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Welcome address
Mot de bienvenue
13:30 - 10:40 Lundi 14 juin / Thusday, June 14th
Discours en Plénière / Plenary Presentation

3

Remarques liminaires - l’Agence spatiale
canadienne (ASC)
Opening Remarks - Canadian Space
Agency (CSA)
10:40 - 10:55 Lundi 14 juin / Monday, June 14th
Discours en Plénière / Plenary Presentation
Caroline-Emmanuelle Morisset, Martin Bergeron
Bienvenue à l'atelier lunaire canadien! Cet atelier offre à L’Agence
spatiale canadienne (ASC) une tribune pour présenter un aperçu du
PAEL et permet à la communauté de présenter des recherches récentes,
des projets du PAEL et des idées pour l’utilisation de la station spatiale
lunaire Gateway.
Welcome to the 2021 Canadian Lunar Workshop! This workshop
provides a forum for CSA to present an overview of the LEAP program
and for the community to showcase recent research, LEAP projects, and
ideas for Gateway utilization.
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113 Programme lunaire de l’Agence spatiale canadienne / Canadian
Space Agency Lunar Program
Martin Bergeron, Ph.D., Érick Dupuis, Ph.D., Christian Lange, Ph.D., Caroline-Emmanuelle Morisset, Ph.D., Victoria
Hipkin, Ph.D., Mr. Karl Saad, Timothy Haltigin, Ph. D, Mr. Martin Picard, Luchino Cohen, Ph. D, Perry JohnsonGreen, Ph.D., Matthew Bamsey, Ph.D., Marie-Josée Potvin, Ph.D., Annie Martin, Ph.D., Ms. Anastasiia
Prysyazhnyuk, Sidharth Saraf, Ph.D., Mr. Philip Melanson
ASC/CSA, Saint-Hubert, Québec, Canada

Mots-clés / Keywords
Canadian Lunar Program, LEAP, Lunar Gateway, CLPS

Résumé / Abstract
Depuis l’annonce en 2019 par le Premier Ministre que le « Canada met le cap sur la Lune » et la confirmation de la
contribution d’un système robotisé intelligent (Canadarm3) à la station spatiale lunaire Gateway menée par la
NASA, le Traité sur le Gateway a été signé, assurant ainsi le vol d’un astronaute canadien sur la toute première
mission habitée à atteindre l’orbite lunaire depuis Apollo 17 (Artemis II), ainsi qu’un second vol à venir vers la
station spatiale lunaire Gateway. Maintenant bien en place, Le Programme d’accélération de l’exploration lunaire
(PAEL) a complété une consultation de la communauté (Appel à idées), octroyé des contrats pour le
développements de technologies (PDTS), émis des avis d’offre de participation pour la démonstration de
capacités et pour le développement technologique de même que deux subventions pour des investigations en
science planétaire à des consortium universitaires, et sélectionné 6 équipes afin de développer des instruments
scientifiques (Phase 0). Alors que la mission pour déployer un rover canadien sur la Lune est en cours de
développement en partenariat avec le programme CLPS de la NASA, il est temps de présenter nos réalisations et
de regarder vers le futur du PAEL. Ce premier Atelier lunaire canadien (ALC) mettra de l’avant ces éléments de
notre programme en plus de permettre à la communauté de présenter leurs travaux, alors même que nous
attendons impatiemment les premiers astronaute, instrument scientifique et astromobile canadiens à atteindre la
Lune aux environs de 2025.
Since the 2019 announcement by the Prime Minister that “Canada is reaching for the Moon” and confirming the
contribution of an AI-enabled robotic system (Canadarm3) to the NASA-led Lunar Gateway, the Gateway Treaty
has been signed, securing a flight for a Canadian astronaut on the first crewed mission since Apollo 17 to reach
the Moon’s orbit (Artemis II), and a second future flight opportunity to the Lunar Gateway. The Lunar Exploration
Accelerator Program (LEAP) is now well under way, having successfully reached out to the community (Request
For Information), awarded Technology development contracts (STDP), issued Capability Demonstration and
Technology Development AOs, and two Planetary Science Investigation Grants to academic consortia, and
selected 6 teams to develop Science Instruments (Phase 0). With the Canadian lunar rover mission now in
development, in partnership with NASA CLPS, time has come to present our current accomplishments and look
ahead post LEAP. This first Canadian Lunar Workshop (CLW) will showcase these program elements and allow the
community to present their work, as we are looking forward to the first Canadian astronaut, science instrument
and rover to all reach the Moon in the 2025 timeframe

5

Discours en plénière 1 - Administration
nationale de l’aéronautique et de l’espace
(NASA)
Plenary Talk 1 - National Aeronautics and
Space Administration (NASA)
11:00 - 11:25 Lundi 14 juin / Monday, June 14th
Discours en Plénière / Plenary Presentation
Debra Hurwitz Needham
La NASA donnera un aperçu de son programme lunaire.
NASA will provide an update on their Lunar program.
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Discours en plénière 2 - Agence spatiale
européenne (ASE)
Plenary Talk 2 - European Space Agency
(ESA)
11:30 - 11:55 Lundi 14 juin / Monday, June 14th
Discours en Plénière / Plenary Presentation
James Carpenter
L’ASE donnera un aperçu de son programme lunaire.
ESA will provide an overview on their Lunar program.

7

PAEL Phase 0 instruments scientifiques les présentations orales - session 1
LEAP Phase 0 Science Instruments - Oral
Presentations - Session 1
12:30 - 13:55 Lundi 14 juin / Monday, June 14th
Oral Presentation / Présentations Orales
Geneviève Marchand, Caroline-Emmanuelle Morisset
Une mise à jour de l’instrument scientifique du PAEL / An update on the
LEAP Science Instrument - oral presentations - Session 1.
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12:30 - 12:42

111 Mise à jour sur le projet d’instrument scientifique du PAEL de
l’ASC / A status on CSA’s LEAP Science Instrument Project
Caroline-Emmanuelle Morisset, Ph.D., Geneviève Marchand, Ph.D., Sidharth Saraf, Ph.D., Martin Bergeron, Ph.D.,
Timothy Haltigin Ph.D.
ASC/CSA, Saint-Hubert, Québec, Canada

Mots-clés / Keywords
LEAP Science Instruments, LSI, Phase 0

Résumé / Abstract
Le 28 février 2019, le gouvernement du Canada a annoncé un nouveau Programme d’accélération de
l’exploration lunaire, ou PAEL, avec un investissement de 150 millions de dollars sur cinq ans pour
soutenir le développement des technologies spatiales, les démonstrations dans l’espace et les missions
scientifiques. Dans le cadre de ce programme, la première étape du développement d’instruments
scientifiques du PAEL (ISP) a été une demande de proposition pour la Phase 0. Six contacts ont été émis
et devraient se terminer à l’été 2021. Les prochaines étapes de développement de l’ISP seront
discutées.
On February 28, 2019 the Government of Canada announced a new Lunar Exploration Accelerator Program, or
LEAP, with an investment of $150M over five years to support space technology development and in-space
demonstration, as well as science missions. As part of this program, the first step in the development of the LEAP
Science Instrument (LSI) was an RFP for the Phase 0. Six contracts were emitted and are planned for completion in
the summer of 2021. The next steps for the development of the LSI will be discussed.
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12:42 - 12:54

6 LunaR: A VERSATILE RAMAN SPECTROMETER FOR LUNAR
EXPLORATION - Présentation invitée / Invited Talk
Dr. Edward Cloutis1, Dr. Michael Daly2, Dr. Christie Caudill1, Dr. Sandra Potin1, Mr. Daniel Applin1, Ms. Stephanie
Connell1, Mr. James Freemantle2, Mr. Jesse Kuik1, Dr. Emmanuel Lalla2, Ms. Elizabeth Lymer2, Dr. Sebastien
Manigand1, Ms. Alexis Parkinson1, Mr. Sahejpal Sidhu2, Ms. Nathalie Turenne1, Dr. Roman Kruzelecky3
1
University of Winnipeg, Winnipeg, Manitoba, Canada. 2York University, Toronto, Ontario, Canada. 3MPBC Inc.,
Pointe Claire, Quebec, Canada

Mots-clés / Keywords
Moon, Raman spectroscopy, geology, rover, mineralogy, in situ resources

Résumé / Abstract
As part of the CSA’s LEAP program, a team involving the University of Winnipeg, York University and MPBC is
exploring Raman spectroscopy for inclusion on future lunar landed missions (entitled LunaR). This study involves
three parallel tracks: science value, engineering design and fabrication, and mission opportunities.
The value of Raman spectroscopy for lunar science and exploration has been assessed in the context of Canadian
priorities. Areas of application from CSA Topical Team reports include Planetary Science (Astrobiology (AB),
Planetary Geology, Geophysics and Prospecting (PGGP), Planetary Space Environment (PSE), and Space Health
(SH).
The ability of Raman spectroscopy to characterize the lunar surface has been demonstrated in multiple studies.
These have shown that Raman spectra of lunar materials and analogues exhibit emission peaks attributable to
specific minerals. Mineral compositional variations can also be detected via various spectral changes, such as
shifts in peak positions, changes in peak shapes, and appearance or disappearance of peaks. Raman
spectroscopy can also be used to detect and characterize condensed volatiles such as water ice, and poorly
crystalline/amorphous lunar phases, such as shocked phases/glasses.
We are exploring a baseline instrument as well as a number of augmented options. These investigations are
targeting a mass of <3 kg for the baseline instrument and <10 kg for the augmented options.
The baseline instrument will consist of a 532 nm continuous wave (CW) 532 nm laser mounted on the underside of
a rover with across-track scanning capability. This mounting option would minimize ambient light, improving
signal to noise ratio. The instrument would also be equipped with a wide FOV (~90°) RGB (UV-enhanced) camera
for context imaging – illumination provided by a broadband light source. Augmented options would include: (1)
inclusions of passive reflectance, (2) two-dimensional scanning capability, (3) a greater stand-off capability, and (4)
a spatial heterodyne configuration. Augmented options 1-3 can be explored and developed because of the
modular nature of the baseline breadboard system; option 4 involves a fundamentally different system, but has
some significant performance advantages. In all cases, the instrument will include a space-qualified Raman
reflectance standard to enable wavelength calibration.
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12:54 - 13:06

25 Lunar APXS - Discovering the Composition of the Moon Présentation invitée / Invited Talk
Dr. Amy Shaw1, Dr. Ralf Gellert2, Dr. Edward Cloutis3, Dr. Laura Kerber4, Dr. Scott VanBommel5, Mr. Daniel
Applin3, Dr. Nicholas Boyd2, Mr. Darin Buckland1, Dr. Christy Caudill3, Dr. Cameron Dickinson1, Mr. Inderraj
Grewal1, Ms. Paige Hall1, Ms. Jennifer Hehar1, Mr. David Hiemstra1, Dr. Sebastien Manigand3, Dr. Michael
McCraig2, Ms. Erin Richardson1, Mr. Sahejpal Sidhu3
1
MDA, Brampton, ON. 2University of Guelph. 3University of Winnipeg. 4JPL/Caltech. 5Washington University in St.
Louis

Mots-clés / Keywords
instrument, chemistry, science, APXS, lunar, Moon, planetary, LEAP

Résumé / Abstract
The Lunar APXS (Alpha Particle X-Ray Spectrometer) is a low-mass, high-heritage Canadian instrument that yields
fundamental scientific information: the elemental abundance of lunar surface materials. The most recent version
of the instrument has been proven in planetary exploration and is currently operating on the surface of Mars
providing unprecedented views of Mars geology.
Lunar APXS can be implemented in a variety of ways, including on a lunar surface rover, on a rappelling lunar pit
explorer, or on a lander. The instrument’s low mass makes it well-suited for inclusion on microrovers and other
small platforms as well as larger platforms such as MER-class rovers.
The instrument is currently undergoing a Phase 0 study for use in lunar missions. The Phase 0 study includes
assessment of the science objectives, user needs, system requirements, development plan, conceptual design
and concept of operations. MDA is working with the University of Guelph, University of Winnipeg, and
international partners to develop the next-generation Lunar APXS instrument.
Lunar APXS addresses Canadian science priorities for the next decade and beyond. The instrument will allow
Canadian scientists to:

•
•
•
•

Document the geological record and processes that have shaped the surface of the Moon
Determine the resource potential of the Moon
Understand surface modification processes on airless bodies
Provide insight into the interior properties of the Moon

Lunar APXS will conduct important scientific investigations, regardless of where on the Moon it lands.
As well as significant applications in lunar exploration, the instrument has broader applications in the exploration
of planets, other moons, comets and asteroids.
This work is funded by the Canadian Space Agency.
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13:06 - 13:18

103 I-SPI: Intelligent Sensing and Perception in Infrared - Présentation
invitée / Invited Talk
Dr. Matt Cross1, Dr. Melissa Battler1, M. Kaizad Raimalwala1, Dr. Michele Faragalli1, M. Evan Smal1, M. Ewan Reid1,
Dr. Ed Cloutis2, Dr. Mike Daly3, Dr. Krzysztof Skonieczny4, Dr. Jen Newman2, M. Cosette Gilmour3, Dr. Ryan Ewing5,
Dr. Louisa Preston6, Dr. Denis Dufour7, M. Christian Proulx7, M. Patrice Cote7
1
Mission Control Space Services, Inc, Ottawa, Ontario, Canada. 2University of Winnipeg, Winnipeg, Manitoba,
Canada. 3York University, Toronto, Ontario, Canada. 4Concordia University, Montreal, Quebec, Canada. 5Texas
A&M, College Station, Texas, USA. 6Natural History Museum, London, United Kingdom. 7INO, Quebec City,
Quebec, Canada

Mots-clés / Keywords
AI, Infrared Imaging, Micro-Rovers, LEAP

Résumé / Abstract
Mission Control is leading the development of a novel, compact AI-integrated infrared imaging instrument:
Intelligent Sensing and Perception in Infrared (I-SPI). I-SPI can detect and map cold traps and water ice without an
active lighting source. I-SPI includes two components, the Thermal Infrared Emission Spectroscopy Cameras (TIESCam) and the Advanced Data Processor (ADP). I-SPI is designed for micro-rovers, and a version of the ADP will be
demonstrated on an upcoming commercial mission.
I-SPI will achieve several science goals. The TIES-Cam measures thermal infrared emission in the 2.9-100µm range
for mapping surface temperature, identifying water ice volatiles, and characterizing surface mineralogy. Thermal
and volatile measurements will answer key questions about cold traps in permanently shadowed regions within
craters at the poles. Measurements of surface temperature and thermal inertia will inform thermophysical surface
properties and correlations between crater thermophysical properties and water ice presence. TIES-Cam will also
characterize surface mineralogy to place findings into context, and to provide ground-truth for orbital datasets. ISPI will help to understand rover trafficability at the lunar surface and the potential for surface navigation using
thermal infrared imaging.
I-SPI will also investigate the impact on science operations with the ADP. The ADP features the ASAS-CRATERS
(Autonomous Soil Assessment System for Contextualizing Rocks Anomalies and Terrains in Exploratory Robotic
Science) suite of science autonomy applications. Its functionality is twofold: 1) to classify geological features and
identify novel features from the rover’s NavCam images, and 2) to use the classified features to make sciencedriven decisions on targeting and data downlink based on pre-defined schema. The priority scheme will prioritize
images that contain the science features for downlink based on science objectives and mission timeline. TIES-Cam
measurements will be acquired when those priority targets are in the same field of view. This functionality ensures
that the most scientifically relevant data is captured and downlinked to maximize the scientific return of TIES-Cam
which is important during constrained micro-rover missions. Once downlinked, the international, distributed I-SPI
science team will leverage Mission Control Software to conduct operations.
This project is undertaken with financial contributions from the Canadian Space Agency under contract 9F050200032-002-ST.
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13:18 - 13:30

110 Canada’s Lunar Frozen Regolith Observation & Science Tools
(FROST) Suite and Fast-Tracking Your Own Lunar Payload Présentation invitée / Invited Talk
Dr. Nadeem Ghafoor1, Mr. Andreas Hitzler1, Mr. John Hackett1, Mr. Perry Edmundson1, Dr. Edward Cloutis2, Dr.
John Moores3, Dr. Jacob Kloos3
1
Canadensys Aerospace Corporation, Bolton, Ontario, Canada. 2University of Winnipeg, Winnipeg, Manitoba,
Canada. 3York University, Toronto, Ontario, Canada

Mots-clés / Keywords
lunar, regolith, science, volatiles, geology

Résumé / Abstract
The past 3 years in lunar exploration have been unprecedented. While previous decades were beset with
architecture reset after architecture reset, the last 3 years have seen 8 fully-funded commercial lander missions
selected, multiple new international missions planned, key human systems targeting maiden voyages in cislunar
space, and even the first landing attempts scheduled for the first commercial human landers.
Canada staked its own claim in this landscape with the $2B commitment to Lunar Gateway and the first cislunar
flights of Canadian astronauts. Even more exciting, the $150M Lunar Exploration Accelerator Program is already
enabling commercial enterprise across Canada to deploy technologies, science payloads, small missions and
potentially even services in cislunar space all inside the next 5 years. Canada’s Apollo moment looms, and it is far
from monolithic. Fortunately, national investments over the past 10 years have established a sound base of lunarready capabilities, and Canadian organizations are no longer starting from scratch but can now leverage a variety
of lunar-ready components, subsystems and even full platforms to realize their own lunar aspirations.
Canada’s Lunar Frozen Regolith Observation & Science Tools (FROST) suite is a perfect example of this. FROST,
currently undergoing a Phase 0 study with CSA, is a small mission lunar science & imaging suite that provides a
rugged, cost-effective means of geological and volatile characterization at the lunar poles, optimized for nearterm resource-constrained small, low-cost lunar platforms. Designed around a common core, the FROST suite
leveraged technologies already compatible with first-wave landers to ensure readiness for international and
commercial missions flying as early as 2023. Such pace would have been unthinkable 3 years ago, and offers a
tantalizing glimpse of the potential for Canadian exploration over the coming decade.
There has never been a more exciting time to be a Canadian lunar scientist, explorer or commercial entrepreneur.
Using FROST as an example, recap is given to some of the design considerations that will face aspiring Canadian
lunar developers, along with a review of some of of the lunar-ready Canadian technologies available today that
can help Canadian innovators fast-track their own lunar science and exploration plans.
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13:30 - 13:42

109 Space Radiation Science and Radiation Protection with the
Canadian Lunar Lander SWeeping Energetic Particle Telescope (LLSWEPT) - Présentation invitée / Invited Talk
Prof. Ian Mann1, Prof. Robert Fedosejevs2, Dr. Louis Ozeke1, Dr. Henry Tiedje2, Ms. Katelyn Ball1,2, Mr. Bo Yu2, Dr.
Neil Rowlands3, Mr. Davis Zheng3, Mr. Dwight Caldwell3, Mr. David Barona1, Prof. Andrew Yau4, Prof. David Miles5
1
Department of Physics, University of Alberta, Edmonton, AB, Canada. 2Department of Electrical and Computer
Engineering, University of Alberta, Edmonton, AB, Canada. 3Honeywell Aerospace, Ottawa, ON, Canada.
4
University of Calgary, Calgary, AB, Canada. 5University of Iowa, Iowa City, Iowa, USA

Mots-clés / Keywords
Space Radiation, Radiation Dose, Space Radiation Health, Space Science, Solar Storms,

Résumé / Abstract
The Lunar Lander SWeeping Energetic Particle Telescope (LL-SWEPT) investigation targets an assessment of
space radiation in the form of energetic particles from the surface of the Moon. Using niche Canadian technology
developed through prior CSA investments, the LL-SWEPT project will address and characterise the energy and
directional dependence of space radiation. The project focusses on an assessment of the fundamental plasma
processes which accelerate the particles to create this severe radiation hazard for astronauts in deep space. LLSWEPT will also contribute to the development of effective deep space radiation mitigation strategies. Clean,
energy-resolved directional measurements to be made by LL-SWEPT are critical for understanding of the
energetic particle flux of cosmic ray and solar origin. This is also critical for the development of
appropriate radiation risk assessment and mitigation strategies for human and robotic space exploration.
The key innovation of LL-SWEPT is the development of angularly resolved characterisation of the radiation, which
is a key unknown. This is true both for temporally evolving solar energetic particle (SEP) radiation in the
heliosphere, emitted in solar eruptions and accelerated at interplanetary shocks, as well as for assessing the
impacts of secondary radiation hazards. On the lunar surface, even the relatively isotropic incoming galactic
cosmic ray (GCR) flux generates hazardous directional secondary radiation through interactions with the lunar
regolith, and with spacecraft and habitat materials. Angular resolved radiation can also be used to remote sense
subsurface water on the moon. LL-SWEPT hosted on a lunar lander will primarily assess GCR radiation and related
secondary radiation from regolith albedo in 8-10 days of lunar surface operation. Additional opportunities to
assess severe SEP radiation from lunar orbit, for example from the Gateway, are also discussed. The project is
highly relevant to LEAP goals, and addresses high priorities from the CSA “Canadian Space Exploration: Science &
Space Health Priorities” report (2017) and those of the Canadian planetary space environment (PSE) community
for Space Exploration. Overall, LL-SWEPT will give Canada a unique capability to contribute to international efforts
in the science of space radiation and the mitigation of human deep space radiation risks from a lunar lander.
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13:42 - 13:54

107 Canada’s Lunar Exploration & Agriculture Feasibility (LEAF) Flight
Payload - Présentation invitée / Invited Talk
Mr. Josh Newman1, Dr. Nadeem Ghafoor1, Mr. Perry Edmundson1, Dr. Michael Dixon2, Dr. Thomas Graham2, Dr.
Michael Stasiak2, Dr. Mark Lefsrud3, Mr. Christopher Patterson3
1
Canadensys Aerospace Corporation, Bolton, Ontario, Canada. 2University of Guelph, Guelph, Ontario, Canada.
3
McGill University, Montreal, Quebec, Canada

Mots-clés / Keywords
lunar, exploration, agriculture, feasibility, plant, growth, night, survival

Résumé / Abstract
The next chapter in lunar exploration will demand new levels of extended duration operation and sustainability in
more remote locations than ever before for human and robotic exploration systems alike. Water will be a key
theme over the coming decade for everything from science, to prospecting to life support and eventually energy
and resources.
At its core, the Canadian Lunar Exploration Agriculture Feasibility (LEAF) instrument is a pilot for both the
challenge of future extended duration operations on the lunar surface and sustainable life support systems
thereafter. As a plant growth experiment, LEAF aims to answer several key and longstanding research questions
related to plant growth, and by extension future lunar food production, beyond Earth orbit. LEAF will conduct a
series of investigations into the germination, growth, and lunar night survivability of edible plants. The instrument,
currently undergoing a Phase 0 study with CSA as part of LEAP, targets launch prior to 2024 and a primary science
surface mission duration of two lunar days (about 56 Earth days) demonstrating longevity and viability through the
cryogenic lunar night. Secondary science and technology demonstration objectives could extend the mission
duration to multiple lunar days thereafter. Three species of plants will be grown in stages throughout the primary
science mission, selected for their suitability in addressing a number of lunar science, lunar exploration, terrestrial
agriculture, and socioeconomic questions of national significance.
The results from LEAF’s pilot mission will crucially feed forward to the development of future international and
commercial Lunar surface systems on both the Moon and Mars. Meanwhile many of the investigations and
technologies for remote monitoring, control, energy management and environment sensor reliability surviving
and operating under the most extreme lunar surface conditions have clear application to horticultural
management strategies and food security in Canada’s North.
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Technologies lunaires novatrices – les
présentations orales - session 1
Lunar Innovative Technology - Oral
Presentations - Session 1
14:00 - 15:25 Lundi 14 juin / Monday, June 14th
Oral Presentation / Présentations Orales
Martine Dubé, Marie-Josée Potvin
Cette session couvre les présentations orales sur les innovations
technologiques relatives aux sous-systèmes de rovers lunaires, en
particulier, mais pas exclusivement, les innovations permettant une
meilleure survie à long terme dans la nuit lunaire.
This session covers abstract presentations on technological innovations
pertaining to sub-systems of lunar rovers, especially, but not exclusively,
innovations leading to a better long term lunar night survival.
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14:00 - 14:12

50 Thermal Survival of a 3D Printed Thermoplastic Rover on the Lunar
Surface / Résistance thermique sur la surface de la Lune d’un rover fait
par impression 3D de thermoplastique
Mr. Mathieu Cantin Halpin1, Mr. Tyler Hrynyk2, Mr. Matthew Chila2, Dr. Marie-Josée Potvin2
1
Department of National Defence. 2Canadian Space Agency, Saint-Hubert, Québec, Canada

Mots-clés / Keywords
Lunar Rover, PEEK, Thermoplastic, 3D Printing, Honeycomb, Night Survival, Rover lunaire, PEEK, thermoplastique,
impression 3D, nid d’abeille, nuit lunaire

Résumé / Abstract
The CSA is collaborating with industry and academic research teams to design a 3D printed composite lunar rover
called PEEKbot capable of surviving the extreme thermal conditions of the lunar night. This work aims to provide a
preliminary analysis of the thermal viability of a 3D printed lunar rover, made of poly-ether-ether-ketone (PEEK)
sandwich panels, by using finite element methods.

The thermal performance of several PEEK sandwich panel designs was assessed. Printed geometries based on
Voronoi decompositions and Delaunay Lofts showed a potential for modest thermal performance gains over
conventional configurations such as hexagonal honeycomb. A simple thermal model of PEEKbot was created to
examine performance and survivability over a lunar day/night period. Results indicate that a PEEK/MLI panel
system with an effective thermal conductivity of 0.0011 W/m∙K would lead to thermally viable 3D printed lunar
rover.

L’Agence spatiale canadienne collabore avec l’industrie et le milieu académique pour concevoir un rover lunaire
fait par impression 3D de composite capable de survivre aux conditions thermiques extrêmes de la nuit lunaire.
Ce travail vise à fournir une analyse préliminaire de la viabilité thermique d’un rover lunaire fait par impression 3D
de panneaux à nid d’abeille en poly-éther-éther-kétone (PEEK) en utilisant la méthode des éléments finis.

La performance thermique de différents concepts de panneaux à nid d’abeille en PEEK a été évaluée. Des
géométries basées sur les décompositions de Voronoi et Delaunay Lofts ont démontré un potentiel pour des
gains modestes en performance thermique par opposition à des configurations plus conventionnelles de nids
d’abeille hexagonaux. Un modèle thermique simple du PEEKbot a été créé pour examiner la performance et la
possibilité de survivre une période d’une journée et d’une nuit lunaires. Les résultats démontrent qu’un ensemble
panneau de PEEK avec couverture thermique ayant au total une conductivité thermique effective de 0.0011
W/m∙K permettrait à un rover lunaire fait par impression 3D de survivre à la nuit lunaire.
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14:12 - 14:24

16 Overview of the PEEKbot project: Design and advanced
manufacturing of a lunar rover using thermoplastic composites
Professor Daniel Therriault, Dr. Kambiz Chizari
Polytechnique Montreal, Montreal, Quebec, Canada

Mots-clés / Keywords
lunar rover, composites, additive manufacturing, thermoplastic, material design, induction welding

Résumé / Abstract
The main objective of this project is to design and manufacture a lightweight lunar rover through a collaborative
project between an academic research team from three institutions (Polytechnique Montréal, École de
Technologie Supérieure (ÉTS) and Université Laval), the Canadian Space Agency (CSA), two industrial partners
(ArianeGroup, NanoXplore), and two industrial collaborators (Mëkanic and Dyze Design). To reach our main
objective, the research team will: (O1) Formulate thermoplastic composite materials that meet the requirements of
the space environment (e.g., high temperature, resistance to radiation), (O2) Manufacture the rover components
by additive manufacturing using materials developed in (O1), (O3) Assemble the various composite components
by induction welding, (O4) Develop numerical models to predict the properties of composites and of the lunar
rover structures, and (O5) Integrate the different systems to obtain a functional rover prototype. This research
project proposes innovative material formulations, manufacturing and assembly solutions to significantly reduce
the weight, cost and the manufacturing time of composite lunar structures while improving product durability
under extreme conditions. Although polymers are lighter than metals and feature a lower thermal conductivity for
the cold days on the moon, their thermomechanical properties have to be improved to be able to tolerate the
weight of the lunar rover components and the moon temperature variation. In this presentation, our most
promising candidates as high-temperature thermoplastic composites for the body of the lunar rovers, their
properties and challenges regarding their manufacturing process will be presented. Beside the materials aspect,
we demonstrated that the infill configuration (e.g., honeycomb, Voronoi) of the additively manufactured sandwich
panels significantly influences their mechanical properties. The advantages of integrating metal-based particles
into the polymer composites for the induction molding of lunar rover components will be discussed as well. This
project provides a balanced training between experimental works and numerical modeling and will generate
important knowledge advancements in various fields including thermoplastic composites, additive manufacturing,
and space-graded materials.
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27 The benefits of induction welding in joining of thermoplastic
sandwich structures for lunar environment applications
Mr. Romain G. Martin1, Prof. Christer Johansson2, Dr. Marie-Josée Potvin3, Prof. Jason R. Tavares4, Prof. Martine
Dubé1
1
CREPEC, Mechanical Engineering, Ecole de Technologie Supérieure (ETS), Montréal, Québec, Canada. 2RISE
Research Institutes of Sweden, Göteborg, Sweden. 3Canadian Space Agency (CSA), Montréal, Québec, Canada.
4
CREPEC, Chemical Engineering, Polytechnique Montréal, Montréal, Québec, Canada

Mots-clés / Keywords
Thermoplastic composites, sandwich structures, induction welding, magnetic susceptors

Résumé / Abstract
Sandwich structures made of low outgassing 3D printed thermoplastic honeycomb cores and composite skins are
candidate materials for lunar rover applications, because of their light weight and low thermal conductivity, as well
as the potential for repairs compared to thermoset materials, such as epoxy. On the Moon, structures such as
rovers must keep a minimal internal temperature (>0°C) for the on-board electronics to survive the cold lunar
night (-200°C). Skin-to-core bonding in typical aerospace sandwich structures made of thermosetting matrices is
typically done using adhesives. However, these epoxy-based adhesives offer low compatibility with thermoplastic
matrices in addition to different coefficients of thermal expansion (CTE), which may lead to a higher risk of
skin/core debonding during lunar thermal cycles, a problem also present when using epoxy skins and various
honeycomb materials. The use of thermoplastics allows structures to be assembled using fusion bonding, or
welding, techniques. In this case, the bond between the core and the skin is made by melting and consolidating
under pressure the thermoplastic polymer located at the interface. Here, we propose to use induction to generate
heat at the welding interface. A heating element – called susceptor – is developed and takes the form of magnetic
micro- or nanoparticles dispersed in a compatible thermoplastic matrix. This approach mitigates the debonding
risk, and it allows the welding to take place under low frequency magnetic fields. In addition, this technique has
the potential to be used to attach equipment made of low outgassing thermoplastics to the sandwich structure,
which is traditionally done using mechanical fasteners and metallic inserts fixed within the core structure through
the skins. These inserts are increasing the total weight and reducing the thermal insulation properties of the part.
Relying on induction welding can help solve these critical issues.

19

14:36 - 14:48

2 Regolith-based lunar shielding structures: the way to structural
resilience
Dr Georgios Kampas1, Dr Nikolaos Kalapodis1, Dr Christian Malaga-Chuquitaype2
1
University of Greenwich, Medway, United Kingdom. 2Imperial College London, London, United Kingdom

Mots-clés / Keywords
lunar structures, regolith-based materials, structural optimisation, finite-element analysis

Résumé / Abstract
The idea of utilising indigenous resources for the manufacturing/construction of shielding lunar structures as part
of a permanent lunar habitat has been envisioned even before the Apollo era and nowadays; with ambitious
missions such as “Insight”, “Perseverance” and “Artemis”, is more evident than ever. Since the 1990s, a plethora of
engineering publications pertaining to the design of future Off-Earth Structures (OES) has emerged. The first
concepts of OES incorporated regolith shielding together with steel or aluminium trusses/frames and kevlar
membranes using flat or curved/arched geometries. Only after the turning of the 20th century did engineers
introduce additive manufacturing as a potential Off-Earth construction process under the in-situ resource utilisation
(ISRU) framework, allowing for lunar regolith utilisation as a structural material. Hence, our work as civil engineers
has focussed on proposing some optimal shapes of potential long-span shielding structures from laser-sintered 3Dprinted lunar regolith that can be used as storage facilities for valuable assets (robots, energy fuels tanks, habitable
modules, etc) on the lunar surface. In this study, a range of optimal structures are presented consisting of varyingthickness arches (VTAs), produced by an iterative form-finding algorithm developed by the authors. These VTAs are
designed to be resilient against both gravitational and seismic loads, especially since lunar seismicity has not been
really considered until now as a potential structural hazard. Lunar strong ground motions can be the result of shallow
moonquakes or meteorite impacts. The mechanical properties of laser-sintered regolith are integrated into a linear
constitutive model and a series of finite element analyses (FEA) has been performed. Interestingly, FEA show that
the original VTAs need to be geometrically enhanced, by means of thickening certain weak areas of their crosssections, in order to minimise the principal stresses and the amount of strain energy exhibited locally. Thus, the
enhanced VTAs show efficiency compared to their constant-thickness counterparts, both in terms of material usage
and of stress minimisation (below the structural regolith’s tensile strength).
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14:48 - 15:00

93 Collapsible Deployable Pressure Vessel Containment Technology
for Lunar Surface Operations
Mr. Maxim de Jong
Thin Red Line Aerospace, Chilliwack, B.C., Canada

Mots-clés / Keywords
ISRU, rover, propellant, pressure vessel, cryogenic, tank, inflatable, habitat

Résumé / Abstract
Introduction:
Long-duration lunar surface operations will require a new generation of self-sustaining rovers and spacecraft
which are able to utilize in-situ resources. Almost all systems will require pressurized storage of fluids and
propellants, cryogenic or otherwise. Cryogens will need to be stored for long periods of time for lunar surface
vehicle operation, as well as for chemical and nuclear rocket upper stages, lander systems, at ISRU propellant
production facilities, and for orbital stage aggregation. Hydrogen fuel cells offer high specific power output while
being completely independent of the diurnal cycle. A central problem for fuel cell systems has been adaptable,
mass-efficient storage of the fuels. Here we describe development of a unique collapsible pressure vessel capable
of containing and insulating cryogenic fluids and propellants for long-duration surface and in-space missions.
Technology:
Thin Red Line Aerospace’s patented design for collapsible-deployable pressure vessels of the highest specific
energy leverages organic polymer fiber strength to create tanks exceeding the capabilities of lightweight
composites for storing high-pressure fluids. In a NASA-sponsored initiative Thin Red Line Aerospace (TRLA) is
developing an application of this architecture to high pressure storage of cryogens incorporating flexible
membrane liners. This approach facilitates exceptionally low mass storage of liquid O2 and H2 thereby offering
higher energy density than almost any other non-nuclear power source. Furthermore, these fluids can readily be
produced on the Lunar surface, and have a wide range of secondary applications ranging from life support to
rocket propellants for sample return missions. This technology also has the potential to remove limitations on
current rover designs by providing a reliable and sustainable power source for operation in deep craters or at
night. The low bulk of the packaged softgoods makes it possible to stow a rover in a smaller lander together with
augmented propellant supply.
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30 Earth-Based Prototype of a Novel Wheel and Drive System for the
PEEKbot Lunar Rover
Mr. Adam McKenzie1, Mr. Angelo Lu1, Mr. Levi Huyer1, Ms. Meaghan Hannigan1, Mr. Matthew Chila2
1
Queen's University, Kingston, Ontario, Canada. 2Canadian Space Agency, Saint-Hubert, Quebec, Canada

Mots-clés / Keywords
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Résumé / Abstract
The PEEKbot is a lunar rover project involving undergraduate Capstone teams, graduate students, and professors,
in collaboration with the Canadian Space Agency. The purpose of the project is to test novel rover subsystem
designs for the lunar environment while using the thermal properties of PEEK to survive the lunar night. This study
prototyped a novel wheel and drive system for an earth-based version of the PEEKbot rover. The wheel was
developed as a hybrid design of solid and mesh wheels to save mass and resist lunar dust abrasion. The wheel
consists of four spokes, each made from two plates connected at the ends by the hub and a boot. A woven steel
mesh is formed around the wheel and is secured to the hub and spokes. The rover is subject to bulldozing forces,
which are resistive forces caused by the wheel pushing lunar regolith. The drawbar pull is a measure of the force
exerted during acceleration before wheel slip occurs. The mesh portion of the wheel is designed to increase
drawbar pull and reduce bulldozing forces, but alone is unable to provide the structural rigidity to support up to
100 kg without significant deflection. The small rover dimensions necessitated an offset wheel design, with 10 mm
of clearance between the wheels. Therefore, any significant deflection of the mesh would cause interference
between the wheels, potentially resulting in serious damage to the system. The solid spokes maintain the rigidity
of the wheel and mitigate the danger of this interference. Mesh between spokes allows for slight deformation,
increasing the contact area between the mesh and regolith. This improves traction through decreasing shear
stress on the regolith, and consequently the chance of slip. Bulldozing forces are reduced because lunar dust can
go through the mesh. The prototype’s next steps involve testing the wheel, and subsequently predicting the
behaviour on the lunar surface. Areas of interest include drawbar pull, sinkage, slip, and maneuverability out of an
immobile position. Development of this prototype will continue with the CSA, and future Capstone teams working
towards optimization of the drive train, wheels, and other rover components.
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Technologies lunaires novatrices - les
affiches électroniques - session 1
Lunar Innovative Technology - e-Posters Session 1
15:30 - 15:55 Lundi 14 juin / Monday, June 14th
Affiches Électroniques / e-Poster Presentations
Martine Dubé, Marie-Josée Potvin
Cette session couvre les affiches électroniques sur les innovations
technologiques relatives aux sous-systèmes de rovers lunaires, en
particulier, mais pas exclusivement, les innovations permettant une
meilleure survie à long terme dans la nuit lunaire.
This session covers e-Posters on technological innovations pertaining to
sub-systems of lunar rovers, especially, but not exclusively, innovations
leading to a better long term lunar night survival.
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26 FEA Modelling of 3D Printed Thermoplastic Honeycomb Core
Sandwich Panels
Mr. Anton Sura1, Dr. Marie-Laure Dano1, Dr. Marie-Josée Potvin2
1
Université Laval, Québec, QC, Canada. 2Canadian Space Agency, Montréal, QC, Canada

Mots-clés / Keywords
Finite element analysis, fused deposition modelling, honeycomb core, equivalent model

Résumé / Abstract
Low outgassing thermoplastic sandwich panels are being considered for lunar exploration as they are good low
mass insulators. To avoid using adhesives between the skins of a sandwich panel and the core, which will induce
stresses due to the different coefficients of thermal expansion, 3D printed parts are being considered. Due to the
fast prototyping and complex geometries possible with additive manufacturing (AM) processes like 3D printing,
non-standard sandwich panel cores can be developed to improve mechanical and thermal performance.
However, the finite element analysis (FEA) method to predict the stresses within AM parts has not been well
established. Because of this, the mechanical behaviour of 3D printed thermoplastic sandwich panels remains
largely unknown and this is a crucial aspect in any space mission. Some of the uncertainty in simulation can be
attributed to the impacts that the printing conditions and variation in thermoplastic properties can have on the
structures. These impacts include geometry deviation from the original design and material property variation
from microstructural defects.
This research, in collaboration with different academic partners and the CSA, focuses on developing a more
reliable FEA model for 3D printed PLA honeycomb panels. This is accomplished by characterizing printed PLA
using ASTM standards, performing computed tomography scans of the honeycomb core, and simulating the
mechanical behaviour of a honeycomb panel in Abaqus. After testing the accuracy of the model by comparing the
simulations to experimental tests, an equivalent thick shell model is developed that allows for less computational
expense when modelling larger structures. This method may be applied to composite materials and complex
geometries for honeycomb cores, allowing for a rapid transition from new material and core geometry
developments to the evaluation of their effectiveness in lunar structures and vehicles.
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15:33 - 15:36

29 Benefits of 3D printing for a lightweight and thermally resistant
lunar rover
Mister Olivier Duchesne, Pr. Frédérick P. Gosselin, Pr. Daniel Therriault
Polytechnique Montréal, Montréal, Qc, Canada

Mots-clés / Keywords
Additive Manufacturing, Fused Filament Fabrication, Topology Optimization

Résumé / Abstract
Sandwich panels are structures made of two skins bonded to either sides of a core, allowing to carry maximum
flexural loading with minimal structural mass. Sandwich panels are common in the field of aerospace, automotive
and many others. Classical core structures are generally lattices, honeycomb or foam, which are easy to produce
in the industry. In the case of a lunar rover, the sandwich panel at the base is the most structurally solicited part.
Additive manufacturing or 3D printing increases the interest in topology optimization for space exploration since
complex structures are hard to create using conventional machining processes. In this case, Fused Filament
Fabrication (FFF) allows to create lightweight parts made of high-performance low outgassing thermoplastics and
composites. FFF also allows to quickly iterate at lower cost over a range of complex geometries, including infill
patterns such as Gyroids and Delaunay lofts. We developed an original approach to optimize a sandwich panel’s
core mass. The approach starts from a honeycomb structure and concentrate cells where stresses are highest.
Minimal mass is a key factor for space exploration. Electronic equipment survival also benefits from this
optimization since the structure’s thermal conductivity will be lower. A non-normalized test was performed to
characterize the optimized sandwich panel’s resistance under local load. A punch went down at quasi-static
constant speed in the middle of a sandwich panel supported on the edges. Both optimized and regular
honeycomb sandwich panels had the same mass. Our mechanical testing results revealed that the optimized
honeycomb sandwich panel withstood twice the maximal load of the uniform honeycomb sandwich. Shear force
rigidity of the panel was improved by a factor of two. Future normalized tests will be performed to compare
flexural rigidity between these structures. Future steps using this fabrication method consists of 3D printing with
non-planar toolpath using a 6-degree-of-freedom robotic arm, allowing to control anisotropy along printed parts
and to minimize the use of supports. Eventually, the use of continuous carbon fibers in FFF with a robotic arm will
further improve mechanical properties.
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38 A Low-profile Attitude Mechanism for Directional Antennas
(LAMDA) to address communication limitations on micro lunar rovers
Ms Charmaine Neufeld1, Mr Sam Bunka1, Mr Athony Buonassisi1, Mr Jean Philippe Ayissi1, Mr. Graham Rowe1, Mr
Peter Kazakoff2
1
UBC, Vancouver, BC, Canada. 2ASC/CSA, Saint-Hubert, QC, Canada

Mots-clés / Keywords
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phased array, beam, X-band, patch array, low power, compact, low profile

Résumé / Abstract
Communication bottlenecks can severely limit the scientific value and operational bandwidth of space exploration
missions. When considering communication architectures for lunar missions, smaller agencies without access to high
gain receiving networks such as NASA’s Deep Space Network will suffer from low data rates or prohibitively high
operating costs.
The Canadian Space Agency and Canadian universities, through the PEEKbot project, are investigating the
feasibility of a micro lunar rovers, with projected lengths under 50 cm and weights under 75 kg. Few existing
antenna architectures are suitable for such an application, given the strict volume, mass, and power requirements on
this platform. Omnidirectional antennas suffer from very low gain and data rates, while electronically steered systems
have large footprints and power requirements.
We present a proof-of-concept prototype of a pointing device for a high-gain patch array antenna. The Lowprofile Attitude Mechanism for Directional Antennas (LAMDA) consists of a spring-loaded hinge on a rotating
platform, connected by a cable to a motorized winch. This elevation-over-azimuth system achieves the following
specifications:

•
•
•
•

Full hemispherical view (370-degree azimuth, 91-degree elevation)
Net mass of 2.2 kg
Stowed height under 42 mm
Average power consumption under 2 watts

Additionally, a flexible fabric cover covers all moving surfaces, enabling the large range of motion while improving
dust ingress resistance. With the entire mechanism underneath the 300 mm square antenna, in its stowed
configuration, LAMDA is barely larger than the patch array antenna itself.
This pointing solution relieves the communications concerns for micro lunar rovers by supporting a highgain directional antenna without excessive mass, stowed volume, or power consumption. Increasing data
throughput provides more margin to operators in all scenarios: more data returned to Earth means a better
understanding of the vehicle’s status and its scientific objectives.
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42 High-Performance Thermoplastic Hybrid Materials for a Lunar Rover
(PEEKbot)
Mr. Arthur Lassus, Prof. Basil D. Favis, Prof. Nick Virgilio
Polytechnique Montréal, Montréal, Québec, Canada

Mots-clés / Keywords
High-performance thermoplastics, Multiphase polymer blends, PEEK, PEI, Lunar rover

Résumé / Abstract
Nowadays, most of the rovers sent to the Moon or Mars are constructed using aluminum. For this
application, the metal and its alloys are well-known for having strong mechanical resistance along with the capacity
to resist these harsh environments. Indeed, the infamous constraints of the lunar surface include extreme
temperature changes (- 200 °C to + 120 °C), high-energy radiation, the presence of abrasive and electrostatic
nanoscale dust, the need for low outgassing and adequate mechanical properties. However, for the chassis of a
rover, aluminum presents limitations such as high density, high thermal conductivity, and no easy on-site
reparability. Hence, there is a strong interest in designing materials to resolve these main issues and replace
aluminum.
High-performance thermoplastics are promising candidates for such a substitution, combining lightness,
reparability, 3D printability, and remarkable thermal, chemical, and mechanical resistance. Furthermore, by using a
melt-blending strategy where different polymers are mixed, one can access a broad range of material tailoring tools.
Hence, developing hybrid polymer materials with increased thermal insulation, lower mass, affordable price,
adequate thermal, and impact resistance, easy processing and on-site reparability, becomes achievable.
In this research project, mainly three high-performance polymers - polyetheretherketone (PEEK) and
(meta/para)-polyetherimide (meta/para-PEI) - will be melt-blended over the full composition spectrum. The thermal
and mechanical behaviors, as well as microstructure development, including phase separation and organization,
will be examined in detail and their interdependence will be studied. Furthermore, the addition and controlled
localization of specific particulates such as short carbon fibers, boron nitride, or graphene aim to enhance key
properties of the multiphase polymer systems produced. Finally, the 3D printing compatibility, induction welding,
and proper outgassing properties of the optimized hybrid polymer formulations will be assessed. This project is
part of a research program with the objective of designing and constructing a next-generation lunar rover,
encompassing a variety of expertise in the fields of materials science, chemical, and mechanical engineering.
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45 Design of Delaunay Loft core sandwich panels and study of their
mechanical behavior for lunar applications
Mr. Émile Ménard-Reid, Mr. David Lessard, Mr. Olivier Duchesne
Polytechnique Montréal, Montréal, Québec, Canada

Mots-clés / Keywords
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Résumé / Abstract
The scutoid is a polyhedron that was first described in 2018. This prism was discovered in epithelial cells and their
shape would allow the curvature and deformation of tissues. In this study, we focus on the macroscopic scale
behavior of a prism very similar to scutoids, the Delaunay Lofts, a unique space filling polyhedron that could be
used as the core of sandwich panel structures and could have beneficial properties from a thermal or damping
point of view. The objective is to compare the mechanical behaviors of a classical honeycomb sandwich panel
with several sandwich panels with a core geometry made of Delaunay Lofts to assess if the use of such cells brings
any significant differences in the mechanical properties. This study is part of the PEEKbot project, done in
collaboration with the Canadian Space Agency, where a 3D printed low outgassing thermoplastic sandwich panel
is to be used for a lunar rover platform. Two sandwich panels with a different core geometry made of Delaunay
Lofts will be presented. A compression test was performed after being printed by fused filament deposition. The
compression results show that the classical honeycomb sandwich panel performs better in compression than both
Delaunay Loft sandwich panels. Although the test suggests a better resistance of the honeycomb panel, some
limitations were raised mainly regarding the fused filament deposition printing. The new core geometry sandwich
panels still show a great potential in other spheres of the mechanical and thermal properties. Next steps involve
performing several compression tests, but also shear and torsion tests, to obtain a global understanding of the
mechanical behaviors of the Delaunay Loft core geometry sandwich panels. This will play a crucial role in
determining whether the Delaunay Loft core geometry sandwich panels will become the panels of tomorrow.
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15:48 - 15:51

5 What are the first steps towards successful lunar mining? A
terrestrial miner’s perspective.
Dr. Greg Baiden
MoonRise Inc., Sudbury, Ontario, Canada

Mots-clés / Keywords
mining, robotics,

Résumé / Abstract
Mining is known globally as the second oldest profession and the quote from mining circles – “if you can’t grow it,
it will need to be mined” is going to applied and be more important on the moon. As on earth, settlement on the
moon will require mining. Additionally, given the moon’s geologic makeup and the lack of any existing biological
life, mining will be even more important then on earth as the only biological entities on the moon will be initially
transferred from earth.
The current thinking with regards to mining water for fuel makes sense but that is just scratching the moon’s
surface and potential. Many theories on the moon’s formation exist and most have the moon fracturing from
another planetary body. That basic concept leads to the conclusion that once we explore the bedrock of the
moon, as we do on earth, we will find characteristics similar to earth. That being the case, the techniques used on
earth today, with enhancements from the latest trends in mining robotics and artificial intelligence (AI), will be
used to mine of the moon.
Terrestrial underground miners have been working for the last three decades on these robotic and AI
techniques. This paper discusses the leading edge in terrestrial mining robotics and how these techniques will be
applied on the moon in the future.
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La science lunaire, de l’échantillon à l’orbite
- les présentations orales - session 1
Lunar Science from Sample to Orbit - Oral
Presentations - Session 1
10:30 - 11:55 Mardi 15 juin / Thusday, June 15th
Oral Presentation / Présentations Orales
Myriam Lemelin, Caroline-Emmanuelle Morisset
Cette session vise à recueillir des contributions sur la géologie, la
géophysique et la prospection lunaires, ainsi que sur l'environnement
spatial lunaire. Les contributions axées sur, mais non limitées à, la
télédétection, la modélisation, le développement d'instruments ou les
missions potentielles sont les bienvenues.
This session seeks contributions to lunar geology, geophysics,
prospecting, and to the lunar space environment. Contributions focusing
on, but not limited to, remote sensing and modeling are welcome, as
well as instruments development or potential missions
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105 The Moon: Think Globally, Act Locally - Présentation invitée /
Invited Talk
Dr. Carle Pieters
Brown University, Providence, RI, USA

Mots-clés / Keywords
"Earth-Moon system", "moon"

Résumé / Abstract
Science and Exploration activities are two sides of the same coin. Both are part of a continuous process and both
rely on the best technology available for progress. The Moon is an integral part of the Earth-Moon system and is
often referred to as the '8th continent'. It has now been half a century since humans with their robotic partners
touched the Moon and initiated detailed study and analysis. We have learned about the extraordinary origin of the
Earth-Moon system and the special evolution and character of the Moon itself as a planetary body. We now know
that over the last ~4 Ga the Moon's surface has provided a passive recorder of events at 1 AU that shaped the
Earth-Moon system (a record largely lost on Earth). Although we have a basic assessment of the properties of the
Moon on a global scale, we also recognize there is so much yet to learn in the decades ahead about the context,
local environments, and opportunities of, on, and from the Moon!
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15 Towards a better understanding of the lunar polar regions in
support of future exploration missions
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Résumé / Abstract
Most space agencies contributing to the International Space Exploration Coordination Group are committed to
exploring the Moon’s polar regions in the coming decade. This endeavor is driven by the fact that the lunar polar
regions are special environments with cold-trapped volatiles that can provide important resources and other
geological samples of high scientific interest. Notable upcoming polar missions include robotic missions (e.g.,
MoonRanger, VIPER, the Canadian micro rover, an American lander or rover in Schrödinger basin), followed by
the Artemis III crewed mission in 2024. Orbital remote sensing missions are also planned.
The Canada Research Chair in Northern and Planetary Geological Remote Sensing (2019-2024) was established to
provide additional information to support those upcoming missions. Useful contributions include studies of the
most promising landing sites for robotic and human missions and pre-mission assessment of surface properties
using existing remote sensing datasets. Here we report on different activities conducted in that regard. Reflective
of the international exploration effort, the Canadian studies are conducted with various international
collaborators.
First, we combined most current remote sensing datasets to provide a framework for coordinated efforts in the
exploration of volatiles in the south polar region of the Moon (in press, The Planetary Science Journal). The
analysis led to the identification of eleven high-priority permanently shaded regions located within 6 degrees of
the south pole. We used data acquired by the Kaguya and Lunar Reconnaissance Orbiter spacecraft to create new
datasets. We created foundational data products (FeO, optical maturity parameter, submicroscopic iron
concentrations and mineralogical maps) for the exploration of the lunar polar regions (Lemelin et al., 2021; LPSC).
We are now in the process of identifying and investigating water ice detections in permanently shaded regions
using the Kaguya Spectral Profiler data (Lemelin et al., 2021; NESF & ELS). We are also evaluating the potential of
laser-induced breakdown spectroscopy to quantify water ice and platinum group elements in regolith samples,
which could be achieved by future lander or rover missions (Diotte et al., herein). Together, these activities should
help set the table for the new exploration era focused on the lunar poles.
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11:06 - 11:18

1 Mini-RF Observes the Moon
Dr. Catherine Neish
The University of Western Ontario, London, ON, Canada

Mots-clés / Keywords
Remote sensing, synthetic aperture radar, lunar geology

Résumé / Abstract
Synthetic aperture radar (SAR) represents a unique way to observe the surface of planets. Using ground-based
and orbital platforms, radars have provided new information about the topography, composition, and surface
roughness of our planetary neighbors, as well as our own world. In June 2009, NASA launched the Lunar
Reconnaissance Orbiter (LRO) carrying the Mini-RF synthetic aperture radar. Since then, Mini-RF has imaged twothirds of the Moon at 30 m resolution, in both polar and non-polar regions. In this talk, I will summarize the
discoveries made by Mini-RF over the past decade. In particular, I will discuss (a) how the unusual radar properties
of ice may lead to its detection in the permanently shadowed regions at the poles of the Moon, and (b) how new
observations of lunar impact melts are leading to a better understanding of the impact cratering process.
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35 Vapour Adsorption onto Lunar Soils: Indexing the Mare and
Highland Regions using the Zeta Adsorption Isotherm
Mr. Nagarajan Narayanaswamy1, Dr. Aaron Persad2, Prof. Charles Ward1
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Résumé / Abstract
Sustained human presence on the Moon will use in-situ resource utilization (ISRU) to lower mission costs, for
example by desorbing water molecules, organics, or other volatiles from the soil to create fuel or oxygen on the
Moon. Furthermore, strategies for managing lunar dust will be needed, especially for human explorers
performing lunar surface extravehicular activities (EVAs). Such technology development will need careful
characterization of the thermodynamic properties of the lunar soil such as its surface area and energy, wetting
phase transition, and adsorbed cluster size distribution.
Vapour adsorption has been used for the past 50 years to characterize the surface and thermodynamic properties
of lunar soils: a sample of lunar soil is placed on a weight scale in a test chamber and exposed to a vapour (such as
nitrogen at 77 K or another vapor). As the partial pressure of the vapour, xV, is increased, the vapour adsorbs onto
the soil increasing its weight. The amount adsorbed as a function of the vapour partial pressure at a given
temperature produces an adsorption isotherm for that system. The isotherm hysteresis after numerous
adsorption/desorption cycles provides insight into the physical and chemical properties of the lunar sample.
However, an adsorption model is needed to extract thermophysical properties of the soil from isotherm data.
Most lunar studies have relied on non-physical isotherm models which are known to overpredict the amount of
vapor adsorbed for xV values greater than 0.4, and an unphysical infinite adsorption as xV approaches unity.
Here, we apply the Zeta Adsorption Isotherm (ZAI) to soil samples from the Mare and Highland Regions of the
Moon (samples were collected during the Apollo 11 to 17 missions). We analyze vapour adsorption data from the
literature using the ZAI model resulting in a suprisingly new way to characterize lunar soils based soley on their
thermodynamic isotherms, paving the way for us to index past and future lunar soil data. Another important result
of the ZAI model is the novel determination of solid surface energy of lunar soils, and predictions of the maximum
drop in surface energy when adsorbate-to-condensed phase transition takes place.
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11:30 - 11:42

20 Using Terrestrial Analogues to Understand Impact Cratering
Processes in the Earth-Moon System
Mr Gavin Tolometti1,2, Dr Gordon Osinski1,2, Dr Catherine Neish1,2
1
University of Western Ontario, London, Ontario, Canada. 2Institute for Earth and Space Exploration, London,
Ontario, Canada

Mots-clés / Keywords
Impact Craters, Lunar Impact Craters, Lunar Surface, Impact Melt, Mistastin, Zircon, Zirconia

Résumé / Abstract
Impact cratering processes are ranked as high priority science goals in the CSA Canadian Space Exploration:
Science & Space Health Priorities 2017 report (PGGP-01) and in the NASA Advancing Science of the Moon Special
Action Team report (Objective-Sci-A-7). The high priority goals, in both reports, emphasize the importance of
understanding how impact cratering has shaped the surfaces of planetary bodies and modified the Earth-Moon
system. The lunar surface is the ideal natural laboratory for studying impact cratering processes because lunar
impact craters have retained most of their crater morphological features and impact melt deposits, and they
record impact events dating back to when the Earth and Moon were heavily bombarded by meteoritic impacts
(3.9‒4.4 Ga). However, to understand lunar impact cratering processes, we need to constrain the pressure and
temperature conditions of terrestrial impact structures that share analogous features with lunar impact craters. To
constrain pressure and temperature conditions, we analyze the microstructures and crystallographic properties of
zircon grains and zirconia crystals found within impact melt deposits at the Mistastin Lake impact structure, located
in central Labrador Canada. Mistastin is a 28-km diameter complex impact structure with some of the worlds most
well-preserved impact melt deposits and is situated in a target rock suite comprising granodiorite, mangerite, and
sodic-anorthosite, which are compositionally analogous to the lunar crust. We report results from electron
backscatter diffraction analysis (EBSD) and electron micro-probe analysis (EMPA) of zircon grains and zirconia
crystals that provide us a more refined picture of the pressure and temperature conditions of the Mistastin Lake
impact structure.
During high episodes of impact flux during the early evolution of the Earth-Moon system, craters of equivalent size
and greater to Mistastin would have been produced in large quantities. Therefore, by constraining the pressure
and temperature conditions preserved within zircon grains and zirconia crystals encased in impact melt at
Mistastin, we will acquire a more refined understanding on how impact cratering events of this magnitude and
greater would have altered the early Earth-Moon system, and further our understanding on the generation and
emplacement of superheated impact melt.
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12:00 - 12:03

55 Raman study of shock effects in lunar anorthite from the Apollo
missions
Dr. Tianqi Xie, Dr. Gordon Osinski, Dr. Sean Shieh
Department of Earth Sciences /Institute for Earth and Space Exploration, University of Western Ontario, London,
Ontario, Canada

Mots-clés / Keywords
Raman spectroscopy, Apollo sample, shock metamorphism

Résumé / Abstract
Earth’s moon, our nearest neighbour, records and preserves a rich and extended geological history and key
information about fundamental processes that shape planetary crusts, such as impact cratering events. Lunar
regolith, soil, and rock samples brought back to Earth by Apollo missions have been instrumental in developing
our understanding of lunar mineralogy and geological evolution. Understanding shock effects in lunar anorthite
(Ca-rich plagioclase), the principal component of anorthosite and most common crustal mineral on the Moon, is
key to the early evolution of the Moon and terrestrial planets in the solar system. However, as we stand on the
edge of a new era of lunar exploration, there has not been a systematic study of shock effects in lunar anorthite
using analytical techniques that could be used in future lunar surface exploration, thus motivating this study. We
used optical microscopy and modern Raman spectroscopy to systematically investigate shock effects in 23
polished thin sections from all 6 Apollo missions. We documented a variety of shock features recording low to
moderately shocked levels in lunar anorthite samples, including fractures, deformed twins, undulatory extinction,
planar features, and partially isotropic plagioclase. A notable non-observation was the absence of planar
deformation features (PDFs) or completely isotropic plagioclase (i.e., diaplectic glass) in this suite of samples.
Raman spectroscopy results of the observed shock features shows similar progressive changes as seen in
terrestrial samples: as shock level increases, band broadening, reduction of intensities, and loss of lattice mode
bands were observed, which can be attributed to microstructural deformation and loss of crystallinity. These
changes suggest that Raman features are efficient in distinguishing planar features from PDFs and deformed
twins, and differentiating amorphous areas from crystalline plagioclase, making Raman spectroscopy a useful tool
for purposely selecting moderately to strongly shocked samples to return in future lunar missions. The results of
this study can help the interpretation of Raman data of impact materials from past and future exploration missions
and demonstrates the utility of Raman spectroscopy for documenting and selecting samples for future lunar
missions.
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12:03 - 12:06

11 An analysis of lunar dark halo craters with Chang’E-2 passive
radiometry data
Ms Ashka Thaker, Dr. Catherine Neish
University of Western Ontario, London, Ontario, Canada

Mots-clés / Keywords
Chang’E-2, Impact craters, Microwave Radiometer (MRM), Moon

Résumé / Abstract
Abstract: Regolith covers the lunar surface like a thin blanket of unconsolidated material, and thus plays an
important role in understanding the physical properties of the surface. Improving our understanding of these
physical properties will provide more information about the geological history of the Moon. Compared to remote
sensing analysis through optical imagery, microwave radiometry and radar imaging have a significantly higher
potential for observing the physical properties of the lunar surface and subsurface. Passive microwave emissions
recorded by the Microwave Radiometer (MRM) onboard Chang’E-2 (CE-2) satellite provide a unique opportunity to
characterize the structure of the lunar regolith at varying depths. Chang’e-2 has a higher spatial resolution than
other lunar passive radiometers, and local time coverage over a complete lunation. Moreover, the four wavelengths
of MRM compliment the pre-existing radar datasets quite well, creating an opportunity for comparative analysis.
This study focuses on lunar impact craters surrounded by a ring-shaped structure having low radar returns known
as “dark halo craters”. The origin of these haloes remains a mystery, as does the details surrounding their
disappearance with time. The study compares previously calibrated regional brightness temperature (TB) maps from
MRM with related data sets from the Lunar Reconnaissance Orbiter (LRO). This includes Rock Abundance maps from
the Diviner instrument on (LRO), to observe any thermal anomalies in the crater. Additionally, we compare Band-I
(10 cm) and Band-II (3.84 cm) imagery from MRM with S-Band (12.6 cm) and X-Band (4.2 cm) images from LRO’s
Miniature Radio Frequency radar (Mini-RF) and P-band (70 cm) images from the Arecibo Earth-based radar. This
multiwavelength analysis will provide insight into the physical properties of these craters at varying depths, helping
us to understand how they were formed. Furthermore, it will expand our understanding of ejecta degradation over
time.
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12:06 - 12:09

95 Studying Lunar Impact Events Using Multi-temporal Satellite
Imagery and Novel AI Techniques
Mr. Thomas Chen
Academy for Mathematics, Science, and Engineering, Rockaway, NJ, USA

Mots-clés / Keywords
multitemporal data, deep learning, lunar impact events, artificial intelligence, satellite imagery

Résumé / Abstract
Impact events on the moon occur frequently due to meteors and other space debris. At present, projects
conducted at organizations such as NASA have studied lunar impact events largely utilizing Earth-based
observations. Aspects of this study include the rates and sizes of the meteoroids striking the surface as well as the
effects of these events, including the production of craters and the proportion of the impact energy that converts
to heat. While this previous research has yielded interesting results, there are significant limitations to observing
these impacts from telescopes alone. To study these phenomena in greater and more comprehensive depth, it is
crucial that we obtain a comprehensive and diverse dataset incorporating many images of these events.
Particularly, artificial intelligence has proven to be a key asset in the analysis of natural hazards on Earth, such as
extreme weather events, seismic events, etc., and can similarly be a tool to assess lunar impact occurrences using
satellite imagery as the source of “big” data. The change detected between images capturing the same location
but at different points in time is a feature that deep learning models can be trained on. The machine learning
algorithm architecture we preliminarily propose in this poster is the ResNet50 convolutional neural network. To
compile a dataset of multi-temporal satellite imagery, lunar satellites must be able to stabilize and capture multitemporal imagery, as well as be fitted with cameras that can capture that imagery. This is an emerging area of
lunar satellite flight dynamics research that seeks to curate an applicable dataset. This proposed dataset consists
of pairs of images from pre-event and post-event. The end goal is to have a large dataset such that machine
learning models can be trained and classify the impact events into levels of severity. Other metrics that may be
incorporated in the output include the rate of velocity of occurrence. Furthermore, semantic segmentation and
crowdsourcing of labels can be conducted. The computer vision models that are trained can serve as inspiration
for future works pertaining to interplanetary satellites that collect data for change detection analysis of events on
other celestial bodies.
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12:09 - 12:12

22 The Giant-Impact: Implications for the Thermal Evolution of the
Earth for 4.4 billion years
Dr. Petar Glisovic1,2, Professor Alexander Braun1
1
Department of Geological Sciences and Geological Engineering, Queen's University, Kingston, Ontario, Canada.
2
Geotop, UQAM, Montreal, Quebec, Canada

Mots-clés / Keywords
giant-impact, earth-moon system, thermal evolution

Résumé / Abstract
It is well-known that the formation of the Earth-Moon system occurred in the collision between the proto-Earth and
a Mars-size planetesimal around 4.4 billion years ago. However, we still lack an understanding of how this collision
impacted Earth's thermal evolution through geological time. Here we explore different scenarios for post-collision
mantle structure, modeling time-dependent changes in 3-D mantle heterogeneity over 4.4 billion years. We also
focus on addressing to what extent surface boundary conditions and different physical parameters (e.g., internal
heating) affected Earth's evolution. Previous numerical experiments suggested that factors such as post-collision
Earth's structure and internal heating might influence plate tectonics, and eventually, the habitability of our planet.
Testing the influence of the impact event on the thermal evolution hence adds constraints on the boundary
conditions over time, the internal heating budget, and the rate of core growth, to name a few. The modeling
approach allows us to study any other planetary body with minor modifications. We present time-dependent
changes in model parameters over 4.4 billion years and compare them with the present-day estimates towards
improving our understanding of geoselenic research.
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12:12 - 12:15

75 Some considerations of seismic ground motion and seismic actions
on lunar structures
Dr Olga-Joan Ktenidou1, Dr Georgios Zalachoris1, Dr Nicos Kalapodis2, Dr Georgios Kampas2
1
National Observatory of Athens, Athens, Greece. 2University of Greenwich, Chatham, United Kingdom

Mots-clés / Keywords
moonquakes, ground motion, simulations, seismic hazard

Résumé / Abstract
Of the thousands of moonquakes recorded during the Apollo missions, only a few were of the shallow type that is
considered to contribute to seismic hazard for potential lunar structures. Some were of non-negligible
magnitudes, but all were unfortunately recorded at very large distances, which would not affect any structure at
the recording sites, and with very severe band limitations in terms of frequency content. In our ongoing EPSRC/UK
project (‘Designing for the Future: Optimising the structural form of regolith-based monolithic vaults in low-gravity
conditions’), we attempt to make use of these recordings to extrapolate likely ground motions in the vicinity of the
recording sites. As a first approximation, we consider the similarity that has been proposed between shallow
moonquakes and stable continental tectonic events on Earth, and we perform ground motion simulations which
we combine with the existing data to explore the potential features of the near-field ground shaking.
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12:15 - 12:18

77 EnkiGIS - Accelerating The Study of Lunar Geology and Resource
Development
Mr Zac Trolley, Mr Kevin Loney
LWSC, Calgary, AB, Canada

Mots-clés / Keywords
GIS, modeling, resource, geology, geophysics

Résumé / Abstract
The current trend towards an expanding human presence off-Earth as well as permanent facilities on the Moon
requires a substantial shift in mission architecture. The amount of energy required to overcome Earth’s gravity is
substantial, making transporting resources and equipment extremely costly, severely limiting space exploration.
In-situ resource utilization (ISRU) offers a way to locally acquire the resources needed for living and working in
space.
Past Lunar missions have left us a wealth of information about lunar resources which has been archived in NASA’s
Planetary Data System (PDS). PDS data is stored in both raw and derived formats, making it easy to store but
difficult to access. The disconnect between the output PDS provides and PDS’ potential applications is significant.
To close this gap, tools and measurements that would allow geologies to develop lunar reserve studies for ISRU
are needed.
The Lunar Water Supply Company (LWSC) is currently developing EnkiGIS: a software platform that transforms
raw planetary data into a usable source of information for resource miners, investors, and infrastructure engineers.
Our literature review and market research have demonstrated that the current workflow for developing derived
products is extremely cumbersome. To solve this problem, EnkiGIS will:
• Automate the ingestion of raw data sets to enable searching by location and metadata in addition to the current
PDS search method
• Provide access to higher-order derived products such as heatmaps in a single, searchable user interface
• Provide Software APIs to enable users to create their own automated processing pipelines
• Include embedded tools and access to cloud computing power to create higher-order derived products and
export functionality for the user’s application of choice.
We aim to launch a Minimum Viable Product by September 2021. We are using an iterative development cycle
and are looking for university researchers to test and help us develop our product into a usable state as fast as
possible to meet the growing demands of space resource exploration.
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12:18 - 12:21

99 Assessment of the Geomechanical Response of Lunar Simulants
Professor Tim Newson, Dr Aly Ahmed, Mr Devansh Joshi, Ms Xiao Chen Zhang, Professor Gordon Osinski
Western University, London, Ontario, Canada

Mots-clés / Keywords
Simulant, geomechanics, rover, terramechanics

Résumé / Abstract
Renewed recent interest in exploration of the Moon has spawned several planned missions by a range of space
agencies, including the USA, Russia, China, Japan, the EU, and Canada. The development of unmanned rover space
missions that can successfully explore the lunar surface requires suitable regolith simulants that accurately represent
the soils that exist on the moon’s surface, to enable scientific studies to be performed in terrestrial laboratories. A
number of state-of-the-art simulants are now available for this purpose (e.g., CAS-1, JSC-1, OB-1, EAC-1, FJS-1,
etc.), which have been matched to different applications on the basis of composition, specific gravity, particle size
and shape, and other aspects. Early simulants utilized finely crushed or sorted granular basalts with slight surface
weathering, but newer variants have employed more sophisticated compositions to better reproduce the surface
chemistry and electrostatic behavior. What is currently absent from the literature are rigorous studies of the
geomechanical properties of many of these materials. The main objective of this work was to provide high-quality
data to better characterize the geomechanical performance of common simulants in states similar to those on the
Moon. The results of basic characterization and mechanical property tests indicate that the simulants have similar
mechanical responses to angular and rough soils found elsewhere in the geotechnical testing literature and have
similar behaviour compared to the two well-known geotechnical benchmark soils.
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82 Development of a Lunar Analogue Testbed and Dataset for
Scientific Terrain Characterization
Mr. Braden Stefanuk, Dr. Melissa Battler, Mr. Evan Smal, Mr. Kaizad Raimalwala, Mr. Adam Deslauriers, Mr.
Matthew Cole, Mr. Ewan Reid
Mission Control Space Services, Ottawa, ON, Canada

Mots-clés / Keywords
analogue terrain, terrain design, dataset, lunar testing, operations software

Résumé / Abstract
Upcoming missions to the lunar surface will include a wide range of science and technology payloads on landers
and mobility platforms, and will land at several locations varying in landscape features. Testing these systems and
operations concepts in a relevant analogue environment is critical to success, and to offer support for such testing,
Mission Control houses a high-fidelity indoor lunar testbed and infrastructure to support remotely operated
missions.
The testbed was originally constructed to facilitate the development of a large high-quality dataset of colour
camera images required for training the deep learning model of our lunar terrain classifier, as part of our ASASCRATERS (Autonomous Soil Assessment System: Contextualizing Rocks, Anomalies and Terrains in Exploratory
Robotic Science) project. The testbed and dataset were carefully designed based on a study of existing lunar
image datasets and landing site analysis. To ensure a breadth of parameters to emulate images taken by a rover
on a lunar surface, the images were taken from various heights and viewing angles, in multiple lighting
configurations, and in multiple landscapes configured to mimic volcanic, highland, and polar terrain.
With our cloud-based Mission Control Software (MCS) platform for web-based mission operations, researchers
and mission developers can access our facility remotely to conduct their missions. In particular, our rover is
available for on-demand remote use for any organizations interested in testing rover-based operations concepts,
testing algorithms in areas such as rover navigation, and collecting data to support research. Specific payloads
such as science instruments can also be shipped and integrated onboard our rover, or other mobility platforms
can also be used for testing.
Our testing infrastructure includes several components to offer more value, included but not limited to a
communications network that emulates the latencies and network conditions of an Earth-Moon architecture, a
real-time camera-based global mapping system, and remotely controllable lighting configurations.
This presentation will include highlights on the testbed design, landscape configurations, dataset collection,
ASAS-CRATERS modeling results, and the concept of remotely operated analogue missions using MCS.
Mission Control’s indoor lunar testbed was partially funded under the CSA LEAP Lunar Surface Autonomous
Science Payloads contract [9F063-190040/002/MTB].
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98 High Resolution Geophysical Characterization of the Lunar
Subsurface - Présentation invitée / Invited Talk
Dr Behraad Bahreyni1, Dr Philip Ferguson2, Dr Yajing Liu3, Dr Pooneh Maghoul2, Dr Glyn Williams-Jones4
1
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Mots-clés / Keywords
Geophysical modelling; Gravimetry; Seismic measurements
Résumé / Abstract
Many space systems are equipped with chemical, optical, and microwave analytical tools to analyze surface or
environmental conditions. However, some of the most valuable geophysical data regarding the subsurface
structure of a planetary body are obtained from seismic and gravity measurements. Despite the need for this
information, the gravity and seismic data collected during the Apollo missions 50 years ago remain the only direct
geophysical site investigations on the Moon. This has been because of the size and weight of conventional
gravimeters which have prohibited their deployment in unmanned space missions ever since. As a team of
Canadian researchers with complementary expertise, we aim to answer fundamental scientific questions on the
Moon’s internal structure, presence of water ice, geophysics, and shallow subsurface conditions. This will be
accomplished using advanced 3D numerical and physical models and developing novel miniaturized sensor
systems for precise gravimetric and seismic measurements that meet space mission requirements.
Once deployed, the instruments may be used at predetermined locations on the Moon or transported on a rover
to map geophysical variations over a region. Measurements by these devices will be used as inputs for advanced
physical and numerical models that will provide insights into the size of the core, Moon tides, thickness of the
lunar crust, libration parameters, ice detection, subsurface mineralogical compositions, mass anomalies, sources
of moonquakes, and geophysical dynamics, among others. This work will advance scientific studies by relying on
novel instruments that will be designed, manufactured, and assembled in Canada and can withstand the rigours
of launch and extended-duration space flight and deployment.
The new models and instrumentation from this project will provide the scientists with unprecedented, detailed
information about the Moon, and other planetary bodies in future missions. On the Moon, the data can help
identify the distribution of water-ice, presence of seismically active fault scarps, and location and scale of lava
tubes, all of which are of great importance for future human habitation on the Moon.
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104 A Canadian Lunar Research Network for Geology, Geophysics, and
Prospecting - Présentation invitée / Invited Talk
Dr. Gordon Osinski1, Dr. Roberta Flemming1, Dr. Christopher Herd2, Dr. Myriam Lemelin3, Dr. Catherine Neish1,
Dr. Livio Tornabene1, Dr. Erin Walton4
1
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3
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Mots-clés / Keywords
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Résumé / Abstract
The Moon offers the opportunity to conduct research to address all six objectives for Planetary Geology,
Geophysics, and Prospecting (PGGP) as outlined in the Canadian Space Exploration – Science and Space Health
Priorities for Next Decade and Beyond (2017) report. We propose to advance our scientific knowledge of the
Moon through the development of a research program titled “A Canadian Lunar Research Network for Geology,
Geophysics and Prospecting”. This new research program will address key scientific questions related to the three
highest priority PGGP topics: PGGP-01 (surface processes), -02 (resource potential), and -03 (volatiles). The first
aspect of this research program will focus on the overarching goal of using impact craters as probes of planetary
interiors and processes. Impacts can provide information on the origin and evolution of the Moon, so the
objectives of the proposed research are to advance our understanding of four key processes that are involved in
the formation of meteorite impact structures, namely:

•
•
•
•

Objective 1: Understand how lunar rocks are shock-metamorphosed during impact events;
Objective 2: Understand how rocks are melted during impact events on the Moon;
Objective 3: Understand how impact ejecta is emplaced on the Moon;
Objective 4: Understand how lunar rocks are uplifted to form central peaks and peak-rings.

This research will allow us to better understand and interpret remote sensing data of lunar craters, Apollo
samples, and to better link lunar meteorites to their source craters. The second aspect of this work is on volatiles
(PGGP-03), which for the Moon, are also a primary and high-priority resource (PGGP-02):

•

Objective 5: Understand the distribution and compositional state of volatiles on the Moon.

Linking all five of these objectives together is the following exploration objective:

•

Objective 6: Develop the best approaches for conducting geological investigations and prospecting on
the Moon.

In addressing these objectives, we will develop and strengthen key capabilities in research areas sought after for
future lunar missions, with a focus on sample analysis, remote sensing, and analogue studies.
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52 Design and Development of a Radio Instrument Package for Lunar
Ionospheric Observation (RIPLIO)
Dr. Chris Watson1, Dr. Anton Kashcheyev1, Dr. Thayyil Jayachandran1, Dr. Richard Marchand2, Dr. Richard
Langley1, Dr. David Themens1,3, Dr. Andrew Yau4
1
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3
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Mots-clés / Keywords
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Résumé / Abstract
The lunar ionosphere is a thin layer of electrically charged plasma surrounding the Moon. Despite knowledge of
its existence for decades, the structure and dynamics of the lunar ionosphere remain a mystery due to insufficient
observational capacity. Attaining a thorough observational picture of the lunar ionosphere, a better
understanding of the mechanisms governing plasma formation and loss, and a predictive understanding of
ionospheric behaviour is considered a high priority concern for future lunar exploration and habitation for a
number of reasons: (1) The lunar ionospheric plasma is quite different from that of Earth’s, potentially consisting of
dusty plasma and ionized inert gases, and its effects on radio communication and navigation systems in the lunar
environment are unknown; (2) the ionosphere (including dusty plasma) is a safety hazard for humans and
satellite/surface equipment during lunar missions, with the potential to damage spacesuits, charge
electronics, and clog machinery; (3) the lunar ionosphere is intimately linked to electrodynamic processes
occurring within the near-Moon environment, as well as processes and constituents characteristic of the lunar
surface and interior (e.g. moonquakes, radiation seepage, meteor impacts), and thus a thorough understanding of
the lunar ionosphere is essential for understanding the lunar environment as a whole.

To address the need for observations of the electrically charged constituents near the lunar surface, we are
proposing a design and development project for a Radio Instrument Package for Lunar Ionospheric Observation
(RIPLIO). RIPLIO would consist of a multi-CubeSat constellation (at least two satellites) in lunar orbit for the
purpose of conducting “crosslink” radio occultation (RO) measurements of the lunar ionosphere, with at least one
satellite carrying a very high frequency (VHF) transmitter broadcasting at multiple frequencies, and at least one
satellite flying a broadband receiver to monitor transmitting satellites. Radio occultations intermittently occur
when satellite-to-satellite signals cross through the lunar ionosphere, and the resulting phase perturbations of VHF
signals may be analyzed to infer the ionosphere electron content and high-resolution vertical electron density
profiles. RIPLIO would provide a novel means for lunar observation, with the potential to provide long-term, highresolution observations of the lunar ionosphere with unprecedented detail.
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4 Lunar Volatile and Mineralogy Mapping Orbiter (VMMO) “Ice
Mapper” Phase A Study
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Yang Gao3, Dr. Chris Bridges3, Dr. Nicola Baresi3, Dr. Andrea Lucca Fabris3, Ms. Sammantha Rowe4, Ms. Eleanor
Corran4, Ms. Amélie St-Amour5, Mr. Nuno Silva6, Mr. Mauro Gameiro7
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Mots-clés / Keywords
lunar volatiles, water ice, in-situ resources, ilmenite, lunar water cycle, optical data links

Résumé / Abstract
VMMO, for Volatile and Mineralogy Mapping Orbiter, is a low-cost 12U Cubesat that comprises the Lunar
Volatile and Mineralogy Mapper (LVMM) science payload and a GNSS technology demonstrator. The platform
supports integral and rotatable solar panel wings; X-band/UHF communications; electrical or chemical propulsion
systems (TBC).
The spatial distribution and quantity of surficial in-situ lunar resources, such as water ice and ilmenite (FeTiO3),
is currently highly uncertain. Moreover, planned lunar orbiter missions are limited to a volatile-mapping resolution
of several km in comparison with the typical 500m traverse range of a rover. VMMO addresses the need to provide
mapping of lunar volatiles, such as water ice, at relatively high spatial resolutions by using single-mode fiber-lasers
operating simultaneously at 532nm, 1064nm and 1560nm with a ground-sampling laser-beam diameter under
10m.
This Phase A study with ESA provided an analysis of the VMMO science and mission requirements, with a
subsequent flow-down to the system requirements. A detailed design and analysis of the LVMM science payload
was prepared that provides 4W 532nm, 10W 1064nm and 4W 1560nm multi-wavelength interrogation for waterice mapping to 0.5% by mass fraction. The mapping will focus on relevant south-polar craters, including Shackleton,
Faustini and Cabeus, where there is some indication of the presence of permanently-shadowed regions with excess
hydrogen or water-ice based on prior lunar missions.
TheLVMM passive mode provides spectral windows at 300nm, 532nm, 690nm, 1064nm and 1560nm for
ilmenite mapping to better than 2% by mass fraction.
Geolocation analysis indicates that the data canbe accumulated on a 200m cross-track and 50m along-track
grid over several orbits.
A preliminary 3-D opto-mechanical design of the VMMO Cubesat with the LVMM payload was prepared that
verified accommodation within the ISIS Quadpack 12U-XL deployer. Supporting performance, orbital, power and
thermal analysis demonstrated the viability of the proposed approach.
Potential Canadian contributions include the LVMM science payload, WFOV Imager by Canadensys Aerospace,
Star Trackers and reaction wheels by Sinclair Interplanetary and Q8 microController by Xiphos.
ESA is currently negotiating with NASA for the required VMMO Earth-Moon transportation as part of a future
NASA lunar CLPS or Artemis mission.
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12 Assessing the Feasibility of Rover-Based Ground Penetrating Radar
to Identify and Map Lunar Lava Tubes
Ms. Stephanie Bringeland, Dr. Alexander Braun
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Résumé / Abstract
Ground penetrating radar (GPR) has been deployed on lunar missions including Chang’E-3, Chang’E-4, and
Chang’E-5. GPR aids in the characterization of the lunar subsurface without requiring excavation. GPR has been
used to survey lava tubes on Earth, including those in Hawaii Volcanos National Park and the Komoriana Cave at
Fuji volcano. The existence of lunar lava tubes has relevance for developing lunar outposts, e.g., the Lunar
Gateway. Lava tubes are potentially exhibited by sinuous rilles and ‘skylights’ and have been observed by the
Lunar Radar Sounder aboard the KAGUYA (SELENE) spacecraft flown by the Japan Aerospace Exploration Agency
(JAXA) and NASA’s GRAIL mission, which measured the lunar gravity field. Earth-analogue lava tube models were
forward-modelled using gprMax, which simulates electromagnetic wave propagation using the finite difference
time domain (FDTD) method. 3D-models of terrestrial lava tubes were used with modified dielectric permittivity
and conductivity values for lunar regolith and lunar basalt. These parameters were obtained from lunar missions
and are considered realistic. It must be noted that due to low water content, lunar GPR penetration depths are far
greater than on Earth, allowing the use of higher frequencies with smaller antenna sizes and lower payload. GPR
frequencies from 50-200 MHz were used to model wave field propagation and radargrams over 2D and 3D
models. To simulate noise, Gaussian and exponential random media were generated to represent ejecta and
natural variability of the lunar geology/dielectric permittivity.
From the resulting GPR radargrams, reflections from the ceiling of the lava tubes were identifiable from visual
inspection. A 20-metre-wide lava tube was identifiable from the radargram even at a depth of 170 metres with
70% noise added. Reflections from the floor were relatively obscured by the stronger ceiling reflections, noise,
and multiples. Though these forward models are idealized and may not represent reality, the results demonstrate
that rover-based GPR is a promising geophysical method for the identification of lunar lava tubes for a wide range
of conditions. GPR profiles could be used as constraints in joint inversions with other lava tube scouting surveys,
like gravimetry.
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92 In situ X-ray Diffractometer for Mineralogical Characterization of the
Lunar Surface
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Livio Tornabene1, Dr. Ken McIssac1, Dr. Ralf Gellert2, Dr. Michael McCraig2, Dr. Mariek Schmidt3, Dr. Stanislav
Veinberg4, Dr. Amy Shaw5
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Résumé / Abstract
Development is underway on a miniaturized in-situ X-ray diffractometer (ISXRD) for characterization of minerals in
their context, in rocks and regolith on a planet’s surface. Through CSA-funded initiatives (Concept Study and
FAST programs) a team of scientists and engineers from Canadian universities (Western, Brock, and Guelph) and
industry (Proto Manufacturing Limited and MDA) is developing this instrument, currently with a focus on Mars
exploration, but readily adaptable for lunar exploration. Key considerations in the instrument design include
multiple microfocus X-ray sources (e.g. Co, Ti), miniaturized goniometer, high-resolution detectors (linear, 2D), as
well as linear positioning and laser focusing systems.
To understand the evolution of the Moon and its resource potential, we need to study its mineralogical record.
Minerals are key recorders of processes forming and modifying rocks and regolith because their atomic structures
and compositions reflect the conditions under which the rocks formed (temperature, pressure, redox conditions)
and subsequent processes such as space weathering and bolide impact. X-ray diffraction is a key technique to
identify and quantify minerals and their shock effects. Lunar analogue materials such as lunar meteorites, lunar
simulants and Apollo samples provide a useful testbed for instrument development.
Readily detectable common lunar minerals include plagioclase, pyroxene, olivine, and ilmenite which vary in
composition and abundance depending on rock/regolith type. Other less-abundant but significant minerals
include Fe-Ti oxides, spinel group oxide minerals, troilite, metallic iron, and phosphates (apatite and whitlockite).
Minor phases are detectable by ISXRD with appropriate targeting. Volatile-containing minerals in include apatite
(Ca5(PO4)3(F,Cl,OH), and lawrencite (FeCl2). Lawrencite readily alters to akaganeite (FeOOH) under terrestrial
conditions but in situ detection of this highly reactive phase on the lunar surface may be possible with ISXRD.
The proposed in-situ X-ray diffraction instrument is intended for the investigation of surface geology,
bombardment history, and resource prospecting. Current work lays the foundation for a capable miniaturized Xray diffraction instrument to be used in future exploration anywhere a remotely-operated robotic rover or field
team might be deployed, such as on the lunar surface. This instrument could make a key Canadian contribution to
future lunar missions.
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La science lunaire, de l’échantillon à l’orbite
- les affiches électroniques - session 2
Lunar Science from Sample to Orbit - ePosters - Session 2
14:30 - 14:55 Mardi 15 juin / Thusday, June 15th
Affiches Électroniques / e-Poster Presentations
Myriam Lemelin, Caroline-Emmanuelle Morisset
Cette session vise à recueillir des contributions sur la géologie, la
géophysique et la prospection lunaires, ainsi que sur l'environnement
spatial lunaire. Les contributions axées sur, mais non limitées à, la
télédétection, la modélisation, le développement d'instruments ou les
missions potentielles sont les bienvenues.
This session seeks contributions to lunar geology, geophysics,
prospecting, and to the lunar space environment. Contributions focusing
on, but not limited to, remote sensing and modeling are welcome, as
well as instruments development or potential missions.
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Résumé / Abstract
We present progress on a prototype instrument under development for delivery to the lunar surface by penetrator
to detect water ice in-situ. This project combines Tuned Diode Laser Absorption Spectroscopy (TDLAS) to a Herriott
Cell off-axis path in spherical mirror interferometer for the detection of water gas evolved from a lunar regolith
sample. A tunable diode laser is configured to emit light at a wavelength of 2.7µm as water has a well-defined
absorption spectrum at this wavelength. Once laser measurements are carried out with the laser, a quartz
microbalance in the floor of the cell will be used as means of confirming the approximate mass of water present in
the sample. This project is intended to detect trace amounts of water contained in a lunar regolith sample collected
by the MAPLE lunar impactor. Given the expected low concentration of water available to be evolved from the
sample, the water vapour will be collected through a miniaturized and ruggedized Herriott cell to increase the
probability of detection. The Herriott cell increases the number of passes our off-axis laser will be taking through
the sampling cell while maintain beam cohesion, the stress will be on achieving and maintaining laser alignment to
achieve optimal re-entrant conditions within the cell and achieving detection at the exit detector. The tunable nature
of the diode being used is expected to allow for the detection of other volatiles such as Nitric-Oxide (NO), Carbon
Dioxide (CO2), and Nitrite (NO2). Further design research is considered in the use of multiple-reflection optics to
increase the number of passes through the cell which, by Beer-Lambert’s law, would increase the detector response
linearly with changes in path length.
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40 Laser-induced breakdown spectroscopy for the Identification and
Quantification of Water Ice and Platinum Group Elements in Lunar
Regolith Simulants
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Résumé / Abstract
Assessing the abundance, distribution, and form of volatiles within the regolith is frequently mentioned as a main
scientific objective for space exploration. A report from Keck Institute for Space Studies (Hayne et al., 2013) states
as a requirement the ability to “Determine the concentration of water in the upper few meters of lunar regolith
with sensitivity better than 0.5 wt%”. Remote sensing missions from the past decades have allowed demonstrating
the presence of water ice at the lunar poles. However, one main limitation for mapping H20 distribution on the
lunar surface is the coarse spatial resolution of past and current orbiting spectrometers. Data of finer resolution
would be of great importance to better understand the processes involved in the water cycle on airless bodies.
Water could also be used as a key resource for human exploration. In the upcoming years, robotic exploration of
the lunar poles is therefore seen as a key step to prepare for humans landing on the Moon.
In this instance, we explore the capabilities of laser-induced breakdown spectroscopy (LIBS) for the quantification
of water ice in lunar regolith. We introduce LIBS measurements of two distinct icy simulants. A first type of sample
was prepared by homogeneously mixing liquid water with the powdered material. The second category includes
snow crystals that were mixed with the sample in a solid-solid manner. Univariate regression models were
computed to analyze the average Hβ intensity of emission from calibration standards containing varying H20
concentration. No clear differences between samples containing infiltrated water and snow were observed.
Regressions provide a good linear fit (R2=0.99) between 0.5 and 10 wt.% of water ice. This range indicates that a
LIBS device on the Moon could be used to quantify concentrations of 5.6 wt.% of water, as were detected by
LCROSS (Colaprete et al., 2010) in Cabeus crater. This technique would also be relevant for the quantification of
water within other high-priority craters for lunar landing, such as Faustini, Shoemaker, Amundsen, as defined by
Lemelin et al. (2021; The Planetary Science Journal, in press) based on ice detections by Li et al. (2018; PNAS).
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44 Development of a Raman spectral database for lunar science: a little
SALSA on your data.
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Potin, Mr. Daniel Applin, Dr. Edward Cloutis
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Résumé / Abstract
We present the development of a new Raman spectral database of lunar-relevant samples: The Spectral Analyses
of Lunar Soils and Analogues Database (SALSA database). The SALSA database is associated with the LunaR
spectrometer project, conducted under the CSA’s Lunar Exploration Accelerator Program (LEAP, currently in
Phase 0). LunaR is a Raman spectrometer that will be onboard a future lunar rover. This database will support
future lunar missions hosting a Raman instrument by storing and sharing the lunar-relevant Raman data to the
scientific community and providing a set of analytic tools to facilitate Raman spectral analysis.
The SALSA database is built as a normalized, relational database, based on Structured Query Language (SQL).
Information on the samples, the spectrum metadata, the laboratory, and the related publications are stored in
different tables, linked together through elaborated SQL queries. The spectra themselves are stored in individual
tables that are pointed by a single element from the spectrum meta-data table. Both the data and the website will
be hosted by the University of Winnipeg’s C-TAPE data centre (http://www.uwinnipeg.ca/c-tape).
The SALSA database focuses on Raman spectra relevant to lunar science and exploration, including new and
existing laboratory Raman measurements of lunar samples, analogues, and end member minerals. We started a
laboratory measurement campaign of mono-modal geological samples of lunar analogues. Currently, the data
collection counts more than 200 spectra of more than 60 different samples, including mineral types such as ortho/clino-pyroxenes, olivines, silicates, feldspars, ilmenites and other oxides. This first campaign will consist of ~450
spectra of ~150 samples, including a few lunar samples returned from Apollo missions, and will be a resource that
the community can contribute to with time.
We have planned to expand the spectra database to a Raman transitions list combining theoretical and measured
Raman bands. Multiple assignations of the same Raman transition will allow us and the community to extract
statistical information, such as the peak position distribution or the correlation between peak parameters, about
the spectroscopic signature depending on the physical condition (temperature, pressure, etc.) of the sample or
the mixing composition.
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60 Raman Validation for Autonomous Science Collection using
Convolutional Networks
Mr Jon Kissi, Dr Tianqi Xie, Dr Ken McIsaac, Dr Gordon Osinski, Dr Sean Shieh
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Résumé / Abstract
One of the key tasks for science teams on planetary exploration missions is science data acquisition and activities
associated with the processing of that data. In general, the initial focus is on viability - checking that the return
contains usable data - before examining it for science.
In recent years, machine learning algorithms, such as Convolutional Neural Networks (CNNs), have demonstrated
their value as a method of processing and accurately categorising data in various ways. Bearing this in mind, one
of the most interesting properties of CNNs and similar constructs is their capability for generalisation.
During planetary exploration mission operations, one of the key responsibilities of the instrument teams to
determine data viability for analysis. During the 2019 CanMoon lunar sample return analogue mission, the Lead
Raman specialist, a geoscience PhD student trained to recognise Raman data from a variety of instruments and
conditions, had to examine every spectra returned from targeting activities in order to provide a "Good", "Bad" or
"Potential" categorisation. This indicated whether the received data met the criteria to proceed with further
analysis to determine composition. This validation task was non-trivial and required time on the down-link end of
operations. It could not be completed automatically, or via a defined training process in camera because of the
complexity of the analysis. The nature of Raman spectra means that competency at data validation requires skill,
patience and experience because of the wide variety of inputs that can affect the quality of a returned sample.
Using the lessons learned from operations of CanMoon (as well as previous Moon and Mars themed analogue
missions) as a template, this work utilises CNN architectures to build an algorithm specifically designed for
validation/quality assurance, based on the generalised ground truth classifications provided by a technical expert
in the field. The aim is to produce an algorithm that can approximately substitute for the technical expert in
validation, potentially integrating into an autonomous control loop during planetary operations.
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Résumé / Abstract
The Integrated Vision System (IVS) is a prototype stand-off instrument that would be mounted on a rover mast for
exploration of the lunar surface. The instrument is designed for rapid reconnaissance of the lunar surface through
the integration of a multispectral imager (MSI) and multispectral LiDAR for characterizing the composition of the
lunar surface in both illuminated and shadowed regions, while creating 3-D images that can be used for
navigation, targeting features of interest, characterizing the local geology, and long-term planning. We have
identified four over-arching scientific goals for the IVS instrument that have strong links to Canadian science
exploration priorities: 1) Understand volcanism on the Moon; 2) Understand the impact cratering process on the
Moon; 3) Understand the resource potential of the Moon and; 4) Prepare for Return of Humans to the Lunar
Surface. Through examining the required measurements to address these goals, we have identified instrument
requirements for the IVS that have allowed us to create preliminary designs for the MSI and multispectral LiDAR
sub-systems. The MSI design concept includes an integrated imager using a Silicon based image sensor to cover
the VIS-NIR spectral range from about 400nm to 900nm combined with an InGaAs based image sensor in the 9001700nm spectral range. The camera lenses and the filters are customized to identify common lunar minerals,
glasses, and ices. A filter wheel design to cover several wavelength bands for each image sensor. The LiDAR is
designed to carry out two primary functions: range measurements, which are used for both rover navigation and
ancillary science data, and intensity measurements. Simultaneous intensity measurements are made in three key
infrared bands. Two of these bands are evaluated (ratio) against a third. The resulting spectra examine the
presence of certain minerals of interest to the science team. Laboratory and field testing of preliminary
breadboard models of the MSI component are planned. The next major step for the IVS would be to investigate
and develop a packaging and operating concept for a fully integrated vision system that incorporates both the
multi-spectral imager and the multi-spectral LiDAR into a single unified science/navigation instrument.
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Résumé / Abstract
For lunar surface missions, visual-based surface characterization is often a critical step for instrument targeting and
data downlink decisions. Integrating autonomous decision-making using rules defined by mission scientists can
save precious time as it reduces dependence on Earth-based decisions. Ultimately, this can help increase the rate
of science return for upcoming short-duration lunar surface missions.
To add this capability to a wide range of payloads, Mission Control is developing a suite of science autonomy
applications called ASAS-CRATERS (Autonomous Soil Assessment System: Contextualizing Rocks, Anomalies and
Terrains in Exploratory Robotic Science). It is designed to classify known geological features or rare/novel features
as seen in colour images, using deep learning models (convolutional neural networks). Using data aggregation
techniques, it can produce relevant data products for enabling autonomous instrument targeting, and for
supporting science operators with geological context in short command cycles. Built on cutting-edge algorithms
and off-the-shelf computing components, it offers low-cost ways to speed up tactical decision-making in nextgeneration lunar missions.
Inspired from methods used in Mars rover missions, we are investigating methods to use the detection of
geological features to inform intelligent prioritization for data downlink or instrument targeting: 1) novel features,
2) representative sampling to capture pre-specified distribution of known features, and 3) high-priority classes.
The first use of this technology for a science instrument is the I-SPI (Intelligent Sensing and Perception in Infrared)
thermal imager that is currently in Phase 0 development with funding from the CSA.
On the ground, ASAS-CRATERS data products can support mission scientists in several ways. A scientist with just a
couple minutes to make a decision in a micro-rover mission tactical cycle can benefit from having images preannotated with particular geological features of interest. A feature can be quickly flagged, shared across multiple
consoles, to decide on instrument or rover navigation commands. They can also be catalogued in a database,
enabling feature-based query in real-time throughout the mission, helping to speed up the process of analyzing
mission data.
The ASAS-CRATERS technology was funded under the CSA LEAP Lunar Surface Autonomous Science Payloads
contract [9F063-190040/002/MTB].
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Résumé / Abstract
Lunar missions including SELENE and the Lunar Reconnaissance Orbiter have identified pit craters which may
present skylights into lunar lava tubes (e.g., in the lunar Marius Hills region). To verify that the pit craters are actual
openings of lava tube structures, gravimetry surveys on the lunar surface are proposed. Such gravity observations
can identify lava tubes and characterize them in depth and orientation, as well as constrain whether the tube is
open or filled after a collapse. However, the lunar environment does not allow for trial attempts. Due to the
challenging mission constraints posed by such a rover survey, we have developed an interactive survey design
tool called GRASIMU for gravity forward modelling and survey planning. GRASIMU makes it possible to optimize
the survey in terms of instrument sensitivity, station number and path for arbitrary subsurface models. This opensource, platform independent, toolbox was developed in Dash, a Python visualization package that uses the Flask
web development framework. The three stages of the software – target, terrain, and survey selection – offer the
required versatility for research and sensitivity studies on lunar lava tubes.
This research was performed as part of ESA SysNova’s Lunar Cave studies program in cooperation with Canadian
rover company Canadensys, with the main deliverable being the GRASIMU software toolbox. Using this toolbox,
theoretical limits on detectability were found for parameters such as the radius and depth of a lava tube, as well as
for the density contrast with the surrounding lunar rock. Additionally, the toolbox offered a great platform to
perform a sensitivity analysis on the results. Another point of research was on artificial corrections such as the
terrain correction and the free-air correction and how these influence measured results in a field survey. The
practical aspect of the toolbox has identified several realistic detectability concerns, including the considerable
influence from the terrain on the gravimetry results and the fact that a target anomaly can easily be overlooked by
improper survey station placement. These results again show the importance of extensive mission planning with a
toolbox such as GRASIMU, which will be published in the public domain soon.
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components
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Résumé / Abstract
An increase of human activity on the Moon will rely, to a large extent, on the development of methods of
transportation based on the In-Situ Resource Utilization (ISRU) of locally available energy sources. Instead of being
carried from Earth, the fuel/oxidizer mixtures should be directly extracted from the surface of the Moon. Due to
their abundance in the lunar regolith rocks, metal/oxygen mixtures represent a storable, transportable, and
energetic solution. They can be obtained by splitting metal oxides through, for example, electrolysis, in a facility
powered by solar or nuclear energy. The metals, in powder form, and the oxygen can then be stored separately
and burned as a propellant mixture in a rocket-type engine. The present work explores the performance of the
proposed concept, which, unlike current solid propellants, avoids the need of additional organic fuels or binders
and can be entirely obtained from material on the Moon. The technology, developed for the Moon can also be
extended to other terrestrial planetary bodies, such as Mars or Venus, where the powders can even be burned in
gas-breathing jet engines with atmospheric CO2.

60

Soins de santé pour les astronautes lors de
futures missions d'exploration dans
l'espace lointain - les présentations orales session 1
Deep Space Astronauts Healthcare - Oral
Presentations - Session 1
13:00 - 14:25 Mardi 15 juin / Thusday, June 15th
Oral Presentation / Présentations Orales
Anastasiia Prysyazhnyuk, Annie Martin
Cette session exposera les défis de la prestation de soins de santé lors de
futures missions d'exploration dans l'espace lointain et des synergies avec
les communautés terrestres médicalement isolées. La session mettra
également en évidence les possibilités de contributions majeures du
Canada pour les soins de santé des atronautes, tout en amorçant des
changements transformationnels dans la façon dont les services médicaux
sont fournis. Cela se fera en tirant parti des possibilités qu'offrents les
technologies médicales pour décentraliser les soins de santé, dans le but
ultime d'apporter des soins là où les besoins se font sentir, dans l'espace
comme sur Terre.
This session will expose the challenges of healthcare delivery in deep space
and in terrestrial medically-isolated communities. The session will further
highlight the opportunities that exist for Canada to make a meaningful
contribution to deep space healthcare, while catalyze transformational
changes in the way medical services are provided, leveraging the power of
medical technology to de-centralize healthcare, with the ultimate goal of
bringing the care to where the need is in space, and on Earth.
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Résumé / Abstract
Initaitive Nouveaux horizons en santé
La présentation « Nouveaux horizons en santé » donnera un aperçu de l'initiative, de son mandat, de sa vision et
de ses priorités. Elle mettra en évidence les possibilités qui existent pour le Canada d'apporter une contribution
significative aux soins de santé dans l'espace lointain, tout en contribuant aux changements transformationnels
dans la façon dont les services médicaux sont fournis. Les synergies de l'espace lointain et des communautés
terrestres éloignées seront exposées.
--“Health Beyond Initiative”
The presentation on Health Beyond Initiative will provide an overview of the initiative, its mandate, vision and
priorities. It will highlight the opportunities that exist for Canada to make a meaningful contribution to deep space
healthcare, while catalyze transformational changes in the way medical services are provided. The synergies of
deep space and remote terrestrial communities will be exposed.
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Résumé / Abstract
Very little is known about how the human body will adapt to living in one-sixth-g lunar gravity. We expect that
musculoskeletal (bone and muscle loss), cardiovascular (arterial hardening) and neurological (“space brain”)
systems will decline in a similar fashion, but with less severity, than in micro/zero-g (e.g. on the ISS). Hence
multiple medical measuring instruments will be required to gather the data needed to understand, track and
predict how astronaut bodies will adapt to lunar living. Magnetic Resonance Imaging (MRI) is an extremely
valuable tool for gathering such data by virtue of the detailed anatomical and functional image information it can
provide. We have been working for a number of years to define and develop MRI technology for use in space. A
zero-g test of MRI hardware on NRC’s Falcon 20 jet has just been completed and designs for wrist- and ankle-sized
MRIs for testing first at the Mars Desert Station analog and then on the ISS have been proposed. Head-size
portable MRI is now available commercially and other, more compact, head-size prototypes have been built by
others. Advances in machine learning for both image acquisition and processing reduce some specifications and
add information value. Our own Canadian TRASE MRI technology promises even more reduction in instrument
mass and complexity. Moving on from the ISS concepts, wrist-size MRIs on the Artemis landers are possible.
Ultimately, lunar bases could house whole-body size MRIs to not only provide basic science data but also to
provide an in-situ standard of health care for lunar colonists similar to what we now have on Earth.
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Résumé / Abstract
Exploration class missions to the lunar surface will increase communication lag and preclude medevac in the event
of illness or injury. Current space medical operations rely on telemedicine and telementoring of crew. This
requires two-way voice and data communication. The communication lag to low-Earth orbit (LEO) enables
tolerable signal latency, but cis-lunar and deeper space missions increase the challenge of real-time monitoring
and interaction with crews due to the ever-increasing lag in data-transmission. Missions to the far side of the moon
and the Martian surface where extended delay and periods of communication blackout can occur highlight the
potential problems. Should a medical event occur during such a period the crew must rely on their own resources
to manage the situation. COVID-19 has demonstrated the advantages of virtual connectivity to provide venues for
collaboration, teaching and management. The ever-increasing use of virtual, augmented, and mixed reality
provide new options to enhance crew clinical autonomy.
The short training cycle for crew medical officers, the reliability of Earth-based communications and the possibility
of urgent crew return supports using these technologies for missions to low-Earth orbit. Deep space missions
require a paradigm shift to manage medical events. Just-in-time training and real time guidance through local
means will enable crews to independently manage nominal and critical events Research remains ongoing into
novel uses for virtual and augmented reality while industry has begun exploring various solutions. Monitoring the
use of these technologies and learning from the success of terrestrial applications can lead to effective
deployment in deep space.
Ultimately, autonomous crew medical care will be required for deep-space missions. Cis-lunar missions may be
achieved with Earth-dependant virtual care and provide an opportunity continue to develop technologies. For
humans to leave the Earth-moon system, autonomous care will be critical to safely manage clinical problems as
communication delays or blackouts eliminate the ability to manage medical concerns in real-time.
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18 Non-contact health monitoring on Lunar Gateway
Professor Andrew Robertson1,2, Ms. Courtney Patterson1, Dr. Robert Amelard1,3, Professor George Shaker1,2,
Professor Richard Hughson1
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Résumé / Abstract
The Lunar Gateway is expected to be one-sixth the size of the International Space Station, requiring healthmonitoring technologies to be compact, efficient, and capable of providing valuable information for both medical
and research purposes. Our team has developed two novel non-contact physiological monitoring systems that
facilitate the prospective surveillance of key vital signs and the evaluation of physiological changes associated with
long-duration missions. First, coded hemodynamic imaging (CHI) is a wide-field photoplethysmographic
cardiovascular monitoring system which estimates the temporal dynamics of local blood volume through changes
in near-infrared optical absorption. Venous hemodynamic monitoring during spaceflight has become critical to
identify the role venous congestion plays in the development of spaceflight-associated neuro-ocular syndrome
and thrombus formation. We have demonstrated that CHI can be used to derive important indications of venous
congestion, such as the jugular venous pulse, as well as track changes in central venous pressure and internal
jugular vein cross-sectional area in response to acute fluid shifts induced by lower body negative pressure (LBNP)
and head-down tilt. This capability demonstrates the value of CHI for monitoring venous congestion observed
during spaceflight as well as evaluating the effectiveness of proposed countermeasures, such as periodic lower
limb venous occlusion or LBNP. Second, we have demonstrated the utility of millimeter-wave frequencymodulated continuous wave radar to remotely monitor heart rate and breathing rate vital signs at a distance of 2
meters with accuracy close to that of wearable devices. Our multiple antenna radar system can detect range,
velocity, and angle of multiple targeted objects with sub-mm accuracy, making it suitable to identify and track
multiple persons simultaneously. Furthermore, the very low-power high-frequency radar signals can safely
penetrate materials such as plastic and clothing, thus reducing crew demands for extracting and donning specific
equipment for periodic health checks. These non-contact technologies for health monitoring have the distinct
advantage of requiring less effort and time commitment from crewmembers while providing additional valuable
information compared to current wearable technologies. In summary, our CHI and radar systems could be a highly
beneficial pairing for both cardiovascular medical monitoring and research purposes during Lunar Gateway
missions. Funded by CSA-FAST2017.
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Professor Helene Girouard3, Dr Douglas Hamilton4, Professor Philippe Arbeille5, Professor Laurence Vico6,
Professor Martina Heer7, Professor Steven Boyd4
1
Schlegel-UW Research Institute for Aging, Waterloo, ON, Canada. 2Western University, London, ON, Canada.
3
University of Montreal, Montreal, QC, Canada. 4University of Calgary, Calgary, AB, Canada. 5University of Tours,
Tours, France. 6University of Lyon, St. Etienne, France. 7IU Internationale Hochschule, Bonn, Germany

Mots-clés / Keywords
astronaut, health, cardiovascular, exercise, bone

Résumé / Abstract
The Canadian Space Agency supported Vascular Series projects (Vascular, Vascular Echo, Vascular Aging,
Vascular Calcium) focus on the potential for long-term risk of cardiovascular disease during space exploration. In
Vascular, we found increased arterial stiffness, increased insulin resistance, and other biomarkers pointing toward
risk for cardiovascular disease and cognitive impairment. Vascular Echo incorporated remote operation of robotic
ultrasound probes on ISS, and Vascular Aging added oral glucose tolerance tests on ISS. Together with
biomarkers from blood samples, these studies are gaining insights into cardiometabolic and bone health with
long-duration spaceflights. Vascular Calcium was selected along with 15 other studies as part of the NASA
Complement of Integrated Protocols for Human Exploration Research (CIPHER). CIPHER will collect data from 30
astronauts, 10 short-duration, 10 six-month duration and 10 twelve-month duration missions with a goal to
integrate data and predict probable long-duration health outcomes from an identical complement on each
astronaut. Vascular Calcium will use inflight ultrasound, Bio-Monitor, blood samples, and oral glucose tolerance,
as well as pre- and post-flight computed tomography to image coronary arteries and, in collaboration with the
TBone2 team, explore whether calcium lost from bone is incorporated into peripheral arteries. The Vascular Series
experiments have been collecting lymphocytes to examine changes in telomere length as a potential indicator of
radiation effects on cardiovascular health. ISS has a typical radiation exposure of 72 mSv (29 mGy) per 6-month
mission which compares to an annual exposure of 0.3 mSv per year on Earth. A 180-day mission to the Moon
might have an exposure of up to 300 mSv. However, space radiation is more than simply the increase in total
exposure as beyond low Earth orbit (LEO) galactic cosmic radiation with high energy, high atomic number ions
can cause considerably more cellular damage. Radiation-induced cardiovascular disease beyond LEO is a health
concern related to increased oxidative stress, inflammation, vascular endothelial dysfunction and accelerated
atherosclerosis (Hughson et al. Nature Review Cardiology 2018). Planning to monitor cardiovascular health on the
Lunar Gateway needs to include ultrasound, biomarker analysis and other devices that can monitor endothelial,
vascular and cardiac function. Funded by CSA.
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Résumé / Abstract
As the international community prepares to send humans on exploration-class missions of increasing duration and
distance from Earth, it is critical to be mindful of the challenges along the way. The Canadian Space Agency (CSA)
has identified Crew Health and Performance issues for deep space missions as of critical importance to the future
of Canada’s role in space.
Skills degradation and human systems integration are two key risks relating to long-duration human spaceflight. In
addition, exploration-class missions will be constrained with respect to mass and volume allocations for training
equipment. Virtual reality (VR)-based systems offer key solutions by permitting procedural training and skills
practice, with options for collaborative team training, while respecting mass and volume constraints.
In this talk, we present of our work on the development of CaregiVR, a CSA/IRAP-funded VR technology readiness
level 6 prototype medical training platform. To provide the astronaut crew of exploration-class missions with the
best possible access to healthcare proficiency, an integrated and autonomous approach is
required. CaregiVR provides the crew with a suite of VR tools for medical education, training, and assessment. Nextgeneration CaregiVR suites can also provide augmented reality (AR) just-in-time (JIT) guidance during a medical
event, serve as an advanced user interface and hub for medical data visualization, incorporating information from a
variety of ship systems, and provide collaborative settings for crew training and practice.
CaregiVR therefore addresses a critical need for exploration-class medical training and can greatly contribute to the
health and well-being of astronauts on deep-space missions. In addition to the obvious application for deep space
medical training, CaregiVR also stands to provide access to self-contained, high quality medical education, handson training, and JIT medical support to communities in need around the globe. A terrestrial version of
CaregiVR can improve access to high quality medical training and healthcare delivery for physicians in remote and
rural setting, low resource economies, and in operational environments.
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Résumé / Abstract
Acute ischemic stroke (AIS) is a time-critical medical emergency due to loss of blood supply to the brain,
potentially leading to death or severe disability. Each 30-minute delay from symptom onset until definitive
treatment leads to a 10% reduction in the probability of a good outcome. Therefore, stroke victims in locations
lacking stroke treatment units require simple, robust, technologies to extend the time window for definitive
therapy, or to reduce the impairment of stroke in the absence of additional further therapy.
To address this problem, we developed nerinetide, neuroprotectant targeting PSD-95 protein (termed a “PSD-95
inhibitor”). PSD-95 is a hub for signals mediating stroke damage. Nerinetide administered intravenously reduces
stroke damage in mice, rats (Aarts, Science 2002), primates (Cook, Nature 2012), and is highly promising in
completed and ongoing clinical trials (Hill et al., Lancet, 2021). Data from the ESCAPE-NA1 Phase 3 trial,
suggested that nerinetide reduced infarct volumes, improved functional independence and reduced mortality.
Our present initiative is to develop PSD-95 inhibitor that can be administered safely and effectively by nonmedical personnel in emergency situations, thereby enabling patients in remote locations to receive stroke
treatment. To this end we have developed novel PSD-95 inhibitors that can be administered subcutaneously or
intramuscularly, not unlike a dose of insulin, or an “Epi-Pen”. Our early pharmacokinetic data show that these new
compounds, given via those routes, can match the plasma levels of nerinetide shown to achieve therapeutic
effects in animals and in clinical trials. These improvements enable the development of new extravascular routes
of administration and facilitate the creation of an autoinjector format for these PSD-95 inhibitors.
Our technology is anticipated to reduce stroke damage and widen the therapeutic window for more technology
intensive, stroke treatments can be applied (e.g., thrombolysis, which requires a CT scan, mechanical
thrombectomy, which requires interventional angiography). An autoinjector is light and compact, enabling rapid
treatment of stroke in pre-hospital settings, at home, in remote communities, and in space by non-medical
professionals. It may therefore constitute a solution to unique challenges in remote communities as well as in
space, where access to health services is limited.
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Cette session exposera les défis de la prestation de soins de santé lors de
futures missions d'exploration dans l'espace lointain et des synergies avec
les communautés terrestres médicalement isolées. La session mettra
également en évidence les possibilités de contributions majeures du
Canada pour les soins de santé des atronautes, tout en amorçant des
changements transformationnels dans la façon dont les services médicaux
sont fournis. Cela se fera en tirant parti des possibilités qu'offrents les
technologies médicales pour décentraliser les soins de santé, dans le but
ultime d'apporter des soins là où les besoins se font sentir, dans l'espace
comme sur Terre.
This session will expose the challenges of healthcare delivery in deep space
and in terrestrial medically-isolated communities. The session will further
highlight the opportunities that exist for Canada to make a meaningful
contribution to deep space healthcare, while catalyze transformational
changes in the way medical services are provided, leveraging the power of
medical technology to de-centralize healthcare, with the ultimate goal of
bringing the care to where the need is in space, and on Earth.
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Résumé / Abstract
Future deep space exploration missions will need a distributed, transparent intelligent information system to
monitor the health of astronauts and their surrounding environment. We propose this type of system, a software
with a hardware coupling which must be able to [1- synchronize heterogeneous sources of sensors such as the
data of a space vehicle and the biometric data of a connected garment 2- synchronize heterogeneous sources of
information such as new knowledge on a business domain 3- interpret the content of these different sources by
intersecting them with general knowledge 4- launch in real time the right processing processes and machine
learning, embedded or federated, in order to inform decision-making 5- display key information to increase user
intelligence 6- ensure security of access to personal data 7- send information and messages automatically to
different destinations, such as ground station for example 8- act automatically in certain limited cases, for example
in case of emergency.] This kind of general intelligence system, capable of managing and generating machine
learning optimization algorithms, make it possible to take into account massive information of the biochemical
type (biomarkers circulating in the blood, etc.), Genomics (DNA sequences, mRNA, miRNAs, DNA methylation…
of blood cells, intestinal microbiome of astronauts…) and environmental ones for each astronaut. This information,
generated in real time by various sensors and on-board equipment, will be injected into the system to be
processed and interpreted in order to dynamically monitor the state of the immune systems, and the intestinal
microbiome of astronauts, as well as their health condition in general (manifestation of physical, mental
symptoms). This analysis will also make it possible to better understand the impacts of different environmental
parameters on the health of astronauts and to identify, using different machine learning techniques, sequences of
molecular events associated with the development of health disorders, and biomarkers allowing for example get
ahead of them and apply preventive remediation procedures.
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Résumé / Abstract
The effects of long duration space flight on the brain are associated with adverse effects as well as adaptive
plasticity in brain-behaviour relationships (Hupfeld et al, 2021). Adverse effects include decreases in grey and
white matter and structural and task-based functional brain connectivity. These brain changes are associated with
behavioural changes such as alterations in attention, memory, emotional state as well as symptoms of “brain
fog”. Most research efforts have focused on group-based studies showing changes at a group level; little is known
about the effects on individual astronauts. In addition, very little is known about mitigating the adverse effects
associated with long duration space flight.
Both the brain and behavioural changes described above parallel those reported by individuals with
concussion. Probing the brain during the resting state has revealed subtle but significant alterations in the
functional organization (Borich et al, 2015) and information flow (Hristopulos et al, 2019) at a group
level. Importantly, we have now developed a Long Short Term Memory (LSTM) based deep learning network
(Thanjavur et al, in final review) using raw, resting state EEG data for concussion classification that demonstrates an
accuracy of > 90% in identifying brain injury at an individual level. Identifying individuals with subtle brain changes
associated with concussion is now paving the way for targeted, novel interventions.
Adopting a similar approach, we propose to collect 5 minutes of resting state EEG data on astronauts at three
stages (pre-flight, in-flight and post-flight); we will then use the raw data to develop an LSTM-based recurrent
neural network (RNN) to classify individual astronauts who show changes in brain function. Once the network’s
ability to capture brain changes has been validated, we propose to develop a targeted, brain-based intervention
approach using transcranial direct current stimulation (tDCS). The latter is a non-invasive neuromodulation
technique which uses weak electrical currents applied on the scalp to target specific cortical areas that will be
identified using the RNN. Our aim is to use tDCS to mitigate or reverse adverse brain changes in individual
astronauts who present with adverse effects associated with long duration space flights.
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Résumé / Abstract
Recent upgrades to ultrasound hardware on ISS have improved research and medical testing capacity on-orbit. As
research moves beyond low earth orbit, this momentum will need to continue. The CSA-supported ECHO
ultrasound device permits not only (1) the traditional bilateral voice-guidance that has existed on ISS for decades,
but also adds value with (2) robotic motorized probes which are ground-commanded and (3) remote PC access to
allow keyboard functions to be completed from the ground. Previously, crewmembers were voice-guided while
they self-imaged and simultaneously operated the keyboard functions with their non-imaging hand. Alternatively,
an operator/second crewmember was recruited to operate the device while the crew imaged themselves. Both of
these scenarios carry risk, in terms of data quality and amount of crew time/resources invested to acquire images.
As we look forward to missions beyond low Earth orbit (LEO), the real-time time lags will increase, so advances in
ultrasound will need to continue evolving beyond ground-commanding scenarios. Nevertheless, the ECHO
capability is a step in the right direction for improving data collection efficiency and quality. As part of the
Canadian Space Agency study, Vascular Aging, a new mission control centre located in Waterloo, Ontario, saw
their first “full MPCC” session in December 2020. A full session consists of simultaneously employing all three
capabilities: voice guidance, up-commanding robotic motorized probes and remote keyboard functionality.
Previously the specialist(s) had to travel to a space agency mission control center located either in Toulouse,
France (French Space Agency) or Montreal, Canada (Canadian Space Agency). Twenty-nine distinct diagnostic
ultrasound images were collected in triplicate during the 120 min session, with four probe changeouts. Targets
included the heart (echocardiogram), neck and abdominal sites. Two additional studies selected for the upcoming
CIPHER complement are actively recruiting crewmembers. Vascular Calcium and Routine Ultrasound will again
bring together Canadian and French agency scientists in a collaborative effort to pursue extensive diagnostic
scans with lunar missions in mind. Future missions beyond LEO will need to incorporate additional technology
such as AI guidance and/or expanded robotic capabilities to mitigate astronaut health risks on longer-duration
missions. Funded by CSA.
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Résumé / Abstract
Future manned lunar missions necessitate light, robust, non-intrusive and multifaceted health-monitoring devices
due to stringent resource transfer limitations. Recently, we equipped astronauts aboard the International Space
Station (ISS) with the Canadian Space Agency’s Bio-Monitor (Bio-M), a wearable sensor shirt that incorporates 3lead ECG, thoracic and abdominal respiratory bands, 3-axis accelerometer, skin temperature probe and SpO2
sensor placed on the forehead. The Bio-M allows for continual long duration recordings (48-72hrs) of
simultaneously collected physiological variables for comprehensive interrogation of multiple cardiovascular and
respiratory functions. Extracted heart rate, respiration rate, minute ventilation and derived systolic blood pressure
will allow us to quantify an astronauts’ global energy consumption, as previously validated in our lab (Beltrame et
al, Sci Rep, 2017). Evolving analytic techniques employing a sequential deep learning model based on temporal
convolutional networks has recently been shown to reliably track energy expenditure over a broad range. This
methodology will permit tracking cardiovascular and musculoskeletal deconditioning that could pose risk to
astronaut health and help guide exercise and other countermeasures required for optimal health so far from
home. To date, we have observed high compliance in wearing the Bio-M on ISS. The device is useful for tracking
changes in behaviour from pre-flight to inflight such as patterns consistent with disturbed sleep on ISS with
increased levels of activity during the night and concomitant alterations to heart rate and respiration rate.
Assessment of recorded variables during scheduled exercise allowed for precise quantification of cardiovascular
and respiratory responses, whilst confirming that the quantity and magnitude of ground-reaction forces were
minimal for all but treadmill exercise. Indeed, whilst aboard the ISS, nearly all (93%) of acceleration events
experienced by astronauts of a magnitude >0.5g were causally linked to treadmill exercise, an exercise modality
that is not performed daily and typically lasts less than 30-minutes per session. Bio-M provides an invaluable nonintrusive and versatile health and research device that could be incorporated in future Lunar Gateway missions.
Funded by the Canadian Space Agency.
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Résumé / Abstract
Normal daily life on the International Space Station (ISS) involves much lower physical activity levels that are
interspersed by regular aerobic and resistive exercise. Because of schedule constraints on ISS, aerobic exercise is
typically less than 30-minutes per day resulting in reduction of aerobic fitness (VO2 peak) compared to pre-flight
levels. This is the first study to measure blood flow to an exercising muscle on ISS to test the hypothesis that postflight local muscle level fitness (rate of recovery after standardized leg exercise) would track the change in total
body aerobic fitness. Six astronauts (5M, 1F; 41 ± 4yrs) on ISS for 171 ± 38 days volunteered for the study. Data
collection included tests of maximal aerobic power on a cycle ergometer and of leg exercise consisting of 30
plantar flexions against a Dynaband. Blood flow velocity was measured by Doppler ultrasound from the superficial
femoral artery pre-flight and after flight on R+4. Evidence of physical deconditioning was present in all astronauts
(VO2 peak pre: 42 ± 3; post 37 ± 3 ml/kg/min, p<0.05). Recovery of blood flow velocity after the plantar flexion
exercise (as measured by the recovery rate constant, tau) was increased in two astronauts (pre: 18 ± 1; post 32 ±
11s) but decreased in four astronauts (pre: 29 ± 8; post 22 ± 7s). The faster recovery of muscle blood flow from
exercise observed in some astronauts after spaceflight contradicts the observation of reduced total body aerobic
fitness in the same individuals. Potential mechanisms for this observation could relate to changes in blood volume
limiting blood flow during whole body exercise but might also relate to intense use of the Advanced Resistance
Exercise Device to specifically train the leg muscles rather than aerobic power. Details of the in-flight exercise logs
are being examined. Gaining more complete understanding of the impact of exercise countermeasures is
important for future Lunar Gateway missions and the maintenance of optimal crew health. Funded by CSA.
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Résumé / Abstract
Human activities on the lunar surface will inevitably introduce particles of lunar regolith into habitats occupied by
people. Airlocks cannot be kept perfectly clean when they are cycled, and unless suits and tools are, after use on
the surface, never brought into inhabited ‘shirts-sleeve’ compartments, then people on the Moon will be exposed
to suspensions of lunar dust. Simulants of these materials (matching the mineralogy and size of lunar fines), when
inhaled appear to cause inflammatory responses and physiological changes in the alveoli and airways of mice [1]
and rats [2]. In humans these phenomena are seen after prolonged exposure to suspensions of rock dust – leading
to a loss of vital capacity and impaired alveolar function. Lunar dusts, however, are unusual in that they are
‘agglutinates with sharp jagged edges that may be more potent triggers of pulmonary inflammation and other
pathophysiological processes’ [3].
Given the hazard that appears to be present, it is prudent to identify technologies that might be used to assess the
impact of particulate matter on the pulmonary health of visitors to the Moon. Changes in functional residual
capacity (FRC) and alveolar health are not measured trivially, and in extremis may require the use of a massspectrometer applied via the MIGET inert gas protocol. There will be, we propose, a need for a compact tool that
infers those qualities of a person’s lungs that are likely to be altered through exposure to lunar dust.
The history and present state of such pulmonary tools will be reviewed, and the current state of potential devices
for this need is outlined.

REFERENCES
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133-140.
[2] Lam C-w., et al. Toxicity of lunar dust assessed in inhalation-exposed rats, Inhalation Toxicology 25(12), 661678.
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Résumé / Abstract
Healthcare and communication of medical information from astronauts to Earth has been a priority for space
agencies since the onset of putting humankind in orbit. With the next generation of spaceflights and upcoming
missions to the Moon and Mars, the need for an efficient, fast-paced, and secure medical data transfer system
remains. Additionally, current Earth-based experiment and research procedures heavily rely on gathering
information remotely. Frequently, information from the experiment is collected on an external drive which travels
with researchers back to their home country. In addition to being time-consuming, this poses the risk of losing
participants’ medical information and having it compromised, consequently leading to breach of privacy.
To overcome these challenges, we have developed MCS-APL; a real-time data transfer system that will allow for
efficient and timely transfer of information for remote experiment conduction. The system enables remote and
secure transfer of medical information from our ground centrifuge base at Simon Fraser University Aerospace
Physiology Laboratory (SFU APL) to other research facilities around Canada and worldwide. MCS-APL uniquely
brings transfer of medical and spacecraft technical information together. Along with transferring experiment data,
amateur radio operators will use the ground station MCS-APL is integrated with to communicate with our
spacecraft in orbit, a 1U CubeSat that carries a scale-model of a human centrifuge as its payload to study the
effects of torque and vibration on such device.
Timely transfer of medical information is an essential factor in crewed space missions and remote healthcare.
MCS-APL will facilitate reliable, secure, and real-time transfer of data for astronauts, medical professionals,
researchers, and satellite operators. In addition to assist with remote medical emergencies, we believe that
implementation and integration of MCS-APL in research settings will foster international collaborations in space
health and technology.
MCS-APL is built on Mission Control Software (MCS), a cloud-based mission operations and data distribution
platform designed for distributed teams to easily and securely interface with robotics and space systems. On
Earth, MCS has been used for dozens of planetary science and robotics analogue missions. MCS-APL is a new
instance of this system designed for spaceflight medical applications.
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Cette session exposera les défis de la prestation de soins de santé lors de
futures missions d'exploration dans l'espace lointain et des synergies avec
les communautés terrestres médicalement isolées. La session mettra
également en évidence les possibilités de contributions majeures du
Canada pour les soins de santé des atronautes, tout en amorçant des
changements transformationnels dans la façon dont les services médicaux
sont fournis. Cela se fera en tirant parti des possibilités qu'offrents les
technologies médicales pour décentraliser les soins de santé, dans le but
ultime d'apporter des soins là où les besoins se font sentir, dans l'espace
comme sur Terre.
This session will expose the challenges of healthcare delivery in deep space
and in terrestrial medically-isolated communities. The session will further
highlight the opportunities that exist for Canada to make a meaningful
contribution to deep space healthcare, while catalyze transformational
changes in the way medical services are provided, leveraging the power of
medical technology to de-centralize healthcare, with the ultimate goal of
bringing the care to where the need is in space, and on Earth.
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Résumé / Abstract
Introduction: In space and medically-isolated communities on earth, there is an increasing need to better
understand brain health. However, existing approaches for brain function assessments rely upon highly subjective
questionnaire-based exams, require the use of large instruments, or utilize highly artificial and laboratory-centric
test setups. Consequently, these techniques are largely constrained to specialized research centres, and are
impractical to use in space or remote communities. Blink-related oscillations (BROs) are recently discovered
neurophysiological responses and have been shown to index crucial brain functions ranging from low-level
sensory to higher-level information processing and memory processes. Crucially, BRO responses are modulated
by both cognitive load and changes in the sensory environment, and BRO assessments do not require any artificial
test setups. In this study, we undertook a proof-of-concept case study to examine BRO responses within a
helicopter cockpit environment, in which the combination of multisensory inputs to the crew (e.g. auditory, visual
and vestibular) and signal quality challenges (e.g. large vibrational noise, electromagnetic interference (EMI)
artifacts etc.) closely mimic the issues that might be encountered when undertaking naturalistic brain function
assessments in space or remote communities.
Methods: Electroencephalography (EEG) data were collected from one NRC test pilot while he performed an inflight target-tracking task in an NRC Bell 205 helicopter. EEG data were downsampled, band-pass and notch
filtered, and thereafter artifacts were removed using independent component analysis (ICA). The ICA-cleaned
data were then segmented and averaged to generate time-domain BRO responses. Time-frequency analysis was
undertaken with continuous wavelet transform using Morlet wavelets.
Results: Preliminary findings showed an increase in post-blink waveform amplitude relative to baseline at Pz
electrode (p=0.032). Time-frequency analysis showed post-blink changes in the beta band followed by theta
band. These features are consistent with prior studies of BRO responses in laboratory settings, suggesting that it is
possible to capture BRO responses under realistic settings during flight.

Conclusions: This study provides the initial proof-of-concept demonstration for the utility of BRO responses for
assessing brain function in space. By leveraging ubiquitous spontaneous blinks, BROs open a new frontier in brain
health assessments, with applicability across age, gender, language, and cultural backgrounds.
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Résumé / Abstract
The measure of hemolysis in humans is not only clinically important, but it also proves to be critical in human
space flight to monitor the associated space anemia. Here we describe methods using a gas chromatograph
equipped with a reduction gas detector (GC-RGD) that can detect the human analyte carbon monoxide (CO) in
the extreme environment of the International Space Station. These methods could be adapted to address the
challenges of limited payload and even farther medically-isolated communities in other venues like the Lunar
Gateway, a moon base or Mars. Characteristics of these methods surpass existing measures of hemolysis. The CO
sample extraction involves a quick non-invasive procedure that is easy to follow by the astronaut. With minimal
supplies stationed at the Lunar Gateway, our methods could serve as a precautionary checkpoint measure of
hemolytic space anemia for visitors during Lunar layover before they continue their journey deeper into space. We
demonstrated improved performance over previous-generation methods in terms of reproducibility, accuracy,
control for physical and intervening factors to quantitatively assess hemolysis rates at unprecedented levels. The
presented measure of hemolysis using CO elimination is based on a different physiological approach that can
complement and augment existing detection tools. The long periods of space travel between deliveries of
payload are accounted for with the ability to store CO samples in metal canisters for up to 11 months. In addition,
the methods can accommodate large acceleration, vibration, temperature differences and are suitable for
extreme environments. The methods present distinctive advantages over existing markers for the diagnosis,
monitoring and response to treatment of hemolytic anemia. In addition to the clinical setting in remote
communities, these methods have the potential to fulfill a wide range of research in deep space astronaut’s
healthcare.
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56 Potential for high framerate ultrasound with vector projectile
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Résumé / Abstract
Long-term exposure to microgravity is associated with two high-risk conditions in certain astronauts: internal
jugular vein (IJV) thrombus and spaceflight associated neuro-ocular syndrome (SANS). These conditions may be a
consequence of congestion within the IJV, as stagnant or retrograde IJV flow was reported recently in seven
astronauts during spaceflight. However, this previous research relied on conventional Doppler ultrasound to
measure IJV blood velocity. This is important because the assumptions regarding cylindrical straight vessels and
laminar flow conditions may be violated under some conditions inside the venous circulation and these violations
may lead to mischaracterization of pathologically-relevant flow patterns. A novel technique under development at
the University of Waterloo uses high frame rate ultrasound (HiFRUS; >1000 fps) in combination with angleindependent vector projectile imaging (VPI) analysis to quantify blood flow patterns not possible with
conventional Doppler ultrasound. VPI visually assesses linear and turbulent flow across the entire field of view, and
can quantify any local pools of flow nonlinearity (or stagnation) if they exist. As proof-of-concept, we assessed IJV
blood flow using HiFRUS and VPI during supine and six-degree head-down tilt (HDT, n=6; healthy adults), which is
an established space-analogue protocol even though it establishes a small gravitational gradient from the heart to
IJV. Even in HDT, flow appeared linear, with no evidence of stagnant or retrograde flow (see
video: https://figshare.com/s/15cd5f76a70e7431f52f). There was, however, a range of blood flow patterns
between individuals pointing to heterogeneity in venous anatomy. In the setting of the Lunar Gateway, HiFRUS
imaging with VPI analysis may identify specific IJV flow patterns that might place certain astronauts at a higher risk
for thrombus formation or SANS. Additionally, HiFRUS can quantify the benefits of countermeasures, such as
venous-restriction leg cuffs, which we have demonstrated to reduce IJV cross-sectional area in ISS crew members
who had notable venous congestion. The ability to quantify regional and multi-directional blood flow patterns,
afforded by HiFRUS and VPI, will provide a more complete understanding of venous function during long-duration
missions aboard Lunar Gateway that may help mitigate risk for serious health conditions. Funding CSA, CSAFAST2017, NSERC-CREATE.
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62 Space anemia in long-term space exploration missions: time for
reassessment?
Dr Guy Trudel1,2, Mrs Kathryn Culliton3, Mr Hakim Louati1, Dr Odette Laneuville4, Dr Timothy Ramsay1
1
Ottawa Hospital Research Institute, Ottawa, Ontario, Canada. 2Department of Medicine, University of Ottawa,
Ottawa, Ontario, Canada. 3Ottawa Hospital Research Institute, Ottawa. 4Department of Biology, University of
Ottawa, Ottawa, Ontario, Canada

Mots-clés / Keywords
astronaut, anemia, hemolysis

Résumé / Abstract

Space anemia in long-term space exploration missions: time for reassessment?

Anemia causes multiple complications that can directly compromise a space mission including orthostatic
hypotension, decreased exercise capacity, endurance, heart failure and weakness. While historically, space
anemia was studied in astronauts returning for short-duration missions, measures from astronauts during their 6months missions revealed they were not anemic. Following these surprising results, 2 epidemiological
assessments characterized astronauts’ anemia from postflight data. They included assessments of the the NASA
clinical monitoring dataset as well as the Longitudinal Study of Astronaut Health dataset, holding respectively 1
962 and 17 336 values of hemoglobin concentration. The results of these analyses confirmed space anemia of
severity, time to recovery and lifetime effect all proportional to flight duration. The next question was the
pathophysiology of the anemia. 2 Earth-based space analogue 6º antiorthostatic bedrest studies revealed no
deficit in red blood cell (RBC) production. Rather, an increase in RBC destruction, called hemolysis, was measured
directly for the first time. The steady-state rate of hemolysis was 23% higher in participants to a 60-day bedrest
study. Importantly, the increased hemolysis was not an acute adaptation to the hemoconcentration caused by the
initial fluid shift. The continuous hemolysis throughout the space analogue may explain the correlations between
clinically important characteristics of space anemia and flight duration. However, many questions remain
unanswered including which tissue is responsible for the enhanced hemolysis and whether the same processes
are happening in the microgravity of low Earth orbit. These vital physiological results must be considered in the
planning for deep space healthcare.
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Résumé / Abstract
Introduction: The ability to deliver an evidenced-based Medical Mass/Power/Volume (MPV) calculation for a
Preliminary Design Review of any space mission has been a challenge.
Methods: Accordingly, a cloud-based relational database was created to development the requirements a Deep
Space Medical Care System (DSMCS). The DSMCS catalogs the resources needed to treat to resolution more than
300 medical conditions considered likely by several space agencies. Based on worst-case outcomes for each
condition, the supplies needed were entered into the database. The DSMCS can therefore track the cumulative
MPV required to maintain the heath and performance of all crewmembers. To bound the DSMCS MPV, certain
assumptions must be made, however they can also be dynamically changed (i.e. Only one crew member can be ill
at one time). Results: The DSMCS supports the creation of multiple missions (destination, levels of gravity, crew
compliment, length of mission, medical conditions supported, levels of care..) resulting in different MPV
requirements. An automatic report generator was created to publish the MPV based on each condition and the
total MPV for the mission.
Discussion: When missions are altered, these DSMCS reports can be rapidly regenerated. For the next phase of
the DSMCS project, we anticipate the creation of a collaborative environment where multiple experts can use an
evidence-based approach to derive event-sequence-diagrams (ESD) to map all possible outcomes of each
condition besides the initial worst-case calculations. These ESD’s will create more granularity to the MPV
requirements and allow outcomes to be resolved differently (ie. advanced levels of care versus palliation). To aid
in the data management and collation of information, this web based DSMCS will allow experts to collaborate in
the creation and assessment of medical literature required for each condition. The DSMCS was developed using
industry standards (Java, Spring Boot, etc..) to interact with the database structure. It is anticipated that the
DSMCS will facilitate trade studies which allow mission design teams to determine the impact of changing certain
resources (.ie removing a ventilator, adding palliative care).
Funding provided by CSA Standing Offer 9F008-11-0362-01 “ACMS/MCUCL Medical Requirements, Validation &
Database Development”.
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Résumé / Abstract
Deep space exploration will require some degrees of versatility, autonomy and de-centralization for which
ultrasound is well suited. Point-of-care ultrasound has emerged in the past 15 years as one of the most versatile
medical assessment tools and its use is now wide spread in the different medical specialties. It is a tool of choice in
resource poor or hostile environments on Earth and is already used aboard the international space station.
Ultrasound assessments always include a mix of skills: image acquisition, image interpretation, situational
integration of findings (i.e. decision making).
Furthermore, as image interpretation is concerned, ultrasound is amenable to both just-in-time decision aids and
image analysis techniques including artificial intelligence approaches. It is thus possible to leverage the
information obtained to facilitated autonomous decision making or to help synchronize with delayed interventions
with crews on Earth.
The same modalities can assist decision making after the images are obtained. There is also a clear possibility of
integration with other tools of diagnosis and monitoring such as lab tests and EKG monitoring at this point.
Both in the context of deep space exploration and on Earth, the limiting step of point-of-care ultrasound remains
the image acquisition step. Just-in-time decision aids such as the EGLS Shock Echo app or equivalent custom
decision aids can help the user decide on when and why use Point-of-care ultrasound. They can also help on
which images to obtain and guide users on the technique to obtain them. This is however limited due to the
difficulty for inexperienced users to perform the technique itself.
Sonoscope has developed a tool that allows for automated image acquisition thus lifting the most limiting step of
point-of-care ultrasound use. This tool has the potential of being integrated in the healthcare approaches both on
Earth and in the ones developed for the colonization of the cis-lunar space, the Moon and Mars. It can furthermore
easily be integrated in existing and future developments in just-in-time decision tools and computer vision/
artificial intelligence approaches where it could provide a consistent substrate of data for analysis.
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Résumé / Abstract
Understanding the microbial interactions between humans and built environments on earth is an important
research field but is even more crucial in the closed systems of space habits if astronaut health is to be
safeguarded during long duration missions. Because of this, the Canadian Space Agency currently considers
environmental stressors, such as human-associated microbes, to be a major human health risk category associated
to space flight which needs to be addressed. Assessment of the human or environmental microbiome in space
science is challenging because of logistical constraints to experimental design and due to limitations of culturing
or molecular biology approaches. In this presentation, some of the challenges in designing microbiome
experiments in space science will be briefly outlined as well as the relative utility of different contemporary
microbial assessment technologies to answers specific biological questions. Two recently published 16S rRNA
gene amplification data re-analysis experiments will be presented to illustrate how different choices in
experimental design or technology strategies can drastically alter biological conclusions in microbiome science.
The first is a comparison of the environmental microbiome of the US laboratory and crew quarters, the destiny and
harmony modules, of the International Space Station. The second is a comparison of the human gut microbiome
in the six crew of the Mars500 experiment at the start and end of 520 days of isolation. These examples should
help serve as a roadmap for how new questions can be posed of publicly available complex ‘omic data to reveal
novel discoveries which are important to astronaut health during long-duration space flight.
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Résumé / Abstract
This presentation provides an overview of a system developed by Lunar Medical Inc, a Canadian technology
company, for an onboard Artificial Intelligence (AI) monitoring and Decision Support System (DSS) for astronaut
health on long duration space missions to the moon and beyond. This system will serve as the decision engine
within an onboard medical support system. AI has rapidly changed how we interact with the world around us, and
there will be no bigger impact than support for human health, and in particular, for remote and isolated
environments such as that of Deep Space.
METHODS
High-level design requirements were identified, including (1) diagnostic and treatment decision support, and (2)
health state monitoring and early abnormality detection. Competing technologies were reviewed and candidate
architectures postulated and evaluated. System of systems architecture was adopted to integrate DSS within a
broader architecture concept.
CONCEPT DESIGN
The Bayesian Onboard Network and Expert System (BONES ©) concept addresses the two primary operational
requirements (see above).
Data inputs include narrative, clinical findings, medical history, genomic, physiologic monitoring, and laboratory
data. A strong preference for inobtrusive, non-contact sensors is identified. Machine-assisted data sources may
include: video analysis (cognitive, behavioural, affective, performance, biometric); audio analysis (semantic content
analysis, voice stress).
BONES © is a hybrid AI DSS, with three distinct subsystems. Expert system algorithms (rule-based) are used to
monitor health and performance. Probabilistic AI (knowledge-based) provides diagnostic support and detects offnormal states. Machine Learning (ML) models normal and off-normal states. Issues related to transfer learning and
privacy are identified.
SUMMARY
BONES © is a DSS concept developed to support medical operations in spaceflight with graded autonomy from
Mission Control. BONES © assists the Crew Medical Officer in monitoring, diagnosis, and treatment under
conditions of delayed communication between spacecraft and support from Earth. System architecture and
function will be discussed, along with development timeline and resource requirements.
ACKNOWLEDGMENTS
This work was supported under Canadian Space Agency Contracts No. 52/7013323 (Beyond Low Earth Orbit
(BLEO) Exploration Mission Contribution Study, Advanced Crew Medical System) and No. 9F063-180462/002/MTB
(Spaceflight Medical Technology Concept Study (HybridAI DSS)).
Date of Abstract Submission: 26 April 2021
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Résumé / Abstract
Background: Osteoarthritis primarily affects mechanical load-bearing joints, with the knee being the most
common. The erosion of articular cartilage of the knee remains a defining feature of knee osteoarthritis (KOA),
leading to loss of mobility and function. However, all tissues of the knee are affected and contribute to the
pathophysiology of the disease, including the meniscus, the primary load-bearing tissue of the knee. The
prevalence and severity of KOA are disproportionately higher in females. Sex hormones are known to regulate
articular cartilage, bone development, and homeostasis in a sex-dependent manner. However, sex hormones
alone do not fully account for the disproportionate incidence of KOA. The molecular basis of sex matters in the
burden of KOA is unknown. But the cellular and molecular characteristics of KOA resemble articular chondrocytes’
(articular cartilage’s cells) hypertrophy before endochondral ossification during skeletal development. The
characteristics include proliferation, induction of hypertrophy markers: matrix metalloproteinase-13 (MMP-13) and
type X collagen (COL10A1).
Mechanical loading influences the development and maintenance of articular cartilage. Specifically, intermittent
hydrostatic pressure is thought to maintain articular cartilage and prolonged mechanical unloading encourage
cartilage destruction and endochondral ossification. The effects of mechanical loading and unloading on articular
cartilage has been studied by cyclic hydrostatic pressure and simulated microgravity (SMG), respectively. In our
previous study, SMG induced MMP13 and COL10A1 in models of human menisci. However, biological sex was
not explored as a variable.
Objectives: Determine molecular responses of meniscus models from females and males to SMG
Methods: Meniscus fibrochondrocytes (MFCs) were isolated from male and female menisci. MFCs were seeded
on collagen-based scaffolds. The resulting meniscus models were precultured for 2 weeks before another 3 weeks
of culture under normal gravity or SMG. RNA sequencing analyses were performed at the end of the 5 weeks.
Results: SMG induced COL10A1 expression at a significantly higher magnitude in female-derived meniscus
models. RNA sequencing along with gene ontology analysis revealed osteoarthritis associated biological
processes, such as ossification and angiogenesis, were only enriched in female-derived meniscus models by
SMG.
Conclusions: SMG induced osteoarthritic-like molecular profiles in human meniscus models but to a higher extent
in female-derived models.
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Résumé / Abstract
In the coming decades, man will return to the moon and space exploration will expand to far-off destinations such
as Mars and beyond. Current healthcare delivery approaches may not be suitable to address isolation and
increased health risks faced by crew members during these long-term deep space missions.

An essential technology is a fully integrated medical system that interfaces with various multiparameter wireless
sensor networks. It should also include data management, automatic data analysis, event detection, prediction
and provides treatment plans. Carré’s solution is a real time modular platform, using standard and common
interfaces allowing the integration with Canadian partner’s technologies, and involving a unique data flow
architecture designed to facilitate interoperability. In its current state, the system provides solutions for the
treatment and care of multiple cardio-respiratory diseases and injuries. Its design is suitable for the complete
range of known health conditions and risks associated with long-duration spaceflight.

One of the main innovations is to use standard care recommendations alongside AI based predictions to guide
treatment decisions. The integration of automatic treatment plan recommendations based on identified
abnormalities or injuries is a novel component of the system. This autonomy is especially important in situations
where communication with medical specialists on Earth is interrupted. This system could improve the prevention,
early diagnosis, and management of health conditions in crew members during long-term deep space missions
while decreasing the effort, time, and cognitive workload of the user tasked with ensuring the health of the crew.

Finally, this modular system can also be harnessed to improve the delivery of health services on Earth for
Canadians living in isolation, remote communities or working in extreme environments. High quality healthcare
required by these high risk and isolated environments needs to be supported by decentralized and automated
care.
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Soins de santé pour les astronautes lors de
futures missions d'exploration dans
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Anastasiia Prysyazhnyuk, Annie Martin
Cette session exposera les défis de la prestation de soins de santé lors de
futures missions d'exploration dans l'espace lointain et des synergies avec
les communautés terrestres médicalement isolées. La session mettra
également en évidence les possibilités de contributions majeures du
Canada pour les soins de santé des atronautes, tout en amorçant des
changements transformationnels dans la façon dont les services médicaux
sont fournis. Cela se fera en tirant parti des possibilités qu'offrents les
technologies médicales pour décentraliser les soins de santé, dans le but
ultime d'apporter des soins là où les besoins se font sentir, dans l'espace
comme sur Terre.
This session will expose the challenges of healthcare delivery in deep space
and in terrestrial medically-isolated communities. The session will further
highlight the opportunities that exist for Canada to make a meaningful
contribution to deep space healthcare, while catalyze transformational
changes in the way medical services are provided, leveraging the power of
medical technology to de-centralize healthcare, with the ultimate goal of
bringing the care to where the need is in space, and on Earth.
17:00 – 17:03
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Résumé / Abstract
NASA recently announced decision to contract SpaceX to provide the Starship vehicle solution to land
astronauts on the moon for the Artemis Program. "We were looking to see what industry partners could bring in
terms of innovation and solutions," said Lisa Watson-Morgan, the Human Landing System program manager.
NASA and associated international space agencies are focusing on innovation and new solutions to age old
problems, almost 50 years since the final last Apollo landing.

TECHNATION Health has been advocating, publishing its Privacy and Security Framework with jurisdictional
leaders across Canada to highlight the value of adoption of consistent standards nationally and internationally for
both privacy and security. TECHNATION Health's privacy and security framework could be leveraged across
the 14 international space agencies on developing consistent privacy and security standards for deep space data.

Canada's rural remote populations require thoughtful approaches to provision of services including access to
health care services, energy, clean environment, communication, supply chain Deep space populations will face
similar challenges, and require thoughtful approaches for provision of health services and information and data
exchange. Over the last twelve months, we have witnessed significant advances in virtual health care accelerated
by the COVID pandemic. Clinical collaboration involving multi-disciplinary teams are now engaging virtually with
patients in rural/remote communities. Virtual technology and applications are portable for applicability to deep
space use. This includes introduction of AI driven autonomy in support of health wellness, preventative health
and l diagnostics.

Health System use. Long time challenge in Canada has been development of consistent de-identification of
health data sets in order to protect patients’ privacy and enabling expanded secondary use of the resultant
anonymized data sets. Risk of misuse and potential re-identification to restore patient identified data has limited
the access of meaningful data sets for purpose of creating new and innovative algorithms for medical, clinical,
personal use. Synthetic data generation is an innovative solution to introduce risk free expansion of AI/ML in
deep space health analytics. Synthetic data generation is smart choice to be applied for monitoring and
oversight of deep space population data.
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Résumé / Abstract
Photoacoustic spectroscopy relies on absorption of light by molecules, which generates an acoustic wave. It is a
background free technique with demonstrated ability to reach parts-per-trillion sensitivity. A photoacoustic
detector consists of three components: a photoacoustic cell containing the gas mixture to be studied, the light
source used to excite the target gas, and an acoustic transducer that detects the generated sound wave.
NXTSENS Microsystems, a rapidly growing 60-person team based in Montreal, QC, is currently working on an
innovative photoacoustic sensor design. The project is supported as a Competitive Project of the Innovation for
Defence Excellence and Security (IDEaS) program of the Canadian Department of National Defence. Drawing on
our expertise in micro-electromechanical systems (MEMS), we are utilizing a custom-designed high-quality factor
MEMS resonator as the acoustic transducer. This MEMS sensor allows significant improvements in device
miniaturization, system integration, and system ruggedness, while simultaneously benefitting from the increased
sensitivity of resonant detection.
By utilizing a broadly tunable laser light source to adjust the excitation wavelength over a range of given
absorption features, virtually any target molecules could be detected by such a system. This approach opens the
way to a wide array of potential applications in healthcare diagnostic and monitoring, defense and security,
industrial monitoring, and environmental monitoring.
For manned missions in space, this type of device could serve as a more sensitive and capable version of the JPL
electronic nose. It could potentially allow for more sensitive readings of a diverse group of chemicals on board,
providing early detection of adverse events in different modules of the spacecraft. It could also be used to more
directly monitor the health of the crew by measuring the composition and concentration of biomarker volatile
organic compounds found in exhaled human breath.
A robust, low-cost trace gas sensor could have a significant impact on healthcare delivery in space and here on
earth. We are currently developing a prototype using discrete elements with known gases. We will then proceed
to an on-chip solution where the laser and MEMS device are integrated, followed by testing in simulated
environments, before entering the field testing phase.
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Résumé / Abstract
Future missions to Mars and other long-term space exhibitions such as those on the Lunar Gateway station around
the Moon will include significant and novel challenges such as multiple years in space, no real time
communication with earth, and limited resource rendezvous [1]. In addition to these potential issues, immersion in
physiological stressors such as radiation and microgravity would be significantly longer than previous missions
and risk for anxiety and depression due to isolation would be higher [2]. Previous mission data and analogue
comparisons have documented that mental health issues prevent crew members from being effective, putting
missions in jeopardy [1].
Due to these increased stressors and autonomy, psychological support beyond a medical doctor onboard, and
ground support would be required for these missions. The present paper presents a literature review of
virtualized multimedia astronaut assistance in spaceflight so far, focusing on artificial intelligence and virtual reality
(VR). Primary research interviews were then conducted with retired astronauts from NASA and the CSA as well as
researchers who had experienced long term space analogues such as the HISEAS and NEEMO missions (n=5).
This was to determine design guidelines for a VR mental health support system known as RIPLEE (virtual Reality
Integrated Psychological support Earth Environment) based on protective factors for mental health reported.
Connection to Earth and family and friends at home were identified as major protective factors to combat
potential mental health challenges for long term space travel by the expert interviews. Proposed design
guidelines determined by this literature review and expert interviews of the RIPLEE system include: a variety of
options for highly individualized use, immersive 360o earth environments with (optional) mindfulness exercises,
and the ability to upload 360o videos from family and friends on Earth for more embodied communication when
real time video is not possible.

References: [1] Kanas, N., Sandal, G., Boyd, J. E., Gushin, V. I., Manzey, D., North, R., ... & Inoue, N. (2009).
Psychology and culture during long-duration space missions. Acta Astronautica, 64(7), 659-677. [2] White, R. J., &
Averner, M. (2001). Humans in space. Nature,409 (6823), 1115-1118.
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64 Reimagining Cognitive Assessment and Rehabilitation on Earth and
Space.
Ms Fati Davoudi
Novatek Medical Data Systems, Montreal, Quebec, Canada

Mots-clés / Keywords
Astronaut health, Mental health Artificial Intelligence, Predictive modeling, Cognitive impairment, Cognitive
rehabilitation

Résumé / Abstract

Space is an extremely hostile environment for humans. Being in a prolonged isolated confined environment, can
have numerous effects on astronaut’s mental health making them more vulnerable during the human space
mission to mars. Moreover, work accidents and head injuries may result in concussion or traumatic brain injury
that needs to be addressed in a timely manner,
To overcome this problem, special attention should be devoted to psychological and cognitive health of the
astronauts. It is crucial and of significant importance to have access to innovative and advanced autonomous
screening systems and solutions to relevant to cognitive and mental health rehabilitation challenges for these
unconstraint environments.
The objective is to provide advanced autonomous screening (thermographic and cognitive) systems via
integration of Signal Processing (SP), Artificial Intelligence (AI), Machine Learning (ML), and Deep Learning
models. In particular, the focus is on the following objectives: (i) Development of an AI-empowered avatar that
autonomously performs the Cognistat assessments (cognitive screening tests); (ii) Development of advanced AIempowered rehabilitation solutions to autonomously provide rehabilitation exercises based on the results of the
cognitive screening and monitor the progress of rehabilitation.
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78 PLUM: Gargle-based COVID-19 detection at the point of sample
collection in 30-minutes
Ms. Seray Cicek, Ms. Yuxiu (Livia) Guo, Ms. Katariina Jaenes, Dr Lucas Robinson, Mr Kareem Sakr, Ms Afifa Saleem
LSK Technologies Inc., Kitchener, ON, Canada

Mots-clés / Keywords
Diagnostics, easy to use, affordable, reliable, computer vision, cloud connected

Résumé / Abstract
A year has passed since the first COVID-19 case, however, access to timely diagnostic tests still remains a
challenge. As the pandemic continues, we see new concerns regarding shortage in both diagnostic and vaccine
supplies, and growing worries related to fast spreading SARS-CoV-2 variants globally. All of these emphasize the
need for sustainable and accurate decentralized testing methods that are readily available. In order to screen for
COVID-19 reliably, LSK Technologies has developed a mouthwash based SARS-CoV-2 detection platform that can
determine presence of SARS-CoV-2 RNA in patient samples within 30 minutes at the point of sample collection.
Our cloud integrated software enables efficient operation of the device for six patient samples at the same time
and allows seamless anonymized patient data management. We leverage computer vision to quantify optical
reactions. This enables our device to analyze various biomarkers, DNA and RNA particles and eliminates the need
for regular hardware calibrations. In preliminary patient studies, we have obtained 96% accuracy when compared
to the current gold standard RT-qPCR. We are currently working with academic institutions to enable detection of
single nucleotide mutations at point-of-need in our platform. Our patent-pending, validated platform is wellpositioned to be the first-line of defence in high contact locations such as pharmacies, workplaces, hospitals,
community centres and airports. For space applications, our platform is suitable for conducting diagnostic
detection for astronauts and facilitating studies focused on the effects of radiation, detection of living particles and
environmental monitoring in space.

93

Technologies lunaires novatrices - les
présentations orales - session 2
Lunar Innovative Technology - Oral
Presentations - Session 2
15:00 - 16:25 Mardi 15 juin / Thusday, June 15th
Oral Presentation / Présentations Orales
Martine Dubé, Marie-Josée Potvin
Cette session accueille les contributions sur les innovations
technologiques relatives aux sous-systèmes de rovers lunaires, en
particulier, mais pas exclusivement, les innovations permettant une
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This session welcomes contributions on technological innovations
pertaining to sub-systems of lunar rovers, especially, but not exclusively,
innovations leading to a better long term lunar night survival.
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112 Programme d'accélération de l'exploration lunaire (PAEL) – AOPs
Développement technologique et Démonstration de capacités / Lunar
Exploration Accelerator Program (LEAP) Technology Development and
Capability Demonstration AOs
Sidharth Saraf, Ph.D., Mr. Philip Melanson, Mr. Martin Picard, Alfred Ng, Ph.D., Mr. Steeve Montminy, Erick Dupuis,
Ph.D.
ASC/CSA, Saint-Hubert, Québec, Canada

Mots-clés / Keywords
LEAP

Résumé / Abstract
À la lumière de l'annonce faite dans le budget fédéral de 2019 concernant PAEL, l'ASC a lancé deux avis d'offres
de participations (AOPs) ouvertes d'une valeur totale de 21 millions de dollars.
L'AOP développement technologique accorde des contributions non remboursables d'un montant maximal de 2
millions de dollars, avec une possibilité d'extension à 4 millions de dollars à des projets de technologie spatiale
dont on s'attend à ce que le potentiel commercial dans l'économie lunaire se réalisera dans un horizon de court à
moyen terme (c.-à-d. deux à cinq ans). Les demandeurs doivent identifier les opportunités reliées aux chaînes
d'approvisionnement de missions lunaires.
L’AOP démonstration de capacités accorde des contributions non-remboursables d'un montant maximal de 4
millions de dollars par projet, qui doivent avoir un potentiel commercial ou un rendement scientifique attendu à
moyen ou long terme (c.-à-d. sur cinq à dix ans). Les projets admissibles sont de nature scientifique ou
technologique et le matériel visé par le projet devra apparaître dans le manifeste d'un fournisseur de services de
lancement et d'alunissage pour un lancement avant avril 2024, comme le démontrera une lettre d'intention ou
une entente avec le service de lancement.
--In light of the Federal Budget 2019 announcement for LEAP, the CSA issued two open Announcement of
Opportunities (AOs) with a total value of $21 M.
The LEAP Technology Development AO awards non-repayable contributions of up to 2M with a possibility to
extend to $4M for space technology projects that expect to enhance their commercial potential in the lunar
economy in the short to medium term (i.e., 2 to 5 years). Applicants must identify the lunar mission supply chain
related opportunities.
The LEAP Capability Demonstration AO awards non-repayable contributions of up to $4M per project that expects
to gain commercial potential or scientific return in the medium to long term (i.e., 5 to 10 years). Eligible projects
are science and/or technology which is/are required to be manifested with a lunar payload delivery service
provider (launcher or lunar lander) for launch before April 2024, as demonstrated with a letter of intent or launch
service agreement.
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79 Autonomy-Enabling Robotics & Artificial Intelligence Technologies
for Micro-rovers in an Edge Computing Architecture
Mr. Kaizad Raimalwala, Dr. Michele Faragalli, Mr. Matthew Cole, Mr. Evan Smal, Dr. Melissa Battler, Dr. Matt Cross,
Mr. Ewan Reid
Mission Control Space Services, Ottawa, ON, Canada

Mots-clés / Keywords
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Résumé / Abstract
Early lunar micro-rover missions will face several constraints such as limited onboard power, computational and
downlink capacity, mobility performance, and will be short-lived without lunar night survival technology. In a
traditional mission architecture, rover imagery and telemetry is downlinked to Earth at a constrained data transfer
rate, where ground-based operators must make decisions after a series of steps in data processing and analysis.
Without onboard autonomy for navigation, it may take several minutes to move a couple meters, resulting in high
idle-time, slow mission speeds, and ultimately limited scientific return for instruments onboard.
To maximize scientific return and value of constrained micro-rover missions, Mission Control has developed a
suite of novel autonomy-enabling technologies in Artificial Intelligence and robotics that can effectively help
increase mission speed, including surface characterization, trafficability & power modeling, mapping, and path
planning. With a deep learning model, Mission Control’s ASAS-CRATERS (Autonomous Soil Assessment System:
Contextualizing Rocks, Anomalies and Terrains in Exploratory Robotic Science) technology can classify surface
geological features as seen by the rover’s navigation camera. This provides a high-fidelity semantic map of the
surrounding terrain. Our path planning tool can then generate trajectories to an operator-specified waypoint,
optimizing for metrics like energy consumption and wheel slip based on the rover’s own data-driven models.
The terrain representation can also provide rich geologic context for autonomous decisions for instruments to
target specific features. Additionally, a novel Payload Data Management system being developed by Mission
Control can also provide data processing applications and help mission operators prioritize data for downlink as a
function of dynamically changing parameters and constraints. This system is funded under the CSA LEAP
Technology Development AO (contribution agreement 20STDPO09), and is designed to enable edge computing
and a streamlined operations experience for a wide range of lunar science payloads.
Together, these technologies can be integrated on the lander that the micro-rover is reliant on for Earth
communications, thereby augmenting the capabilities of an otherwise constrained micro-rover. This edge
computing architecture adds rover and instrument autonomy to the flight segment, reducing rover idle-time and
operator workload, and ultimately improving mission productivity.
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32 Design and development of an extended-range lunar rover vehicle
with a smart, health-conscious energy storage system, and a novel epowertrain architecture
Professor and Canada Research Chair Sheldon Williamson
Ontario Tech University, Oshawa, Ontario, Canada

Mots-clés / Keywords
Autonomy, batteries, capacitors, charging, electrification, energy storage, mobility, motor drives, power
electronics, transportation

Résumé / Abstract
The group’s ongoing research is focused on transportation electrification and autonomous e-mobility through the
NSERC Canada Research Chairs (CRC) program. This program will focus on the design and development of a
novel powertrain architecture for a lunar rover vehicle. As such, the major goals include the design and
development of: a) A smart, health-conscious Lithium-ion (Li-ion) battery management system (BMS), to extend
battery lifetime by ~2-3 times; b) A battery/ultracapacitor (UC) module to extend range by ~4-5 times; c) Four,
direct drive, rugged non-rare-earth electric machines, with improved power density, and ~200% cost reduction;
and d) An autonomous power supply using wireless power transfer (WPT), to provide power to various on-board
sub-modules.
Objectives: The major objectives are defined based on the practical challenges faced by the industry as well as the
needs of the CSA. The major objectives are divided into the following tasks:
1.

2.

3.

4.

Health-conscious Battery Management Systems (BMS): For the first time ever, temperature constraints,
health-conscious Li-ion BMS algorithms, and novel power converters will be developed integrally. The
BMS will cost a mere 3-5% of the total battery pack cost and enhance the battery lifetime by ~200-300%.
Design and development of a battery/UC module: This task will entail the design and implementation of
a new, bidirectional power converter, for Li-ion battery-UC operation, in order to achieve sustained
energy as well as peak-power. Such a hybrid storage arrangement will reduce the weight of the battery
pack by ~200-300% and increase range by ~4-5 times.
Non-rare-earth electric machine design and in-wheel motor drives: Firstly, a rugged, non-permanent
magnet solution for traction motor design will be investigated. Secondly, improved power converters and
controls will be developed to optimize operation.
Autonomous power supply design using WPT: Design of efficient WPT coils and advanced power
converters will be the main task. Both capacitive and inductive power transfer will be investigated. The
research group has already designed, developed, and tested SAE J1954 standard 3.7 kW to 22 kW
charging systems. Conversion efficiency of ~95% was achieved, which is the highest known efficiency,
compared to those reported in literature.
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24 MAPLE: A Versatile Penetrator Platform for Lunar Exploration
Mr. Paul Harrison1, Mr. Vojtech Balaban2, Mr. Brent Parker2, Dr. John Spray3,4, Dr. Alex Ellery5, Dr. William Megill6
1
Magellan Aerospace, Ottawa, ON, Canada. 2Magellan Aerospace, Winnipeg, MB, Canada. 3HIT Dynamics Ltd,
Upper Kingsclear, NB, Canada. 4University of New Brunswick, Fredericton, NB, Canada. 5Carleton University,
Ottawa, ON, Canada. 6Rhein-Waal University of Applied Sciences, Kleve, North Rhine-Westphalia, Germany

Mots-clés / Keywords
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Résumé / Abstract
MAPLE (Multi-purpose Autonomous Penetrator for Lunar Exploration) is a versatile platform designed to deliver
cutting edge science and exploration payloads to the lunar surface and sub-surface. Impacting the regolith at
high velocity, it can access regions that would otherwise be challenging to reach, at a relatively low
implementation cost. It can support a wide range of sensors that can be operated during descent and/or on the
surface, including those dedicated to in-situ resource detection and utilization. It can provide a partly-shielded
enclosure for instruments to reduce impact shock exposure. Under the Canadian Space Agency’s Lunar
Exploration Accelerator Program (LEAP), Magellan has built and field-tested a prototype version of MAPLE, paving
the way to future lunar ventures.
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28 PEEKbot : Lunar rover radiator
M Jael Giguere1, M Thomas Wright2, M Jeremi Thiffault1, Mme Alexa Marie-Rose1, M Thomas Leduc1, M Alexis
Jacques-Fortin1
1
Polytechnique Montreal, Montreal, Qc, Canada. 2Canadian Space Agency, St-Hubert, Qc, Canada

Mots-clés / Keywords
Radiator, Lunar dust, Electric Curtain

Résumé / Abstract
The goal of this project, done in collaboration with Canadian Space Agency and Polytechnique Montréal, was to
design a radiator prototype for a small lunar rover. Lunar regolith is a huge problem due to its microscopic size
and electrostatic properties allowing it to infiltrate and stick to any surface or joint on a rover. The lunar regolith is
also a very poor thermal conductor, therefore if a radiator gets covered in lunar dust, it cannot evacuate enough
heat from the rover, thus causing overheating issues and ultimately mission failure. A mission intended to last
several weeks, through multiple lunar day/night cycles, allows lunar dust to accumulate on the radiator. A radiator
prototype was developed using an electric curtain to periodically remove dust from the radiator surface. This
consists of a network of 2 electrodes with alternating high electric potential to generate an oscillating electric field
at the surface of the radiator, sweeping away the lunar regolith that was accumulated. Numerical simulations using
COMSOL Multiphysics supports the design and tests on a PCB prototype gives preliminary results. A copper
coated aluminium nitride ceramic substrate is used as the base of the radiator, with patterned electrodes to shape
the electric curtain. Using this new material for a radiator provides the high electrical resistivity essential for the
operation of the electric curtain, slightly higher density than traditional aluminium, as well as high thermal
conductivity. A protective Aeroglaze A276 thermal control paint applied on top ensures electrical insulation, solar
reflectivity, and IR emissivity to release heat from the rover. Some optimization on the control circuit for the electric
curtain remains to be done to reduce the size and add more protection to the components. The exact position of
the radiator on the rover remains to be decided, as both vertical and horizontal orientations could bring issues
regarding rover size or quantity of heat expelled.
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67 FUSED FILAMENT FABRICATION LUNAR 3D PRINTER USING IN-SITU
RESOURCES
Mister Feng Yang Chen1, Mister Raphael Alcufrom1, Mister Tamir Aljindi1, Mister Etienne Allaire1, Mister Frédéric
Baumelle1, Mister Gabriel Berestovoy1, Miss Ines Couder2, Mister Raphael-Alexis De Luca1, Miss Sélène De
Spiegeleer2, Mister Tommy Deschênes1, Mister Jean-Christophe Desmarais1, Mister David Diffo1, Mister Eliott El
Hoayek1, Mister Jean-Sébastien Giguère1, Mister Eric-Aimé Izere1, Mister Jovan Kostenov1, Mister Baptiste
Langlet1, Miss Alice Lemieux-Bourque1, Mister Junior Moukam1, Miss Alexandrine Plante2, Mister Charles-Olivier
Poirier1, Mister Alexandre Zahlawi1, Mister Andrew Hayes3, Mister Olivier Duchesne1, Pr. Frédérick Gosselin1
1
Polytechnique Montreal, Montreal, QC, Canada. 2HEC Montréal, Montréal, QC, Canada. 3Canadian Space
Agency, Saint-Hubert, QC, Canada

Mots-clés / Keywords
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Résumé / Abstract
The rapidly expanding sector of additive manufacturing is an opportunity for several international space agencies
and private companies to join the new moon race. The SPACE'OVER project is an 8-month university Capstone
project led by a team of 22 multidisciplinary students mentored by the Canadian Space Agency (CSA).
The objective is to design an autonomous lunar rover concept capable of printing in 3 dimensions with minimal
terrestrial supply using regolith, respecting the harsh conditions of the lunar environment and launch. To generate
complete and feasible results in the scope of our project, it was focused on a proof of concept of 3D printing with
the lunar dust simulant (Chenobi, NORCAT, Sudbury, ON).
The prototype design, inspired from fused filament fabrication technology, is divided in four aspects: Polymer,
Screw extruder, 3D printer, and Rover integration. We considered potential polymers to mix with the lunar
regolith to achieve the best printing results. Low temperature polymer, polylactic acid (PLA), was first used to
confirm the system’s functioning. High temperature polymer, polyethylenimine (PEI), suitable for space
applications, further validated the system. The screw extruder creates filaments with the polymer/regolith mixture
to feed the 3D printer, which is designed to print objects of size range (100.0mm)3. We designed this prototype to
print on Earth and proposed recommendations to render it functional in the lunar environment. We integrated the
aforementioned systems into a conceptual rover and simulated its thermal and structural behaviour during launch
and on the moon. Our screw extruder successfully creates a filament of PEI mixed with regolith at 25 wt% ratio,
and our 3D printer performs up to 20 wt% ratio. Future work will focus on diameter consistency for higher wt%
filaments.
We acknowledge the in-kind contributions of Dyze Design, Longueuil, Qc, the CSA, and the financial support of
the Government of Canada's Innovative Work-Integrated Learning Initiative (IWIL) and Co-operative Education
and Work-Integrated Learning (CEWIL) Canada’s Innovation Hub (iHub). The opinions and interpretations in this
publication are those of the author and do not necessarily reflect those of the Government of Canada or Cooperative Education and Work-Integrated Learning Canada.
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21 Relative Navigation and Hazard Detection & Avoidance Integration
for Autonomous Moon Landers
Mr. Jean-François Hamel, Mr. Sandro Papais, Mr. Ludwik Sobiesiak, Mr. Amr Nagaty, Mr. Maxime Minville
NGC Aerospace, Sherbrooke, QC, Canada

Mots-clés / Keywords
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Résumé / Abstract
Many private companies are currently working on the development of Moon landing systems with the objective of
providing commercial landing services to space agencies, research institutes and private organisations. To be
able to land at lunar sites of interest for the customers, Lander systems need to be equipped with high-accuracy
navigation systems to accurately reach the target and Hazard Detection and Avoidance (HDA) systems to detect
and avoid any surface hazards at touchdown. High-accuracy navigation and HDA have been identified as key
enabling technologies by private and governmental organisations willing to explore or commercially exploit
Moon surface. However, as of today, these systems are still not commercially available and have no space flight
heritage.
High-accuracy navigation in such applications typically relies on optical systems and serves two purposes:
absolute navigation (to locate the Lander in an absolute sense with respect to a Moon-fixed frame) and relative
navigation (to estimate the Lander motion relative to the local terrain). Relative navigation and HDA work hand-inhand during the last phase of landing operations. HDA determines the best landing site, while relative navigation
is key in determining the landing-site-relative position and velocity in order to achieve accurate and safe
touchdown at the intended location.
CSA-funded project activities are on-going with the objective of developing a low-cost HDA system composed of
a Lidar sensor, a camera sensor, an inertial measurement unit and an embedded processing unit where optical
navigation and HDA functions are integrated. The system developed through these activities makes use of
affordable sensor and processing hardware reducing overall system cost while still showing a reliability
meaningful and acceptable to commercial landing service applications. The objective of these activities is to
integrate an Engineering Model of the system and demonstrate achievement of TRL6 with a full-scale UAV
demonstration.
The paper will discuss the status of the activity and its latest results.
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Cette session accueille les contributions sur les innovations
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19 Crater-Based Absolute Navigation Demonstration
Mr. Jean-François Hamel, Mr. Sandro Papais, Mr. Amr Nagaty
NGC Aerospace, Sherbrooke, QC, Canada

Mots-clés / Keywords
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Résumé / Abstract
Many private companies are currently working with the objective of providing commercial landing services to
space agencies, research institutes and private organisations. In order to be able to land at all lunar sites of
interest for the customers, future landing systems need to be equipped with high-accuracy navigation systems to
accurately reach the target.
The absolute navigation system proposed by NGC is based on a crater-based navigation technique designed to
autonomously provide absolute position estimates of a Lander in Moon coordinates. This autonomous technique
processes camera images during the descent, extracts craters, and matches the detected craters with a pre-stored
reference crater map. This reference map is built prior to landing based on a model of the Moon surface or orbital
imagery. The real-time system output is an estimate of the Lander location with respect to the reference map. It
allows estimating the Lander absolute position in low Lunar orbit and during the descent to increase the accuracy
at touchdown by orders of magnitude with respect to current capabilities. The objective of this technology is to
provide a position estimation accuracy compatible with missions requiring a touchdown accuracy of 100 m or
better.
A LEAP-funded activity is on-going to perform a flight demonstration of this crater-based navigation system. The
activity is developed in two phases. First, the software is operated on ground, but using actual imagery and
telemetry recorded during an upcoming Moon landing mission. This phase is used as a rehearsal or riskreduction dry-run to confirm the readiness of the system for real-time on-board implementation. Then, during a
second phase and on a subsequent Moon mission, the absolute navigation software is executed in real time from
low lunar orbit as a software payload (i.e. in open loop) on-board a Moon orbiting vehicle using imagery taken by
a camera imaging the surface. The project will thus demonstrate the feasibility, performance and robustness of
this system for lunar landing applications.
The paper will discuss the status of the activity and its latest results.
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48 Recent portable probe technologies and developments for lunar
and Mars subsurface exploration.
Mr. Mahdi Alaei Varnosfaderani, Dr. Pooneh Maghoul, Dr. Nan Wu
University of Manitoba, Winnipeg, Manitoba, Canada

Mots-clés / Keywords
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Résumé / Abstract
Mass and volume transportation restrictions prevent us from sending conventional heavy tools used on earth for
Lunar or Mars subsurface investigation. Instead, compact and light portable probes for space exploration are
required to overcome transportation limitations. On the other hand, while heavy equipment can provide the
required penetration into a soil sublayer on earth, the lunar or Mars low gravity condition makes the penetration of
a light rig into a regolith layer problematic. Various types of mechanisms with different drilling methods have
been designed to meet the space exploration requirements. Each device has its applications and limitations, and
therefore designing a more efficient rig is still under investigation and development. As a result, this study reviews
different mechanisms and self-burrowing tools for Lunar and Mars subsurface exploration and possible future
advancement in this area.

104

16:38 - 16:42

65 Innovative Lunar Dust Mitigation Technologies: Performance
Evaluation on the Moon and in Ground Simulators
Prof. Jacob Kleiman, Dr. Zelina Iskanderova
Integrity Testing Laboratory, Inc., Markham, Ontario, Canada

Mots-clés / Keywords
Lunar dust mitigation, RAC Payload Lunar Mission, Lunar Environment Simulation

Résumé / Abstract
The interaction of lunar dust and other environmental factors, like vacuum, temperatures, solar radiation,
ultraviolet irradiation, and electron (e-) and proton (p+) irradiation with structures on the Moon and the outside of
the future Gateway Lunar station may lead to permanent change or complete loss of the thermal, optical, and
other functionalities that could potentially lead to catastrophic failures. Among the other factors, lunar regolith
dust is the most aggressive, causing the main problems.
Several general principles are now being identified to prevent sticking of lunar dust simulant and accumulation on
surfaces in vacuum conditions. Through a series of experiments in the ITL-developed Lunar Simulator, ITL
demonstrated that it is possible to mitigate accumulation of lunar dust simulant, and enhance surface durability of
some important sensitive external structural materials using a special ITL dust mitigation technology.
ITL recently initiated a program to evaluate, further develop, and enhance its unique cornerstone lunar Dust
Mitigation Technology (DMT) for sensitive materials on external space structures. In the framework of this
program, ITL is preparing a set of DMT-treated samples for inclusion in the “Regolith Adherence Characterization
(RAC) Payload” funded by NASA and developed and built by Alpha Space Test and Research Alliance.
The goals of the RAC Payload mission are to evaluate several materials and coatings with dust mitigation
properties for their ability to repel or shed lunar regolith/dust, (e. g. solar cells, optical systems, coatings, sensors)
and to determine regolith accumulation rates: 1) caused by landing, and 2) during routine lander operations.
To understand the results of the lunar exposure experiment, we will conduct an extensive set of experiments on
interaction of lunar dust simulants with sample surfaces, similar to the RAC Payload experiments on the Moon, in
our Lunar Environment Simulator that will be upgraded for this project.
The initial results of this program will be shown and discussed.

105

16:42 - 16:46

87 Advanced Wireless Networking Heading for the Lunar Surface
Before 2024
Dr. Stephen Braham1, Dr. Kevin Gifford2, Prof. Peter Anderson1
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Simon Fraser University, Burnaby, BC, Canada. 2University of Colorado, Boulder, CO, USA
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Résumé / Abstract
Simon Fraser University (SFU) researchers have been working on advanced wireless technology for future robotic
and crewed missions to the Moon and Mars since 1998, including tests in the Canadian High Arctic since 1999.
This technology has evolved to the latest generations of Wi-Fi, LTE, and 5G networking, with 6G-forward work now
ongoing. SFU also deploys similar technology, derived from this work, in pilots with first responders, including
First Nations partners, including developing innovative solutions to support deployment of it during the COVID-19
pandemic, under funding from various levels of Canadian government.
Wi-Fi and LTE technology is now being standardized between space agencies around the world, supported by a
common testbed managed for CSA and NASA by SFU and the University of Colorado – Boulder (CU Boulder), to
build required Mars-forward support for Artemis-class lunar missions, from science missions to healthcare support
requirements.
Standardized LTE technology is presently due to be tested on the lunar surface between a lander and a rover in an
upcoming Nokia-led mission funded by NASA under the Tipping Point program, as a recently announced 2020
selection for Lunar Surface Innovation Initiative Technology Demonstration, expected to fly before 2024. Wi-Fi
technology is presently flying on the International Space Station, including in recent spacewalks, and is expected
to fly on Gateway.
The authors will describe this work and how it can evolve to 5G, 6G, and more advanced Wi-Fi in the future for all
types of missions, plus the need for understanding the physics of communications over and through lunar regolith
and in lunar topography.

106

16:46 - 16:50
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AND METAL PRODUCTION AND RELATED BENEFITS FOR TERRESTRIAL
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Dr. Achim Seidel1, Dr. Marc Häming1, Mr. Emanuele Monchieri1, Dr. Peter Quadbeck2, Dr. Sonia Fereres
Rapoport3, Prof. Uday Pal4, Dr. Adriaan Spierings5, Mr. Pierre-Alexis Joumel1
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Résumé / Abstract
A sustainable exploration of the Solar System will be dependent on the use of local resources, provided that they
can be produced very efficiently such that the mass of the locally produced resources exceeds the mass of any
needed consumables or spares to sustain the process. Any facility considered for that purpose will therefore need
to be as compact and robust as possible, minimize the need for maintenance and spare parts and maximize the
efficiency of the process. For the specific case of oxygen and metal production from regolith on the Moon an
attractive process would need to have the capability to reduce most constituents of lunar regolith and have a high
oxygen yield in order to be largely site-independent. Current trends in process development are reviewed and a
new process is proposed that will enable an attractive small, simple, compact and efficient lunar facility design for
high-purity oxygen and metals production, and produces a metal product that is well suited for a range of
downstream manufacturing processes such as additive manufacturing, and aerosol deposition. With its design for
minimum maintenance and mass, maximum compactness and robustness, and zero emissions this process is also
very interesting for terrestrial applications in the area of clean metals production, and could be a contribution to
lowering the emissions of greenhouse gases associated with metals production.
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34 The Canadian Space Resource Association (CSRA)
Mr. Vijai Singh1, Mr. Harman Grewal1, Mr. Zac Trolley2
1
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Mots-clés / Keywords
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Communication, Leadership

Résumé / Abstract
As part of the NASA-led Artemis project, Canada will be embarking on the development of new lunar orbital and
surface missions. . This has reinvigorated the potential for Canadian exploration of space and the opportunities
that may follow. If Canada is to remain a global leader in the areas of space exploration and resource
development, it must broaden its economy to include space resources and commercial activity. The Canadian
Space Resource Association ("CSRA") exists to ensure that Canadian companies play a leading international role in
the development of space resources.
It will do so through providing a cooperative environment where members from every part of the supply chain can
discuss and resolve their issues. It will also work with government, academia, and industry members to remove
common barriers and provide support across industry and allow it to flourish. It will also be a single point of
contact for the industry to participate in domestic and international trade negotiations and regulation activities.
Not only will industrial development create jobs and build opportunities in space exploration, but the tools and
technologies developed can be used in Canada to greatly improve the existing natural resource industry and
minimize environmental impacts at home.
The three areas of focus for this organization are
1.
2.
3.

Domestic policy: lobbying for legislation that enables industry members to operate commercially in
space unencumbered by unnecessary bureaucratic obstacles
International thought leadership: focuses on sharing best practices developed domestically with the rest
of the world to advance innovation and stewardship of space resources
Public relations: involves educating the public, business leaders, and policymakers within Canada on the
benefits of the space resource industry through the use of press releases, infographics, and publications.

We are excited to begin working with industry and academic partners, and look forward to growing our
membership.
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ASC/CSA, Saint-Hubert, Québec, Canada
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Résumé / Abstract
En 2020, dans le cadre du portefeuille du Programme accéléré d'exploration lunaire (PAEL), l'ASC, en
collaboration avec la NASA, a formulé une mission de rover lunaire vers les pôles. Le but de l'initiative appelée
mission du rover PAEL (MRP) est de poser un rover canadien sur la Lune d'ici 2025. La mission fera la démonstration
de la technologie en préparation à une possible mission de rover ultérieure au PAEL et poursuivra des objectifs
scientifiques au pôle lunaire conforme aux objectifs de l'exploration scientifique canadienne. Dans le cadre d'un
partenariat avec la NASA, les services commerciaux de charges utiles lunaires (CLPS) seront utilisés pour livrer le
rover de 30 kg incluant ses instruments scientifiques américains et canadiens (6 kg au total) à la surface de la Lune.
Cette présentation donnera un aperçu de la mission, y compris le rover et ses instruments, le concept d'opérations,
la sélection du site et les études de cas menées par l'ASC.
--In 2020, as part of the Lunar Exploration Accelerated Program (LEAP) portfolio, the CSA in collaboration with
NASA formulated a lunar rover mission to the poles. The purpose of the initiative referred to as the LEAP Rover
Mission (LRM) is to land a Canadian rover on the Moon by 2025. The mission will demonstrate technology to
prepare for potential future rover missions after LEAP and will achieve scientific objectives at the lunar pole in line
with the Canadian Science Exploration Goals. Under partnership with NASA, the Commercial Lunar Payloads
Services (CLPS) will be used to deliver the 30 kg rover, including U.S. and Canadian science instruments (6 kg
total), to the surface of the Moon. This presentation will provide an overview of the mission, the rover and its
instruments, the operations concept, and the site selection and trade studies conducted by the CSA.
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Résumé / Abstract
In preparation for the renewed exploration of the Moon by robots and humans, we have been conducting a
campaign of high-fidelity analogue missions at terrestrial analogue sites around the world. In this contribution, we
focus on lessons learned for rover capabilities and operations for robotic and human missions; with an emphasis for
the latter on how human missions are enabled by the presence of robots. CanMoon was a robotic lunar sample
return analogue mission funded by the CSA through the Lunar Exploration Analogue Deployment program.
CanMoon field operations were conducted over the span of two weeks in August 2019 at a lunar analogue site on
the volcanic island of Lanzarote. The results of this mission demonstrated the utility and value of stand-off versus
contact instruments and a recommendation was that LiDAR-equipped rovers would enable faster real-time
localization.
In terms of human-robotic partnerships, 3 scenarios can be envisaged: 1) robotic precursor activities, where a
rover is sent to the site of future human surface operations some time in advance; 2) robotic assistant activities
during human surface operations; and 3) robotic postcursor activities, where the rover continues operations
following the departure of the astronauts. Here, we present the results of an analogue mission carried out over two
successive years (2010, 2011) at the Mistastin Lake impact structure, Canada. Data from the robotic precursor
mission proved extremely useful in preparing for, and in the execution of, the subsequent simulated astronaut sortie
mission. The most useful data were panoramic camera images and LiDAR scans that provided both higher
resolution data and from viewpoints not achievable from orbit. This data provided enhanced situational awareness
of the landing site that enabled better EVA planning and the derivation of hypotheses that could be tested and
evaluated in the field by the astronauts. The robotic postcursor activities extended the duration and value of a
mission, enabling the hypothesis testing to continue following the departure of the astronauts. Recommendations
for precursor and postcursor rovers are high mobility and a very simple science payload, with a panoramic camera,
LiDAR, and a stand-off geochemical instrument.
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Résumé / Abstract
Schrödinger basin is a 312 km diameter complex impact structure located near the lunar South Pole. Schrödinger
hosts a diverse suite of geology within a relatively constrained geographic region making the basin a prime target
for future lunar exploration. Schrödinger basin features a central peak ring structure that would provide a surface
mission with access to materials that have been uplifted from deep within the lunar crust. Schrödinger also hosts
well-preserved volcanic deposits including both mare and pyroclastic materials that could provide valuable insight
into volcanic processes on the Moon. It is also believed that material ejected from the South Pole-Aitken basin
(SPA), the largest and oldest impact structure on the Moon, is likely present within Schrödinger. In a 2007 report,
the US National Research Council (NRC) identified several high priority science goals related to Schrödinger and
SPA. In July 2020 NASA identified Schrödinger as a high priority landing site for a 2024 mission supported by the
Payloads and Research Investigations on the Surface of the Moon (PRISM) solicitation and the Commercial Lunar
Payload Services (CLPS) program.
This work details the use of high-resolution Lunar Reconnaissance Orbiter (LRO) Wide Angle Camera (WAC) and
Narrow Angle Camera (NAC) images, as well as elevation data from the Lunar Orbiter Laser Altimeter (LOLA),
spectral data from the Clementine mission, and rock abundance data from the Diviner instrument to produce a
new high-resolution morphologic map of the basin center and identify both a safe landing site and viable traverse
paths for a future rover mission to the central Schrödinger region. Our new map details ten distinct morphologic
units ranging in scale from individual boulders on the order of 5m across to entire portions of the peak ring
structure. The design requirements for the proposed traverse paths were based on those originally developed for
the HERACLES mission and the Canadian Space Agency (CSA) Precursor to Humans And Science Rover (PHASR)
concept. The proposed traverse paths include stops at up to 20 sites of interest where outcrop analysis and
sample collection would provide a better understanding of lunar chronology, lunar volcanism, and the impact
cratering process.
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Résumé / Abstract
Micro-rovers are a new and exciting class of platforms for low-cost and rapidly delivered lunar exploration
missions. However, they have limited onboard power, computational and data downlink capacity, and early
missions will be short-lived. In traditional mission architectures, a significant fraction of data analysis and decisionmaking is done by Earth-based teams.
To maximize scientific return and value of constrained micro-rover missions, Mission Control has developed a
suite of novel autonomy-enabling technologies in Artificial Intelligence and robotics. Mission Control is pioneering
a novel approach in distributed and edge computing to flexibly offer these technologies for a micro-rover mission.
Computationally intensive applications can be integrated on lunar spacecraft like landers or satellites, if not
directly on a micro-rover. By shifting technologies from the ground segment closer to the edge, they can add a
vital layer of intelligence to the space segment for otherwise constrained micro-rovers, thus enabling autonomous
operations, less idle time, and ultimately, more productive missions.
On the ground segment, our cloud-based Mission Control Software (MCS) platform will enable rover and payload
operators in distributed teams to easily and securely interface with their assets in web-based applications,
download and visualize data, and seamlessly integrate with other tools and applications using our API.
This AI-edge computing approach will be part of a lunar surface technology demonstration, funded by the CSA
[3CAPDEMO21]. This is part of the international Emirates Lunar Mission (ELM), led by the Mohammed Bin Rashid
Space Centre (MBRSC), which includes a micro-rover named Rashid. Using images from Rashid’s navigation
camera, Mission Control will demonstrate AI-based terrain classification on a cutting-edge flight computer. Our
team of Canadian scientists and engineers will then investigate how automated terrain assessment can improve
operational efficiency for micro-rovers. This demonstration will showcase how edge-AI computing can offer value,
ahead of the Canadian micro-rover mission in 2024. As part of this demonstration, Mission Control will also test
novel strategies for educational outreach and public engagement for lunar missions like live mission tracking and
data hackathons.
The MCS technology was funded under the CSA LEAP STDP AO5 contribution agreement [19STDPH17].
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68 Towards improved prediction of lunar rover mobility in reduced
gravity
Miss Adriana Daca, Dr. Krzysztof Skonieczny
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Résumé / Abstract
Traversing granular regolith, especially in reduced gravity environments, remains a potential challenge for
wheeled rovers. Mitigating possible hazards for lunar rovers posed by soft soils requires testing in representative
environments. Typical Earth-based testing methods cannot accurately predict rover mobility in reduced gravity
environments as they fail to account for the effect of reduced gravity on the soil itself. Experimental apparatus and
techniques for reduced gravity flight testing, developed at Concordia University and unique in the world, are
being used to systematically evaluate existing Earth-based testing methods and develop guidelines for their use
and interpretation. Three existing Earth-based (1-g) testing methods for predicting wheel performance in reduced
gravity are evaluated in this work: (i) matching wheel loads using reduced-weight robots, (ii) matching soil testing
instrument (e.g. cone penetrometer) response through soil simulant design, and (iii) the use of scaling relations to
test scaled wheels/robots. Experimentation campaigns flying lunar gravity parabolas aboard the National
Research Council of Canada’s (NRC) Falcon 20 aircraft, with soil and wheel both in lunar-g, have shown reductions
in net traction (i.e. drawbar pull) of 20% or more and increases in sinkage of up to 40%. Scaled-wheel testing,
according to Granular Scaling Laws (that are analogous to scaling relations employed in the fields of aero- and
hydrodynamics) have shown better agreement with reduced-g tests (≤10% error) and also tend to err on the side
of conservative predictions. We are in the process of preparing a follow-on experimentation campaign utilizing a
more cohesive lunar simulant to confirm and elaborate upon these findings. The ultimate near-term objective of
this work is to develop guidelines for conducting and interpreting 1-g mobility tests for lunar rovers.
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80 Energy-optimal paths for skid-steer Lunar rovers
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Résumé / Abstract
Skid-steer rovers are a very important configuration for Lunar exploration, especially considering the Canadian
Space Agency’s (CSA) fleet of planetary rovers and the micro-rovers developed by new commercial space
companies including Astrobotic and iSpace. Skid-steer rovers offer mechanical simplicity, maneuverability and
robustness, but they consume significantly more power in tight turns compared to straight line motion. Prior work
by the authors had shown that paths consisting of circular arcs (C segments) and straight lines (L segments)
consume less energy than those consisting of point turns and straight lines in a vast array of cases. A detailed
analysis shows in which conditions CLC paths (one arc followed by a line and then a second arc) are feasible and
optimal, and in which conditions slightly more elaborate paths (e.g. CCLC or CLCC) are required to achieved
energy-optimal displacement from a start to end pose. Practical implications for skid-steer lunar rover power
consumption are presently being explored, including determining optimal turning radii for skid-steer rovers in
Lunar regolith, and defining the minimal sensing and computing requirements for state estimation and control to
achieve optimal trajectories.
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Résumé / Abstract
The permanently shadowed regions (PSRs) on the lunar surface have great significance in regards to the presence
of potential water ice and other volatile components that have been identified from orbit in these regions.
However, the lack of knowledge regarding the nature of the water-ice (exposure, purity, etc.), its distribution, and
characteristics, provides a strong rationale for sending a rover-mounted multispectral imaging system capable of
imaging to such regions where there is insufficient ambient lighting. A concept of a compact multispectral imager
in VIS-NIR spectral range with an active illumination source (AI-MSI) instrument which can be interfaced to a lunar
micro-rover will be presented. The requirement is for a VIS-NIR multispectral imager capable of imaging the
water-ice reflectance band near blue (~490 nm), and asymmetric overtone absorption bands near infrared (~800,
890 and 1030 nm). There is also a strong need to the in-situ multispectral imager in the range of 350 nm to 1000
nm to characterize the composition of rocks and regolith within PSRs or other regions where there is not sufficient
ambient light. These objectives are also directly aligned with several Canadian planetary science priorities as
outlined in Science & Space Health Priorities for Next Decade and Beyond specifically, those related to planetary
geology, geophysics, and prospecting (PGGP). Currently we have demonstrated the MSI for terrestrial
applications. Additionally in a related ongoing CSA LEAP funded integrated vision system (IVS) project we are
developing an extended multispectral image sensor (VIS-SWIR) combined with a LIDAR for spectral imaging and
ranging for a larger class rover. The AI-MSI can relatively quickly adapt the housing and interface design of our
current MSI prototype in the VIS-NIR range of spectrum and integrate it with a compact LED light source in flash
mode. To minimize the downlink data transmission, the main onboard computer can also be equipped with an AI
software to characterize lunar surface using the acquired images. The main advantage of the AI-MSI instrument is
its ability to do scientific investigation on the lunar surface in any lighting conditions while also providing a small
form factor for <3 kg class micro-rover.
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Résumé / Abstract
Robotic rover systems operating on the lunar surface will require high levels of autonomy in order to achieve timeefficient and collaborative exploration and task completion. This is because the latent and intermittent
communication with Earth makes remotely controlling the rovers highly time-inefficient. Therefore, it would be a
vital feature to have on-board systems capable of providing real-time Guidance and Navigation (G&N) in realistic
mission scenarios. In this paper, we outline a concept of technology formulation (TRL 2) for a multi-rover guidance
and navigation system using a stack of collaborative Deep Q-Networks (DQN).
The stack consists of two layers of DQNs. The first layer consists of "Rover Agents" housed on-board each rover,
and tasked with maximizing the efficiency of the individual rover. The second layer consists of a single "Cluster
Agent" which performs online rewards tuning for the Rover Agents in order to maximize the efficiency of the entire
cluster of rovers. The Cluster Agent can be housed on a central rover, or, preferably, on-board a common
communications point, such as the Lunar Gateway. The performance evaluation metric is efficiency, defined as the
number of randomly generated goal locations visited with respect to time.
We present our findings via two realistic Mission Scenarios executed in a 2-dimensional simulation environment
containing dynamically drawn hazards. In Mission Scenario 1, the rovers act independently, using only the Rover
Agents for G&N, whereas in Mission Scenario 2, the rovers act collaboratively with each other via the Cluster
Agent. The rovers are equipped only with simulated noise-free sensors, which provide information about their
immediate vicinity and location, and do not have access to any global data, such as a map or satellite navigation.
In this simulation environment, after convergence, a goal is reached by the agents every 67 time steps on average
for Mission Scenario 1 and every 60 time steps on average for Mission Scenario 2. This demonstrates that the
proposed multi-stack DQN can improve the efficiency of the rovers, which merits future in-depth investigation.
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Résumé / Abstract
The number of ongoing and future planetary rover missions has been steadily on the rise for the past few decades,
most recently marked by the successful landing of the Perseverance rover on Mars. A limiting factor for the analysis
of the science data produced by these missions is the small communication bandwidth and long delay time between
the rover and the operators on Earth. To meet the need for rapid, high quality analysis despite the communication
bandwidth problem, autonomous image analysis systems have been deployed on rovers in Mars such as the AEGIS
rock targeting algorithm. Building upon this work, we propose an autonomous novelty detection framework that
would allow rovers to “find” novel and interesting features within the images it takes without operator input. Instead
of the rover sending full images back to Earth, rudimentary information about these novel features is instead relayed
back to the operators, and the rover performs further science experiments autonomously. This framework reduces
the bandwidth required for subsequent scientific analysis and accelerates the over-all data turn around.
In this research, we explore the use of Variational Autoencoders (VAEs) as a novelty detection algorithm. As
opposed to a traditional Autoencoder that learns to map an image directly into a latent space, VAEs learn to map
an image to the parameters of a probability distribution, which produces a continuous and structured latent space.
Oftentimes, this prior distribution is defined to be a standard normal Gaussian. The VAE can then decode a sample
from this latent space, recreating the input image. If a test image produces a latent vector that is far away from a
standard normal (based on Mahalanobis Distance), then that image is deemed novel.
Mastcam images taken by NASA’s Curiosity rover has been examined as a proof of concept. Preliminary results show
that the VAE can catch all novel images with high recall at 0.965 but misclassifies a majority of the typical images as
novel. Nonetheless, the framework reduces the number of typical images that a scientist would have to examine,
thereby increasing science throughput.
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Mr. Maxim de Jong
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Résumé / Abstract
Introduction:
Long-duration lunar surface operations will greatly benefit from advances in thermal protection and debris
shielding technologies. Almost all lunar surface systems will require exceptional insulation: habitation, rovers,
pressurized storage of fluids and propellants, cryogenic or otherwise, etc. The benefit of a high performance
protective system will be further augmented if the technology is exceptionally lightweight, is compactly
collapsible for transport to the lunar destination and subsequently deployable at its destination, and can
furthermore be adapted to incorporate debris shielding. Here we describe a mature collapsible-deployable
thermal insulation and debris shielding technology that can be adapted to a broad spectrum of lunar surface and
in-space mission profiles.
Technology:
CELSIUS consists of an assembly of concentric, deployable, thermal radiation shields surrounding a host vehicle or
cryogenic tank. The protective layers can simultaneously incorporate ballistic materials to perform “Whipple
shield” functionality. CELSIUS distends a series of radiation shield layers maintained in precise concentricity to
provide near-perfect conductive isolation. The concept results from Thin Red Line Aerospace’s recognition of the
need to improve upon the weaknesses of existing technology after years of experience with Micro-meteoroid and
Orbital Debris (MMOD) protection, Multi-Layer Insulation (MLI), and thermal control systems for space flight
applications. The net result is a significant increase in thermal resistance allowing the system to provide better
thermal protection than traditional MLI or Integrated MLI (I-MLI) while using fewer layers. Elimination of
conduction as a contributing mode of heat transfer results in an analytically determinate system which can be
confidently designed to a required level of thermal protection without costly iteration between manufacturing and
verification testing. The CELSIUS insulation and shielding system can be applied to virtually any lunar surface or inspace structure or vehicle.
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Résumé / Abstract
Contamination Control is a vital aspect of the Mars Exploration Program, the future Artemis Mission to the moon/
Lunar missions and the Interplanetary / Celestial Body space missions.
Every object sent to the outer space must be clean (free of microbial contamination). During the latest
preparation of the Rover sent to Mars, more than 650,000 microbial samples were taken and evaluated from
various parts of the Rover and its components. Additionally, a substantial part of the assembly was done in
cleanrooms that themselves have to meet the clean standards.
Automation facilitates organizations to commit to new programs and develop cost-efficient “best-practices” into
their clean room processes. More than 25% of the manual repetitive tasks will be eliminated resulting in a shift
from reactive to preventive measures. This automation will thus liberate resources so they can concentrate on
data analysis, trending, root cause analysis and predictive modeling for a better contamination control during all
critical stages of the mission.
Novatek has developed software applications that meet the most stringent cleanroom
requirements. Automation to perform systematic microbial environmental monitoring sampling, rudimentary
microbial sampling during construction, assembly, travel and placement of device or spacecraft, trending of the
result, root cause analysis. The data collected will be used to develop machine learning and predictive modeling
of contamination sources thus reducing substantial risk of Earth to Space contamination.
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Résumé / Abstract
The Haughton-Mars Project (HMP) is an international field research project focused on Moon and Mars science and
exploration studies at the Haughton impact structure and surrounding terrain on Devon Island in the High Arctic.
The HMP has been in operation since 1997 and was supported by the Canadian Space Agency as part of its
Canadian Analog Research Network (CARN) from 2006 through 2011, i.e., for the full duration of the CARN
program. Many aspects of field science and operations at HMP are analogous or relevant in unique ways to field
science and operations on the Moon.
As a ~20 km-diameter impact crater, Haughton is similar in scale to Shackleton Crater (D~21 km) at the Lunar
South Pole. Unlike at other Canadian impact crater sites, the terrain at Haughton is bare of vegetation and exposes
well-preserved lunar regolith-like impact rubble, including impact breccia deposits, impact ejecta blocks, and
mega-blocks. Devon Island itself is the world’s largest uninhabited island and largest continuous expanse of rocky
polar desert. It is located in the zone of continuous permafrost, with H2O ice present almost everywhere in the
shallow subsurface even when absent from the surface itself, thus in important ways like in the Permanently
Shadowed Regions (PSRs) and surrounding non-PSR terrain at the lunar poles.
Operations at Haughton offer analogies with lunar polar surface ops as well. In the summer, solar power is
available 24/7, like at the lunar poles. Communications are also “horizontal” at both locations - Haughton to
geostationary satellites; lunar poles direct to Earth (DTE) - and require addressing similar challenging ground effects
such as multipathing. The HMP Research Station also offers opportunities for analog research in habitat design,
base operations, and surface exploration ops. During the CSA’s CARN program, the HMP hosted a wide range of
Canadian-led planetary science and exploration studies, including astrobiology and geology investigations, robotic
rover and instrument field tests, greenhouse operations and plant growth studies, telemedicine experiments, and
outreach projects.
The HMP anticipates continued engagement as “Canada Reaches For The Moon” (and eventually Mars),
such as supporting rover traverses at large exploration scales and astronaut training.
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Utilisation de la station spatiale lunaire
Gateway - les présentations orales
Lunar Gateway Utilization - Oral
Presentations
13:00 - 14:55 Mercredi 16 juin / Wednesday, June 16th
Oral Presentation / Présentations Orales
Perry Johnson-Green, Luchino Cohen
Cette session se concentrera sur l'utilisation de la station spatiale lunaire
Gateway pour des activités scientifiques et éducatives. Vous pouvez
soumettre des résumés sur l'astrophysique, l'éducation et la
communication, l'héliophysique, la science liée à la Lune à partir du
Gateway, la biologie spatiale et les sciences biologiques, ou les
technologies/matériaux, décrivant des idées ou projets à mener
spécifiquement en orbite lunaire.
This session will focus on utilization of the Lunar Gateway for scientific
and educational activities. Abstracts in Astrophysics, Education-Outreach,
Heliophysics, Lunar-related science from the Gateway, Space Biology
and Life Sciences, or Technology/Materials describing ideas or projects
to be conducted specifically in the Moon orbit can be submitted.
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13:00 - 13:15

106 Utilisation de la station spatiale lunaire Gateway pour la recherche
et l’éducation / Utilization of the Lunar Gateway for Research and
Education
Perry Johnson-Green, Ph.D., Luchino Cohen, Ph.D., Ernest Tan, Ph. D., Ms. Élisabeth Marceau
ASC/CSA, Saint-Hubert, Québec, Canada

Mots-clés / Keywords
Gateway,research,radiation,microgravity,dust,education,technology

Résumé / Abstract
Le Lunar Gateway (GW), une entreprise internationale dirigée par la NASA, avec la contribution d'un système
robotique extra-véhiculaire par le Canada, sera une plate-forme unique et précieuse pour la recherche
scientifique. Ce sera également un point focal pour les activités éducatives. L'orbite de halo presque rectiligne
(NRHO) transportera GW à travers l'espace cis-lunaire, s'approchant de la Lune à moins de 1500 km et s'étendant
à 70000 km de la Lune. Cette orbite transportera GW à travers le champ magnétique de la Terre, ce qui permettra
d’étudier la dynamique des interactions du Soleil avec le champ magnétique terrestre. L’environnement en
radiations de GW, sur une grande partie de son orbite, est similaire à l’environnement interplanétaire auquel sera
soumise une mission de vol spatial habité dans l'espace lointain, se rendant sur Mars, par exemple. La valeur de
GW s'étend également aux études de l'environnement interplanétaire, à la surface lunaire, et à la validation de
technologies pour les missions dans l'espace lointain, liées au maintien de la vie, à la surveillance de la santé et
aux interventions médicales, et à d'autres applications.
The Lunar Gateway (GW), an international venture led by NASA, with the contribution of an Extra-vehicular
Robotic system by Canada, will be a unique and valuable platform for scientific research. It will also be a focal
point for educational activities. The near-rectilinear halo orbit (NRHO) will carry GW through cis-Lunar space,
approaching the Moon to within 1500 km, and up to 70,000 km away from the Moon. This orbit will carry GW
through the Earth’s magnetotail, providing an opportunity to study dynamics of the Sun’s interactions with the
Earth’s magnetic field. The radiation environment of GW, for much of its orbit, will be similar to the inter-planetary
radiation field that would be experienced by a deep space human spaceflight mission, going to Mars, for
example. The value of GW extends also to studies of the interplanetary environment, the lunar surface, and for the
assessment or validation of technologies for deep space missions, related to life support, health monitoring and
medical interventions, and other applications.
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13:15 - 13:25

90 Persistent Lunar Orbital Communication Network with Highly
Maneuverable, Rapid Response Spacecraft and Gateway Relay
Chief of Advanced Concepts and Production Christian Carpenter1, Lead Propulsion Engineer Craig Foulds1, Lead
Mechanical Engineer Jesse Hiemstra2, Lead Avionics Systems Alexander Finch3
1
Bradford Space, Seattle, USA. 2Bradford Space, Smithers, British Columbia, Canada. 3Bradford Space,
Luxembourg, Luxembourg

Mots-clés / Keywords
lunar comms, lunar PnT, space-to-space transport, Gateway operations

Résumé / Abstract
Bradford Space is developing Square Rocket, a rideshare-compatible “green” chemical-propellant upper stage,
for 10 - 100 kg class payload delivery to LEO, GEO, Moon, the asteroids, Mars, and other deep-space destinations.
Square Rocket is compatible with most affordable launch vehicles, providing customers with flexibility in reaching
orbits previously inaccessible without a dedicated launch; including geostationary orbit within days, and lunar
orbit within weeks. This presentation describes lunar communications and navigation applications suited to
Square Rocket, and operations involving Lunar Gateway.
Square Rocket is capable of reaching nearly any orbit in cislunar space, including those ideal for communications
and position, navigation, and timing (PNT) applications, and is designed to interface with Gateway and other lunar
relay satellites. By using orbit-to-orbit and orbit-to-surface links, full lunar surface coverage is possible by placing
pairs of spacecraft in halo orbit around EML-1 and EML-2, serving as nodes in a larger lunar communications
network infrastructure.
Relay satellites based on Square Rocket would communicate regularly with the Lunar Orbital Platform-Gateway
(LOP-G), repositioned as necessary using onboard propulsion. For example, scientists and astronauts could have
continuous high-elevation connections with a persistent constellation of four relays in distant retrograde orbits,
with two relays in a northern NRHO complementing two relays in southern NRHO. Furthermore, Gateway Logistics
Modules and Canadarm3 may be used to refuel Square Rocket, or temporarily hold replacement spacecraft and
parts for constellation replacement and refurbishment.
Another mission concept involves deploying Square Rocket from the vicinity of Gateway and transferring to a
lunar orbit to collect data above the lunar far side. The mission trajectory requires large delta-V maneuvers with
long burn time. Some of these maneuvers imply apogee altitude changes which these take place in two separate
orbit passes, reducing the burn duration for each of them during the acquisition phase between NRHO and the
final science orbit. The resulting orbit is well-suited to radio astronomy observations conducted from the radioquiet zone.
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13:25 - 13:35

58 A Neutron Spectrometer for Measurements in Lunar Orbit
Dr. Martin Smith
Bubble Technology Industries, Chalk River, Ontario, Canada

Mots-clés / Keywords
Radiation, Neutron, Gateway

Résumé / Abstract
Radiation prediction, monitoring, and protection technologies are a high priority for long-duration human
spaceflight, including exploration missions to the Moon. Studies conducted in low-Earth orbit (LEO) have shown
that secondary neutrons, produced by interactions of galactic cosmic rays and solar particle radiation with the
spacecraft, contribute significantly to the radiation dose received by crewmembers. A significant neutron
contribution is also expected for human missions in deep space.
In order to assess the radiation risk due to neutrons, the Radi-N and Radi-N2 experiments have been performed
on the International Space Station (ISS). Using bubble detectors developed by Bubble Technology Industries (BTI),
the neutron field was assessed inside seven modules of the US Orbital Segment of the ISS over a full solar cycle
(2009 – 2020). By the conclusion of Radi-N2, 75 week-long surveys had been conducted. The Radi-N and RadiN2 data emphasize the importance of neutrons for astronaut health and indicate that a substantial portion of the
radiation field is due to high-energy neutrons. These observations motivate a detailed determination of the highenergy neutron distribution, which requires a neutron spectrometer with improved resolution and energy range.
To address the critical radiation risk for missions beyond LEO, BTI has developed a concept for a high-energy
neutron spectrometer for the Lunar Orbital Platform-Gateway. This device leverages previous work on the
Canadian High-Energy Neutron Spectrometry System (CHENSS) prototype for the space shuttle and the CHENSSII concept for the ISS. The new device will operate automatically, autonomously, and continuously, sending timestamped data to analysis teams on the ground. The device will be substantially minimized in terms of mass, power,
and volume, enabling its use as an operational dosimetry system on multiple exploration missions in the future.
Measurements using a neutron spectrometer in lunar orbit will seek to extend the knowledge gained from Radi-N
and Radi-N2. The new spectrometer will determine the energy distribution of high-energy neutrons with
unprecedented resolution and energy range; this information is required to improve existing models of space
radiation and is of considerable scientific interest.
Work undertaken with the financial support of the Canadian Space Agency (Contract #9F063-180463 and Contract
#9F008-150890).
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13:35 - 13:45

14 Boosting Public Engagement in Space Exploration through
Immersive Storytelling
MR. Stéphane Ruel, MR. Félix Lajeunesse
Felix and Paul Studios, Montreal, qc, Canada

Mots-clés / Keywords
Felix and Paul, virtual reality, VR, immersive, storytelling, outreach, education

Résumé / Abstract
Felix & Paul Studios (FPS) has dedicated the last few years to the creation of the largest media production ever
filmed in space. After the successful launch of the Emmy-nominated Space Explorers: The Journey Begins in 2018,
FPS has built and flown virtual reality (VR) camera systems to the International Space Station (ISS) and filmed more
than 200 hours of VR footage. The ISS experience series has demonstrated the potential of immersive technologies
to reach the public for entertainment and education purposes. Firstly, because well-produced immersive media
content generates a sense of presence for audiences and a far greater level of interactivity. It makes audiences feel
like participating crewmembers (instead of spectators) transported at the heart of space missions with a deeper,
more visceral level of engagement. Secondly, because filming in ultra-high-definition 3D 360° VR format allows for
global distribution to billions of people across a vast array of digital platforms.
Lunar exploration provides a unique opportunity to leverage this Canadian expertise and allow the public to,
virtually, experience what it is like to fly, land and walk on the moon. FPS’s plan for documenting humanity’s return
to the moon through immersive storytelling and multiplatform distribution will focus on three main areas:

•
•
•

Commercial Lunar Missions
Artemis / Orion Missions
Lunar Gateway and Canadarm3

The story will be told through narrative stories, live stream events and immersive experiences (e.g. lunar fly by,
landing, etc.). Material will be adapted for and distributed through multiple platforms including VR, AR, 5G-enabled
360° video, 2D video for mobile and streaming TV and out-of-home venues such as theatrical distribution, giant
screens, domes, planetariums, and interactive traveling exhibition.
FPS plans on integrating VR camera technology both inside and outside of the Lunar Gateway. This will provide the
ability to capture 360-degree stereoscopic immersive content necessary to tell the story of the Gateway from
assembly to operations. The ability to stream content will also enable broadcasting of live events in VR and provide
a stream which could be used as source material for educational purposes.
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43 Quantifying the Behavioural and Neurological Effects of Isolation
and Confinement on Human Wayfinding and Sense of Place
Dr Giuseppe Iaria1, Dr Lindsay McCunn2, Dr Ford Burles1, Mr Michael McLaren-Gradinaru3, Ms Lila Berger1, Dr
Phyllis Johnson4, Dr Peter Suedfeld5
1
Department of Psychology, University of Calgary, Calgary, AB, Canada. 2Department of Psychology, Vancouver
Island University, Nanaimo, BC, Canada. 3Department of Psychology, University of Calgary, Calgary, BC, Canada.
4
Department of Sociology, University of British Columbia, Vancouver, BC, Canada. 5Department of Psychology,
University of British Columbia, Vancouver, BC, Canada

Mots-clés / Keywords
Brain, Cognitive map, Hippocampus, Memory, Place, Spatial Orientation.

Résumé / Abstract
Wayfinding refers to the ability to use spatial information in order to orient and navigate effectively within an
environment. This complex behaviour relies on several cognitive functions that allow individuals to become
familiar with an environment and integrate spatial information into a mental representation of it, i.e., a cognitive
map. Cognitive mapsare critical for wayfinding because, once accurately formed, they allow individuals to flexibly
navigate to any target location from anywhere within the environment. An accurate cognitive map of the
environment is also crucial for localizing non-visible objects, reaching, and directing attention, which are essential
for daily operations during space and space-analogue missions.
One psychological construct associated with the ability to form cognitive maps is sense of place, which is defined
as the emotional connection to an environment, as well as to the values, symbols, and cultural meanings attributed
to it. Importantly, the formation of cognitive maps and the construct of sense of place are both outcomes of spatial
learning; each develops during physical movement through an environment by incorporating spatial memories
and meanings. In fact, recent evidence suggests that the experience of a strong sense of place is associated with a
better and easier recall of an environment’s imaginable features (especially paths and landmarks) while forming a
cognitive map. This suggests that spatial memory formation, consolidation, and retrieval, which are critical for
wayfinding, may be strengthened in places where individuals construct a strong sense of place.
Long-duration space and space-analogue missions are understandably performed in small and confined
environments that are known to be challenging for individuals. In fact, such missions result in psychological and
physiological alterations that not only affect the individuals’ general cognitive functioning, but also have
neurological consequences as suggested in a polar expedition study. To date, despite such evidence, the effects
of isolation and confinement on the ability to form cognitive maps and develop a strong sense of place remain
unknown. We propose to quantify such effects in order to create cognitive training protocols, and develop space
and space-analogue environments, that will help to preserve human spatial cognitive functioning in extreme
environments.
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46 Lunar Magnetosphere Mission
Prof Kathryn McWilliams1, Prof Emeritus George Sofko1, Prof Andrew Yau2, Prof Glenn Hussey1
1
University of Saskatchewan, Saskatoon, SK, Canada. 2University of Calgary, Calgary, AB, Canada

Mots-clés / Keywords
magneto-tail structure and regions, particle accelerations, electric fields, magnetic fields

Résumé / Abstract
Many countries, like Canada and the CSA GO mission, have deployed extensive ground-based magnetic, optical
and radar arrays for magnetosphere-ionosphere studies, particularly substorms. A cislunar-orbiting satellite with
an electric field probe in addition to the proposed HERMES instruments would be ideal for magnetospheric
studies because the moon is located almost exactly halfway between the Distant Tail Neutral Line (DTNL) from
which reconnection at about 110 RE injects the Central Plasma Sheet (CPS) with the particles that ultimately result
in substorm onset at about 10 RE down tail.
Each dusk-to-dawn crossing of the fully developed pre-substorm magnetotail would involve five main regions: the
dusk magnetosheath, the dusk Dipole Plasma Sheet (DPS), the CPS, the dawn DPS, and the dawn magnetosheath.
These are separated by four boundary layers, namely the dusk magnetopause boundary, the dusk-side boundary
between the dusk-side DPS and CPS, the dawn-side boundary between the dawn-side CPS and DPS, and finally
the dawn-side Magnetopause between the DPS and magnetosheath. In the quiet period prior to the growth
phase, only the DPS would exist between the dusk and dawn magnetosheaths before the CPS is created at the
DTNL. During the growth phase, the flapping of the magnetotail would provide for detailed studies of the
latitudinal tail structure in addition to the usual longitudinal structure along the lunar dusk-to-dawn orbit.
As there are limited measurements from the distant magnetotail, the combination of the CSA GO Canada groundbased observations and lunar orbit observations is essential to determine the major scientific unanswered
question regrading the electric field direction in the distant parts of the magnetotail such as at a lunar orbit of 60
RE. This would require inclusion of an electric field probe on the HERMES suite of instruments. The major scientific
question to be answered by this mission is the configuration of the electric field needed for the particle injection
by reconnection into the CPS at the DTNL to achieve earthward acceleration of the CPS particles which must occur
in the CPS prior to substorm onset.
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53 Computational Framework for Data-Driven Space Weather
Forecasting of Solar Wind, Heliosphere,and Geospace Environment
Professor Clinton Groth1, Mr. Jose Arnal1, Professor Hans De Sterck2, Dr. Ljubomir Nikolic3
1
University of Toronto Institute for Aerospace Studies, Toronto, Ontario, Canada. 2University of Waterloo,
Waterloo, Ontario, Canada. 3Natural Resources Canada, Ottawa, Ontario, Canada

Mots-clés / Keywords
space weather forecasting, solar wind, heliosphere, coronal mass ejections (CMEs), global
magnetohydrodynamics (MHD) model, geospace environment

Résumé / Abstract
A new computational framework has been developed for data-driven space weather forecasting of the solar wind,
heliosphere, and geospace environment. The framework is based on a high-fidelity global
magnetohydrodynamics (MHD) model of the solar wind and heliospheric plasma and a semi-empirical data-driven
approach for describing the solar corona and inner heliosphere. The latter is combined with an additional
empirical coronal mass ejection (CME) model and together these models provide inner boundary conditions for
the MHD model which describes the interplanetary propagation of the solar wind, CMEs, and other disturbances.
The global MHD model involves the solution of the ideal MHD equations on three-dimensional (3D) cubed-sphere
grids using high-order finite-volume spatial discretization and time-marching schemes in conjunction with
anisotropic block-based adaptive mesh refinement (AMR). This made-in-Canada space weather forecasting
framework is at the forefront of simulation technology worldwide: (1) the global MHD model makes use of cubedsphere grids, which offer full quasi-uniform coverage of a spherical surface without polar singularities while also
permitting the use of logically Cartesian grids for efficient numerical implementations; (2) up to fourth-order
accurate discretizations can be employed for the solution of the ideal MHD equations via a central essentiallynonoscillatory (CENO) approach, which offers robustness and high accuracy at reduced cost; (3) the MHD model
also permits local, output-based, and solution-dependent refinement of the mesh so as to capture efficiently
plasma flows having both disparate scales and anisotropic features; and (4) an efficient, highly-scalable, parallel
implementation of the framework has been achieved, permitting Sun-to-Earth simulations on high-performance
parallel computers using up to in excess of 30,000 cores. The capabilities of the computational framework for
accurately capturing a range of solar wind and heliospheric phenomena will be demonstrated. Additionally,
current efforts to allow the ingestion of observational data from space craft and ground-based instruments using
both ensemble- and variational-based data assimilation (DA) techniques will also be described. The potential for
the utilization of the framework in combination with future Lunar Gateway observational data to improve the
understanding of the heliopshere, the geospace environment, and beyond, and for improved space weather
forecasting will be discussed.
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51 High-Fidelity Global MHD Model for Describing the Lunar Space
Plasma Environment
Mr. Jose Arnal1, Professor Clinton Groth1, Professor Hans De Sterck2
1
Institute for Aerospace Studies, University of Toronto, Toronto, Ontario, Canada. 2Department of Applied
Mathematics, University of Waterloo, Waterloo, Ontario, Canada

Mots-clés / Keywords
Lunar space environment, Magnetohydrodynamics, Simulation

Résumé / Abstract
With the proposed return to the Moon, there is substantial interest in characterizing the lunar space plasma
environment, both for fundamental science research and in preparation for human and robotic surface
exploration activities. It is also important to obtain a baseline characterization of the lunar environment before it is
perturbed by increased surface activity. Efforts to understand the conditions and physical processes at the lunar
surface can be supported and greatly enhanced by numerical studies of the interactions between the Moon and
solar wind. To this end, the capabilities of a novel global magnetohydrodynamics (MHD) model for describing the
lunar space plasma environment are considered here. This global model solves the ideal MHD equations on
three-dimensional (3D) cubed-sphere grids using highly-scalable, parallel, high-order, finite-volume spatial
discretization and time-marching schemes in conjunction with anisotropic block-based adaptive mesh refinement
(AMR). The latter permits local, output-based, solution-dependent refinement of the cubed-sphere mesh so as to
capture efficiently complex plasma features. To illustrate current capabilities, the Moon's interaction with the solar
wind is studied both with-, and without an intrinsic lunar magnetic field. While the Moon is generally regarded to
be lacking an intrinsic field, observations suggest the occurrence of a bow shock upstream of the moon arising
from the interaction of the solar wind with crustal magnetic field anomalies. Simulation results for cases including
an intrinsic lunar magnetic field will be described which indicate the presence of a so-called mini-magnetosphere
upstream of the Moon when the intrinsic field is sufficiently strong. As expected, the plasma density and pressure
peak in the vicinity of the bow shock. In contrast, when the intrinsic magnetic field is excluded, the solar wind and
magnetic field is shown to remain largely undisturbed upstream of the Moon, while a wake of low density and
pressure forms downstream. The simulations will highlight the ability of the global MHD model to predict
important features of the lunar space environment. Possible future extensions of the model to examine other
important phenomena, including the impact and transport of dust via electric fields of the lunar environment will
also be discussed.
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23 Physical Models of the Lunar Wake and Data-Model Comparisons
Dr. Hossna Gharaee, Prof. Robert Rankin, Prof. Richard Marchand
University of Alberta, Edmonton, Alberta, Canada

Mots-clés / Keywords
Lunar wake, ARTEMIS data,Hybrid-Kinetic model, Fluid model, The method of characteristics, Test-Particle
simulations.

Résumé / Abstract
The lunar wake is investigated with a hybrid-kinetic model [1] to simulate the dynamics of the ions as particles as
well as in the fluid approximations. Two-fluid models of the entire wake whether interacting (the method of
characteristics) or not (the analytic model) are developed based on a simple single-fluid description of only one
edge of the lunar wake [2], [3]. A finite element code is also used to study the lunar wake as a single-fluid and with
the two-fluid interacting and, two-fluid non-interacting models. All models are two dimensional, in the plane of
the solar wind velocity and the interplanetary magnetic field (IMF). The orientation of the IMF is one of the
essential elements controlling the formation of the wake and is discussed in here. To validate these models, two
different IMF oriented in-situ observations of the density in the lunar wake from the ARTEMIS mission are
presented. Cross-comparisons between densities calculated by these models are also provided. These 2D models
can capture the conical shape of the lunar wake, the density depletion, and the relation between the length of the
wake and the IMF orientation. A relatively good qualitative and quantitative agreement between observations and
model results is achieved. To check the consistency of the assumptions made in the fluid model, a test particle
method is applied to calculate the velocity distribution function of the ions in the terminator very close to the
Moon surface by using the approximate fields from an analytic model. The calculated macroscopic variables
from moments of the distribution functions are compared with the ones found in the analytic-fluid description, and
an excellent agreement is obtained.
References
[1] J. Paral and R. Rankin, “Dawn-dusk asymmetry in the kelvin-helmholtzinstability at mercury,”Nat. Commun.,
2013.

[2] I. Hutchinson, “Near-lunar proton velocity distribution explained by elec-trostatic acceleration,”J. Geophys. Res.,
Space Phys., 2013.

[3] H. Gharaee, R. Rankin, R. Marchand, and J. Paral, “Properties of thelunar wake predicted by analytic models and
hybrid-kinetic simulations,”J. Geophys. Res., Space Phys., 2015.
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Planification future de l’exploration spatiale
- les présentations orales
Space Exploration Future Planning - Oral
Presentations
15:00 - 15:55 Mercredi 16 juin / Wednesday, June 16th
Discours en Plénière / Plenary Presentation
Matthew Bamsey, Christian Lange
Une mise au point des activités de planification en exploration spatiale
de l’ASC comprenant l’identification de futures contributions importantes
que le Canada et ses partenaires commerciaux pourraient envisager
d’apporter aux initiatives internationales d’exploration spatiale sur la
surface lunaire. La session soulignera également les activités en cours qui
favorise une collaboration accrue entre les secteurs minier et spatial du
Canada afin de relever les défis communs.
-This session will provide a status of CSA’s overall space exploration
planning activities, including the identification of potential future large
mission-critical contributions which Canada and its commercial partners
could consider making to international space exploration initiatives on
the lunar surface. The session will also highlight ongoing activities to
foster increased collaboration between Canada’s mining and space
sectors to address shared challenges.
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100 Une mise au point sur les activités de planification de l’exploration
spatiale de l’ASC / A status on CSA’s space exploration planning
activities
Christian Lange, Ph.D., Matthew Bamsey, Ph.D.
ASC/CSA, Saint-Hubert, Québec, Canada

Mots-clés / Keywords
Space exploration, lunar exploration, preparatory activities

Résumé / Abstract
Le Canada a augmenté ses activités d’exploration lunaire depuis la publication de la Stratégie spatiale pour le
Canada (2019). Cela coïncide avec l’augmentation de l’attention internationale consacrée à la Lune, surtout pour y
assurer une présence durable. En 2020, le Canada est devenu président du Groupe international de coordination
de l’exploration spatiale (ISECG), un forum de coordination volontaire et non contraignant, actuellement composé
de 26 agences spatiales. Cette présentation fera le point sur les activités globales de planification de l’exploration
spatiale de l’ASC et son alignement sur les activités de ses partenaires internationaux. Elle comprendra un examen
des missions canadiennes d’exploration spatiale prévues et une description des possibilités à plus long terme
pour le Canada sur la surface lunaire. Une description de haut niveau de l’Initiative d’exploration de la surface
lunaire de l’ASC, comprenant ses domaines techniques connexes, sera présentée.
Canada has been increasing its lunar exploration activities since the release of the Space Strategy for Canada
(2019). This parallels with the increased international focus on the Moon, particularly on achieving sustainable
presence. In 2020 Canada became the chair of the International Space Exploration Coordination Group (ISECG), a
voluntary, non-binding coordination forum, currently made up of 26 space agencies. This presentation will
provide a status of CSA’s overall space exploration planning activities, including its alignment with international
partner activities. This will include a review of planned future Canadian space exploration missions and a
description of longer-term Canadian opportunities on the lunar surface. A high-level description of the CSA’s
Lunar Surface Exploration Initiative including its associated technical areas will be presented.
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102 Canada’s Lunar Surface Mission Contribution Study - Présentation
invitée / Invited Talk
Ms. Natalia Larrea
Euroconsult, Montreal, QC, Canada

Mots-clés / Keywords
Lunar exploration, global exploration roadmap, lunar surface, Moon, business case, value proposition

Résumé / Abstract
As highlighted in the International Space Exploration Coordination Group (ISECG)’s Global Exploration Roadmap,
space agencies recognize the importance of expanding a sustainable robotic and human presence on the Moon
as a pathway to Mars. As a key global actor in space exploration, Canada has a long-standing history of
participation in international space exploration missions and has already committed to global lunar exploration
efforts. In 2019, the Canadian government announced a long-term federal investment commitment towards
Canada’s new partnership in the NASA-led Lunar Gateway program. This investment secures the development
and contribution of Canadarm3 and provides resources to develop other new technologies for use in lunar orbit
and on the Moon under CSA’s Lunar Exploration Accelerator Program (LEAP). Meanwhile, Canada and its
international partners also continue refining their lunar exploration roadmaps to achieve sustained lunar surface
operations.
In this context, the CSA has commissioned Euroconsult to undertake an independent study to conduct the
“Business Case and Value Proposition Analysis to Identify Possible Canadian Contributions to Future International
Lunar Exploration Initiatives”. The study will identify large mission-critical contributions which Canada and its
commercial partners could consider making to international space exploration initiatives on the lunar surface,
based upon the country’s industrial and technological heritage and growth capacity. This study will assess, and
ultimately recommend, the most promising large lunar exploration-based capability contributions, developing a
rationale of investment for the Government of Canada.
This presentation will provide an overview of this on-going study, describing key objectives, methodology and
results to date.
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108 Convergence: Les activités minières terrestres et l’utilisation des
ressources spatiale / Convergence: Terrestrial Mining and Space
Resource Utilization - Présentation invitée / Invited Talk
Acting Deputy Director Minh On
NRCan, Ottawa, Ontario, Canada

Mots-clés / Keywords
Canadian Minerals and Metals Plan, convergence, mining, terrestrial mining, technology transfer, technology
adoption, government

Résumé / Abstract
Afin de redresser l’économie canadienne après la pandémie Covid-19 et de rester compétitif dans l’économie
globale, l’industrie minière du Canada doit être toujours plus innovante et être prête à saisir les nouvelles
opportunités. Cela signifie que la Canada doit adopter des technologies perturbatrices afin de devenir plus
productif, de réduire les coûts et de réduire les impacts négatifs des activités industrielles et minières, incluant
leurs chaînes de valeur.
Les nouvelles opportunités pourraient aboutir au développement et l’adoption des technologies mutuellement
avantageuses pour le secteur minier que pour le secteur aérospatial canadien. Les technologies de commande à
distance et autonomes, la robotisation des opérations et le développement des énergies renouvelables sont des
domaines clés de la convergence entre les activités minières terrestres et l’espace.
Dans le contexte du Symposium sur les sciences minières planétaires et terrestres 2021, soutenu par
Ressources naturelles Canada, la présentation portera sur le travail effectué dans le cadre du Plan canadien des
minéraux et des métaux pour favoriser une collaboration accrue entre le secteur minier et le secteur
aérospatiale du Canada afin de relever les défis communs et de soutenir la convergence dans l’industrie
canadienne.
-------------------------------------------------------------------------------------------------------------------Canada’s modern mining industry recognizes that to remain competitive in the global economy and build back
better following the Covid-19 pandemic, the need to be innovative and take advantage of new opportunities will
remain a constant. This means adopting disruptive technologies to drive efficiencies and improve costs, while
minimizing footprints around industrial activities and their value chains. Advancing these opportunities could
result in the development and adoption of mutually beneficial technologies for Earth and space, including remote
and autonomous technologies, next generation robotics and renewable energy – key areas of convergence
between terrestrial mining and space. This presentation will focus on work under the Canadian Minerals and
Metals Plan to foster increased collaboration between Canada’s mining and space sectors to address shared
challenges, and provide highlights from this year’s Planetary and Terrestrial Mining Sciences Symposium hosted
by Natural Resources Canada.
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