temperature fluctuations
(see [2], [3]). Tubes with the same kind of geological
origin are present on Earth and, in particular, in
Iceland. The location for CHILL-ICE and the
reasoning for its selection is thoroughly described in
[4].

For the mission, two crews of three analog astro-
nauts were selected based on pre-selected mission
requirements. For each simulation, the astronauts
had a limit of 8 hours to deploy the habitat (inflat-
able ECHO habitat) and its systems (communication
and energy) inside the Stefánshellir lava tube [5].
The simulation was based on an emergency scenario
requiring the crew to take shelter inside a lava
tube and wait for a rescue mission to take place.
The analog astronauts continued the mission for
two additional days, in which the astronauts had
to perform Extra-Vehicular Activities (EVAs) and
experiments that they were trained for during the
months prior to the mission. During this time, it
was a high priority that the whole crew was in safe
physical and mental conditions [6].

The experiments in the CHILL-ICE mission con-
sist of multiple interdisciplinary researches from in-
dustry and academia, namely the prototype of the
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Astroland Agency analog space suits, the develop-
ment of the SpotNet Astronaut Detection model,
the deployment of the Extreme Cave Habitat One
(ECHO) inflatable habitat during an EVA, the op-
eration of the Lunar Zebro rover, the Photovoltaic
Energy System (PVES), the communication system,
and human performance assessment methodology [6]
[7] [8].

1.2 The Icelandic Space sector

The Icelandic space sector started already back
in the day of the first Apollo missions (1965), as
NASA looked for astronaut training locations with
similar geological properties as were expected to be
found on the Moon. For this, Iceland appeared to be
the perfect candidate, which resulted in some of the
first ever conducted analog missions. In the next five
decades, space activities in Iceland disappeared from
the public eye as governmental organizations and pri-
vate space companies still needed to take shape. How-
ever, during this time period, the Icelandic research
and development in topics such as geology, Search
and Rescue (SAR) and technology development ex-
perienced an acceleration. As of the last decade, a
growth is observed regarding the activities in both the
Icelandic public space sector as well as in the involve-
ment of commercial parties. This is seen back due
to suborbital rocket launches in 2021, meaning inter-
est is shown via collaborations with different agencies
and commercial partners and interest of students and
young professionals. The CHILL-ICE analog cam-
paign delivers a large contribution to the Icelandic
space sector as it enables students, local companies,
governmental and private parties to work together
with 16 countries for the international goal of further-
ing space exploration. In addition, stimulating the
space research fields in Iceland helps increase interest
world-wide for future space research to be conducted
in this country [9].

1.3 Skylight access system design for future
CHILL-ICE mission campaigns

Exploration of lava tubes and their skylights will
contribute to establish a permanent settlement of hu-
mans on the Moon and Mars, not only for building
settlements, but also to seek out original life on other
planets. To understand the design requirement of an
access system for the lunar and Martian lava tubes,
this research has been developed to propose a design
solution of an access system for the CHILL-ICE (Con-
struction of a Habitat Inside a Lunar-analog Lava
tube – Iceland Campaign of EuroMoonMars) mis-

sion campaign following standard space systems engi-
neering procedures: literature survey, building upon
the existing knowledge, trade studies, and develop-
ment of a solution. Providing logistic support (deliver
payloads and astronauts) through the skylight en-
trance was one of pillars of our research on the topic.
System-level or top-level research has been carried
out because of the time constraint (4 months). How-
ever, this research work might be helpful to sketch
out the road map for future researchers to design an
access system for the lunar and Martian lava tubes.

1.4 Astrobiology opportunities

Astrobiology is known as the study of life in the
Universe. It is a discipline that mainly aims to in-
vestigate the search for life on other planetary bod-
ies via understanding the nature of the environments
that favour the existence of life. Moreover, astrobiol-
ogy aims for an understanding of fundamental ques-
tions concerning planetary systems, stellar interac-
tions and processes. The CHILL-ICE mission’s pri-
mary purpose was not to carry out analog astrobio-
logical experiments. However, other analogs of longer
duration have been carried out in order to test and in-
vestigate different research questions, some of which
are related to Astrobiology; such as EuroGeoMars in
2009 which was conducted by the Mars Desert Re-
search Station (MDRS) crews 76 and 77 in Utah,
USA [10]. Terrestrial-based analog missions and sim-
ulation campaigns in support of future planetary mis-
sions are being carried out to test instruments and
experiments that are being prepared for other plane-
tary bodies such as the Moon and Mars. This kind of
analog simulation and research is conducted with the
aim of opening new frontiers in the space sector, and
to help enhance our knowledge on both terrestrial-
and extraterrestrial- based biology.

2. Methodology

In the following section, the methodology behind
the implementation of the skylight access system, Lu-
nar Zebro rover usage and enhancement, SpotNet and
engineering interfaces for inflatable habitats will be
explained. In addition, some insight is given for fu-
ture astrobiology research to be conducted during the
next CHILL-ICE missions.

2.1 Lunar Zebro Rover

Robots in general are very useful auxiliary sys-
tems for astronauts on the Moon - just as they
are here on Earth. When it comes to repetitive,
dangerous and heavy load activities, robots are ideal
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in all kinds of environment. The lunar landscape is
relatively unknown and provides a very challenging
environment for humans in any state of activity
due to i.e. radiation, fine lunar dust, ultra vacuum,
permanent shadowed areas; carrying out exploration
and simple assembly tasks can be fatal and in few
cases not feasible at all. Given that the NASA-led
program, Artemis, aims to establish a permanent
human colony at the lunar south pole, robots and
more importantly rovers will play a vital role in
integrating and carrying out assembly and main-
tenance of habitats, power systems and scientific
experiments. Human-based exploration will be
conducted by astronauts on EVAs or in a crewed
off-world vehicle.

Human-robot interaction is a new field of research
within the Zebro team, and CHILL-ICE mission pro-
vides vital feedback to understand astronauts’ be-
haviour when a robot companion like Zebro is present
and what sensors and functions should the rover
have to help the astronaut in his/her mission. On
the moon, the rover will go everywhere the astro-
nauts goes, either deployed or carried along side other
equipment. The rover can be deployed to gain visual
confirmation of unreachable and areas of interest e.g.
caves or small opening. Another use of the rover is
to accompany the astronauts as a medical or emer-
gency communication relay to the lunar base station
especially when astronauts are travelling by them-
selves. Besides working with an astronaut, the rover
can also accompany larger robots with a crew and act
as an extension to the big (mother) rover to explore
dangerous spot ahead of the crewed rover. Finally,
the rover can carry small scientific instruments to be
deploy as sensor network to collect or map an area
of interest which would help astronauts plan a safer
path if they want to explore the area on foot or even
find a suitable landing sites for rockets/spacecraft.

Earth analog version Bars

The ZEsBenige RObot (Zebro), literally trans-
lated six-legged robot, is the TU Delft adaptation
of the bio-inspired six-legged rough-terrain robot
RHex, developed by Boston Dynamics and Pen State
University [11]. The Zebro has c-shaped legs which
rotate around its axis. Three of the six legs remain
on the ground when walking, resulting in a stable
base position. This locomotion system makes the
Zebro ideal to cross rough terrain.

While Lunar Zebro has been designing and devel-
oping multiple rovers, [12] designed a terrestrial ver-

Fig. 1: Lunar Zebro rover in the vicinity of the
Stefánshellir Lava tube. Photographed by Jamal
Ageli (www.jamal-ageli.com)

sion based on the Lunar Zebro’s critical systems, per-
fect for performing usability and performance tests.
The focus during the design of this test model was on
the operation, and assembly ease . The test model
was called Bars∗ and featured in the CHILL-ICE mis-
sion. One of Bars’ key features is that the body is
entirely 3D printed to reduce cost and speed proto-
typing. In addition, the newly developed electronic
hardware allowed Bars to be equipped with Lunar
Zebro’s hardware alongside some Commercial Of The
Shelf products, including an on-board stereo camera
and radio system for remote control. Both features
will make the rover easy to operate by astronauts.

Operation of Bars during the CHILL-ICE mission

The CHILL-ICE mission provided the perfect op-
portunity to test the rover’s locomotion in the Ice-
landic lava tubes terrain, which includes cracks, fis-
sures and small rocky obstacles, to investigate how
the robotic-human interface could be improved and
to receive feedback about the manual operation of the
rover by the astronauts. Astronauts received a train-
ing from one of the Lunar Zebro systems engineers
on how to operate the rover, both via direct visual
monitoring and via smartphone app, using footage
live-streamed from a GoPro Hero 9. The astronauts
had the chance to already operate the rover outside of
the simulations. During the mission, the rover testing
was performed by the astronauts during EVAs, both
inside and outside the Stefánshellir lava tube (Fig-
ure 2). Due to battery capacity, the rover could only

∗All models of the Lunar Zebro are named after Russian
space dogs (Belka, Strelka and Laika). Bars was their pioneer
before Belka and Strelka were launched.
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Fig. 2: Crew Scientist David J. K. Smith operating
the Lunar Zebro rover outside the Stefánshellir
lava tube.

be used for half an hour, before needing to be charged
again. Overall, the rover was used three times and
the test plan included climbing uphill, downhill, for-
ward and sideways, and overcoming obstacles of dif-
ferent size. The aim was to estimate the maximum
steepness it could overcome without falling and to as-
sess its capability to overcome small rocky obstacles,
which are quite frequent in lava tubes. The astro-
nauts were required to note the test sequence and to
record the operations of the rover using its embedded
camera. At the end of each operational session, they
had to report the results and any possible feedback
in a questionnaire.

2.2 Lava tube skylight access system design study

Lava tubes are identified as one of the most fea-
sible and safe places for habitats in other celestial
bodies. To access these lava tubes, few research so-
lutions have been proposed by educational institutes,
and private space companies. Yet, they are still in the
research phase. Standard space systems engineering
methodologies were used to define the design drives
of the Skylight access system. The key design param-
eters for trade studies were: initial required budget,
mass, power and dimensions. Manufacturing, oper-
ational and maintenance cost plays a vital role to
understand the cost budget of the design while the
other parameters such as dimensions, power and sta-
bility shall help to understand the portability, logis-
tic support and capability of the access system (see
Table 2. Trade studies has been performed on the se-
lected design solutions from the public domain to se-
lect the most favourable design solution for the future
CHILL-ICE missions and is presented in the results.
Further de-risking has been performed to modify the
final design solution, according to the particular con-
ditions of the Stefánshellir lava tubes.

Table 2: Requirements for the CHILL-ICE skylight
access system

Code Description

KEY-REQ-001 The access system shall be maintained
by locally available equipment and fa-
cilities available in Iceland.

KEY-REQ-002 The access system shall deliver the
payloads from the surface into the lava
tube via the skylight entrance and
from the floor of the lava tube to the
surface.

KEY-REQ-003 The access system shall be designed to
support future upgrades to lower heavy
payloads into the lava tube.

KEY-REQ-004 The access system shall withstand
temperature fluctuations (TBD) at the
CHILL-ICE mission campaign site for
the duration of the mission.

KEY-REQ-005 The access system shall withstand vi-
brations and other structural deforma-
tions due to the forces caused by the
strong winds at the CHILL-ICE mis-
sion campaign site.

KEY-REQ-006 The access system shall be easily
portable by two analog astronauts
from the drop off location to the
CHILL-ICE campaign site (TBC).

KEY-REQ-007 The access system shall be designed to
resist the dust winds and rains during
the CHILL-ICE mission.

KEY-REQ-008 The access system shall have inbuilt
health monitoring system to monitor
battery level and sensors to detect the
presence of extra loads on the sys-
tem during the operation (delivering
the payloads into the Stefánshellir lava
tube).

KEY-REQ-009 The access system shall have a com-
munication device installed to support
real time audio link between the access
system, analog astronauts and MCC.

KEY-REQ-010 The access system shall have its own
power source.

KEY-REQ-011 The power source shall be rechargeable
using renewable energy (solar energy).

KEY-REQ-012 The access system shall have contract-
ing and extending arm to operate from
a stable ground and can still deliver the
payloads into the skylight entrance.

KEY-REQ-013 The access system shall deliver the
payload with maximum load of 75 kg
into the skylight during the CHILL-
ICE mission campaign.

KEY-REQ-014 The access system shall deliver the
payload with a maximum volume of
75cm x 40cm x 40 cm during the
CHILL-ICE mission.

KEY-REQ-015 Operation speeds of the access sys-
tem shall be altered so that heavy and
Fragile payloads can be lowered care-
fully, while the light objects can be
delivered faster. Increasing operation
time.
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2.3 SpotNet: Interface for Astronaut Detection

Having consistent knowledge of astronaut in-
formation is essential for the safe and efficient
operation of planetary exploration activities. This
information is needed for both astronauts in the field
and support staff at MCC. The current CHILL-ICE
protocol relies on radio and internet communication
for location information transfer. This places an
extra requirement on astronauts in the field, who
are already under heavy physical and emotional
stress, meaning that information relayed can often
be imprecise, incorrect or out of date.

Recent advancements in machine learning mean
artificial intelligence models can be used to automate
repetitive tasks such as location monitoring and
image pattern recognition [13]. As MCC staff
currently work on a 24 hour rotational shift system,
risking performance loss and vigilance degradation,
the use of an automated way of monitoring astronaut
location has clear potential here.

Using footage captured during the CHILL-ICE
2021 mission, we trained a machine learning image
detection model to autonomously detect and track
astronauts in video footage. This was done with the
aim of training a model that can be deployed in the
field during future analog astronaut missions, aiming
to increase the efficiency of MCC activities and add
an extra layer of safety to astronaut EVAs.

Our approach to this was collating around 350 im-
ages captured during crew training, suit testing and
the mission itself. The content present in the dataset
was diverse, aiming to expose the model to as wide a
range of perspective, depth, lighting and background
conditions as possible. These images were then man-
ually annotated as shown below in Figure 3.

Fig. 3: Human-annotated images used for model
training.

Afterwards, an advanced object detection model

called YOLO (You Only Look Once) [14] was trained
on these images using Graphical Processing Units
(GPUs) provided by Google Colab, experimenting
with a range of model architectures and hyperparam-
eters. After training, we then tested the model on a
selection of separate images. These test images were
similar to the images the model had trained on, as
they were also captured during the mission, but the
model had not been exposed to them during train-
ing. Our method of evaluating model performance
used a range of metrics, primarily mean Intersection
over Union. This represented the level of overlap be-
tween the models prediction and the human annota-
tion, shown by the red bounding boxes in Figure 3.
We also measured model precision, the amount of
correct detections as a proportion of total detections
made; and recall, the amount of correct detections
as a proportion of the total number of astronauts to
be detected in the dataset. We also calculated the
Frames per Second (FPS) processing speed over the
test set for the three model architectures.

2.4 Engineering interfaces for inflatable habitats

The goal of the ECHO habitat, developed by the
Wilson School of Design from Kwantlen Polytechnic
University, was to sustain the crew of three analog
astronauts for 48 hours. They key requirements were
the trans-portability of the habitat, the speed of
deployment, the thermal insulation, its water resis-
tance and to bring structural protection for the crew.
No considerations were brought to pressurization.
This feature could be implemented for further design
iterations. A picture of the habitat can be found in
Figure 4.

Fig. 4: ECHO habitat fully deployed by analog as-
tronauts. Picture credit: Benjamin Pothier.

IAC–21–E2,3-GTS.4,14,x67020 Page 6 of 14



72nd International Astronautical Congress, Dubai. Copyright © 2021 by EuroMoonMars. Published by the IAF, with
permission and released to the IAF to publish in all forms. All rights reserved.

The habitat has length of 4 meters for 3 meters of
width and 2.1 meters of height. The inner structure
was made of pneumatic thermoplastic polyurethane
tubes that the crew inflated with a hand pump. The
dome shape provides a steady load repartition. The
external shell is made of Tyvek, a waterproof high-
density polyethylene fabric. It contains an entrance
simulating an airlock, dry toilets, and a living area big
enough for 3 sleeping mattresses and a cooking table.
A thermal insulation of mylar balloons was added on
the inner part of the roof The whole habitat fits in
two bags that can be carried by two crewmates.

Power was provided by solar panels set up on the
outside of the lava tube skylight. They charged a
2000 Wh battery connected to the habitat, as shown
in Figure 5. Communications were provided by a 4G
receiver antenna connected to the power system. A
thorough description of the set up can be found in
the abstract ”Mission Overview: Construction of a
Habitat Inside a Lunar-analog Lava-tube - Iceland
Campaign of EuroMoonMars” [15].

Fig. 5: Schematics of the electrical set up outside the
ECHO habitat. Picture credit: Jaap Elstgeest

2.5 Astrobiology

Studying life on planetary systems beyond earth
has always been a topic of interest for planetary sci-
entists, specifically astrobiologists. analog missions
focus on addressing several scientific aspects during
simulation missions. During terrestrial simulation
missions, experimental setups and protocols of differ-
ent instrumentation are usually tested. The aim of
such testing is to investigate the efficiency of various
experiments on analog sites, that geological resemble
that of the Moon or Mars, and that will eventually
be carried out during un-crewed (rover-based)/
crewed missions.

The analog terrestrial mission carried out by the

Mars Desert Research Station (MDRS) crew 76
and 77 in Utah, USA focused their investigation on
surface processes in their geological context and em-
phasised on sample collection and pre-screening using
portable instruments [10]. The science experiments
that were carried out included geological and geo-
chemical measurements, some of which as essential to
be carried out during simulation missions on different
terrestrial analog sites. The experimental testing
in an astrobiological context usually focuses on
detection and diagnostic of water, oxidants, organic
matter (biosignatures), minerals, volatiles, and biota.

It would be possible for CHILL-ICE future mis-
sions to carry out astrobiology-related experiments
when the right experimental equipment is brought
to the analog sites to be utilised by the analog
astronauts.

Raman spectroscopy could be utilised to identify
mineral Raman spectra in order to identify the
mineral composition of soil samples [16]. This would
enhance the understanding of the minerals present
in the specific investigated analog site. In addition
to this, Nanopore sequencing using a portable
sequencer that would be carried by the analog
astronauts would be used to detect the presence
of nucleotide sequences in the samples, and thus,
providing information on whether microbiological
life is present or not [17].

This would allow further experimentation in
research laboratories to investigate nucleotide se-
quences in silico and figure out which microbial
communities exist in the analog area. Analog sites
with extreme environments on Earth where life is not
expected to thrive, such as volcano sites or extreme
cold places like Antarctica, could be of great interest
to conduct the before-mentioned astrobiological ex-
perimentations. This is because of their resemblance
to other extreme planetary systems. An example to
such interdisciplinary astrobiological investigations
are portrayed in the geo-microbiological findings in
the extreme environment of the Antarctic Nunataks,
which are considered to be potential places for early
Mars analog simulation missions [18].

During the CHILL-ICE mission, geological rock
samplings were carried out by the analog astronauts
from different sites of the analog area. In the fu-
ture, it might be useful to incorporate robots that
could help in the sampling processes such as special-
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ized drones. This could be helpful especially across
areas where it is hard for the analog astronauts to
reach.

3. Results

3.1 Lunar Zebro Rover

The rover was operated by the astronauts both
inside and outside the Stefánshellir lava tube and
skylight, in various occasions. Concerning the rover
mobility, this allowed to assess that the estimated
steepness that rover can climb, both forward and
sideways, is between 40◦ and 50◦. On a scale from 1
to 5, the rover locomotion was ranked 3 by almost
all the astronauts, signifying that the rover can
successfully move, but not on all kinds of terrains.
In particular, due to its small size, it struggled
with steep climbs and large obstacles. Rocks higher
than 5 cm and holes around 25 cm wide and 10
cm deep posed a challenge to the rover locomotion.
Operating the rover through the live-stream yielded
a successful result. The maximum distance at which
the live-stream would work was also tested: this
resulted to be approximately 3 m. Overall, it was
always possible to continuously operate the rover,
unless one of its legs would get stuck due to the
movement on an uneven terrain. In that case, it was
necessary to manually turn it off and on again.

Some drawbacks of operating the rover through
the camera were that the field of view in both di-
rections was reduced and that the vision was slightly
occluded by the rover’s body (Figure 6). The astro-
nauts’ feedback included possible enhancement of the
rover chassis, legs and operational interface.

3.2 Skylight access system design for future
CHILL-ICE mission campaign

To perform the trade studies, three designs have
been selected that are developed and proposed by
educational institutions and private space companies,
they are- Robotic crane concept (Figure 7) that has
been developed by the Universidad De Oviedo and
Universidad De Vigo and the company Alen space
([19]), simple cable rope mucker system (Figure 8)
proposed by Rockwell Steven Kent ([20]) and a small
skylight temporary elevator system (8).

Fig. 6: Photograph of the Stefánshellir lava tube
taken by the astronauts with the GoPro Hero 9
that was mounted on the rover.

Fig. 7: Robotic crane (Credits - ESA)

System level requirements are the governing pa-
rameters that are specifically designed for the access
system of CHILL-ICE future missions to conduct the
trade studies as shown in 3 and 3. Table 1 shows the
scoring matrix that shall be mapping to the weighting
score of each proposed design solution in the trade off
matrix.

From the trade studies, a cable rope system has
been selected as the most favorable design solution
as shown in Figure 4 with the highest score of 121.
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Table 3: Scoring matrix for Skylight Access System. The following abbreviations were used: params (pa-
rameters), maint. (maintenance), oper. (operational), struct. (structural) and Deploy. (deployment).

Req. Reducing the cost Stability Portability Ease of
deploy-
ment

Upgradation

Trade-
off
params

Mfg. cost
(£)

Oper.
cost (£)

Maint.
cost (£)

Struct.
stability

Mass
(Kg)

Volume
(m3)

Deploy.
mecha-
nism

Redund-
ancy

Power

Param.
Weight

4 2 3 4 4 4 2 1 4

1 >10000 <500 <500 Not sta-
ble in
different
terrains

>1000 >15 Cannot
be de-
ployed

Cannot
be up-
graded

[1000-
1500)

2 [5000-
10000)

400 400 [10-15)

3 [1000-
5000)

300 300 Can
provide
stabil-
ity on
certain
terrains

[500-
1000)

[5-10) Partially
deployed

Can
support
partial
upgrade

[500-
1000)

4 [500-
1000)

200 200 [3-5)

5 <500 100 100 Can
adapt to
any kind
of terrain

<100 <3 Easy de-
ployment

Supports
upgrade

<500

Fig. 8: Cable rope mucker system (Credits - [21])

3.3 SpotNet Results

This section contains the results of the YOLO ma-
chine learning detection model on the images cap-
tured during CHILL-ICE.

Table 5: Training performance for three
YOLO architectures (Y(s) = YOLOv5s,
Y(m)=YOLOv5m, Y(l)=YOLOv5l)

mIoU P R FPS Size
Y(s) 0.98 0.933 0.97 66 14.1MB
Y(m) 0.995 1 0.97 37 40.1MB
Y(l) 0.97 0.98 0.93 21 90.2MB

Table 5 shows the range of training metrics for
three different YOLO models. We can see the devi-
ation in mIoU, P and R, as well as storage require-
ments, as the model architecture increases. The im-
plications of this are discussed in Section 4.3. We
can also evaluate performance over the unseen test-
ing data, using visual evaluation on the images them-
selves. Predictions made by the YOLOv5m model
can be seen below in Figure 9.
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Table 4: Trade off matrix for Skylight Access System. The following abbreviations were used: params
(parameters), mfg. (manufacturing), maint. (maintenance), oper. (operational), struct. (structural) and
deploy. (deployment).

Trade-
off
params

Mfg.
cost (£)

Oper.
cost (£)

Maint. Struct.
stability

Mass
(Kg)

Volume
(m3)

Deploy.
mecha-
nism

Redund-
ancy

Power
(kW)

Total

Score
Weight

4 2 3 4 4 4 2 1 4 -

Max
Score

5 5 5 5 5 5 5 5 5 140

Robotic
Crane
(A)

1 2 1 4 1 1 4 4 1 51

Skylight
mini-
vator
(B)

3 4 3 1 3 2 1 2 3 65

Cable
rope
system
(C)

5 5 5 2 5 5 3 2 5 121

Fig. 9: YOLOv5m detections over a range of testing
images. Each bounding box has an associated con-
fidence rating, e.g. 0.74 means the model is 74%
confident an astronaut is contained in the box.

We achieve strong detection performance over a
range of scenarios, each with different backgrounds,
perspective and depth conditions. We see that the
confidence does vary however, depending on these
conditions.

3.4 Engineering interfaces for inflatable habitats

Both of the crews succeeded to set up the habitat
within the available time, and stayed alive in simula-
tion during the next 48 hours. Some puncture hap-
pened in the inflatable tubes, but the crews managed
to fix them with the available hardware.

CO2 levels rose erratically up to 5000 ppm on short
periods of time. Due to the high rate of concentration
increase (approximately 1000 ppm/min), it was de-
termined very unlikely that the whole habitat would
see such a rise with only three people breathing in-
side. Most likely the cause of such events was either
local pockets of CO2 on the ground or a faulty sensor.

Temperatures are estimated to have gone down to
4°C on the ground surface during the night. The
crews reported that felt cold. Improvements in ther-
mal insulation are needed to maintain a warmer en-
vironment.

A power outage occurred during the first iteration.
This is due to a too powerful heater used in the habi-
tat that consumed the battery too fast. The heater
was disconnected and the solar panels charged the
battery on the next day.

These minor events were solved in a timely manner
thanks to a good collaboration between the crew and
the MCC. The hardware was robust enough to endure
both iteration of the missions and is still functional
to this day.
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4. Discussion

The CHILL-ICE mission showed great progress of
international collaboration during a pandemic. A fu-
ture trade-off to upgrade all systems and perform
more research will be of high value to define more
parameters for space exploration. Anticipated focus
for the next technology development are: a habitat(s)
that can host up to five analog astronauts for up to 7-
11 days, a pressurized habitat, AR integrated Space
suit helmets, pressurized suits and a cable rope ac-
cess system. Where research focus will consist of, in
addition to mission feasibility, human performance,
geology and astrobiology experiments.

4.1 Lava tube skylight access system

From the literature survey performed to identify
the existing technologies (robotic crane, simple cable
rope mucker system and skylight temporary elevator
system) in the public domain, detailed research has
not been published or may not be available for the
public to understand the depth of technology involved
for access systems for lunar or Martian lava tubes.
Considering this factor, few of the valid assumptions
such as estimated cost, operational costs with com-
parison with the models available in space domain for
example, robotic crane has been considered with the
perseverance rover with respect to the manufactur-
ing and operational costs. Further detailed research
shall be needed to understand the challenges and the
mitigation techniques during the operation of cable
rope system at the test site.

4.2 Lunar Zebro Rover

The potential of the current Zebro rover was thor-
oughly assessed. The results that were obtained dur-
ing the CHILL-ICE campaign pointed out that the
rover would not be able to enter or exit such lava
tubes on its own, due to the high steepness of the sky-
light openings and to the big rocks that characterise
the entrance, which overcome the rover capabilities.
Instead, the rover would prove to be particularly effi-
cient in crawling in the inside of the caves, especially
at the back, which is typically narrower and darker
than closer to the entrance. It could aid the astro-
nauts by scouting caves before the astronauts, to let
them know if it is a place that could host a human set-
tlement or if it has any particularities that are worth
a human exploration. On top of this, the live-stream
could be used to manoeuvre the rover from inside the
habitat, to assess the conditions of the outside, such
as tubes, holes, valves, or the wiring to the power
and communications, without having to perform an

EVA, saving precious time and oxygen. It was noted
that larger legs could be an asset when ascending and
descending steep climbs, as well as when overcoming
large obstacles. Reducing the delay between the com-
mands and their application would also provide an
aid to efficient obstacle avoidance.

Some payload that could be taken into account
for future missions is a LIDAR, a temperature sen-
sor and an infra-red camera. Another interesting en-
hancement that was proposed was the inclusion of an
obstacle detection model powered by machine learn-
ing.

Concerning the interface between the astronauts
and the rover, the remote controller was reported
to not be very ergonomic. Especially when wearing
gloves, this was found to be an issue and a better
alternative will be taken into account for further de-
velopments. Moreover, it was added that the inclu-
sion of feedback, for example in the form of LEDs,
would aid in operating the rover. Some examples are
a led signalling when the rover’s embedded camera
is recording and a series of LEDs that could indicate
the speed at which the rover is moving.

To conclude, the locomotion capabilities of the Ze-
bro rover were tested and proved to be sufficient for
such a terrain. All the astronauts agreed about the
strong potential of a swarm of Zebro rover to assist
humans in the exploration of lunar caves and the
valuable feedback that was gathered will be used to
enhance future versions of the rover.

4.3 SpotNet

Overall, we can achieve accurate detection of ana-
log astronauts in the data captured from the mission.
The high level of overlap, shown by the mIoU metrics
in Table 5, indicate the model is capable of detect-
ing astronaut location well across the dataset. As
well as making good detections, the models are ca-
pable of being precise with their predictions, as well
as being consistent and capturing most, if not all of
the astronauts in the scene, shown by the Precision
(P) and Recall (R) metrics. We see a slight drop off
in accuracy between the middle and largest architec-
tures, which could be explained by overfitting. This
can occur when a model is so large it has the capac-
ity to simply memorize the training data, meaning it
performs worse on unseen data.

The best model, YOLOv5m (Y(m)), does falter on
some images. We see confidence drop to 55% for one
of the samples in Figure 9. This could be a result of
a shortage of training data, meaning it is not familiar
with images of such a rocky background. Further-
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more, some of the testing data was extracted from
videos which also fed into the training data. This
meant the model had been exposed to images very
similar to the supposed unseen data, making it un-
reliable for these samples. This could also be solved
with more training data. Therefore a key next step is
to increase the quality and quantity of the available
images to feed the model.

We can see clear potential to develop the model
further. An important metric for this was FPS. All
models achieve real-time detection rates, which im-
plies we should be able to deploy the model in the
field, where it can process live footage, making it a
useful tool for MCC and astronauts in the field. This
could change depending on image size alterations, as
the current image size the model was trained on is
relatively small compared to that which is displayed
from standard monitoring cameras. Further model
training is required to explore different image size
configurations.

4.4 Engineering interfaces for inflatable habitats

Whilst lunar surface conditions are harsher than
on Earth, the CHILL-ICE mission proved the fea-
sibility of building an emergency inflatable habitat
inside a lava tube. The main differences between the
Earth’s surface and the lunar one are the gravity, the
lack of atmosphere, radiations and the temperatures.
Regarding radiations, the habitat should not have ex-
tra protection since the lava tubes protect from such
hazards. The difference of gravity would only change
the structural design of the habitat. This is easily
adaptable for an inflatable habitat. The key change
of requirements are the pressurization and the ther-
mal insulation. Efforts should be made in that direc-
tion for a second iteration. The ground temperature
observed during CHILL-ICE mission was 4°C at the
lowest. Lunar temperatures can go down to -222°C
during the night and up to 123°C during the day[22].
The current ECHO habitat cannot sustain life under
these conditions.

A hybrid inflatable habitat such as the one de-
scribed in [22] could meet such requirements. Hon-
eycomb panels combined with inflatable structural
tubes allows the habitat to be folded and put on a
lunar rover for emergency deployment. The pumping
of the tubes can be replaced by inserting CO2 car-
tridges. This would reduce the set-up time and effort
required for the current version of the habitat.

4.5 Astrobiology

Analog missions on Earth have been of benefit not
only for astrobiology research but also in other disci-
plines such exo-geology. Understanding soil mineral-
ogy and composition is of great importance for having
a chance at detecting whether life on Mars, at least
in microbiological form, did exist in the past or not.

That is why rehearsing experiments and instru-
ments at terrestrial analog sites that can help
with scientists’ knowledge on life detections when
analysing martian samples either after their return
to Earth or during the first crewed-mission to Mars
in the future. A perfect example would be NASA’s
perseverance rover is expected to fulfil astrobiological
tasks through determining whether the area of Jezero
Crater on Mars was suitable for life through looking
for signs of ancient life [23].

5. Conclusion

The Cable rope system has been selected as the
most favorable design solution for the CHILL-ICE
mission campaign with the highest score of 121.
This design solution has got the highest score
because of its dimensions, power consumption,
manufacturing, and operational costs. Cable rope
system is easily portable by two astronauts and
does not involve complex deployment mechanisms.
This system can be furthered developed in future to
deliver science payloads and astronauts from the sur-
face of the skylight to the subsurface of the lava tube.

The CHILL-ICE campaign allowed to thoroughly
test the Lunar Zebro locomotion in an environment
that is one of the most similar to the lunar one.
Moreover, the astronauts had the chance to directly
operate it and to provide feedback related to the
human-machine interface. Overall, it was proved
that the Zebro version that was used, Bars, had
capacities that were sufficient for a first exploration
of the Stefanshellir lava tube, but that still have
room for improvement, particularly in the field
of payload and operational interface. It was also
noticed that the usage of a swarm of rover would
allow for a faster analysis of the lava tube interior.

The two iterations of the CHILL-ICE mission
have proven that an inflatable habitat could be a
viable solution for astronauts seeking shelter and
waiting for a rescue crew inside moon’s lava tube.
The two crews successfully deployed the habitat in
the 8 hours available, and lived in it for the next
48 hours. The Icelandic lava tube conditions were
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as close as the lunar surface as one can get on
Earth. Nevertheless, two main aspects should be
investigated for future missions: thermal insulation
and pressurization. These issues could be tackled by
a hybrid structure, offering a semi-permanent shelter.

The field of Astrobiology is a broad field of scien-
tific investigation. Which makes it hard to limit it to
just a small set of scientific experiments or research
topics of interest. That’s why, terrestrial simulated
campaigns that support future planetary missions of
astrobiological relevance often include a set of geo-
logical, geo-chemical, geo-biological, biological, and
environmental investigation sampling and experimen-
tation. Testing the cutting-edge high throughput in-
struments related to those investigation would lead
to improvement of instrument performance, thus, in-
creasing the chances of their efficient use during fu-
ture missions to respective planetary systems of in-
terest. Finally, the type of astrobiological experimen-
tation discussed in this paper can be of importance
to future CHILL-ICE missions, which will expand the
horizons of the research being carried out during the
simulation period that would help contribute to the
global research being done in the same context.
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