
i

FALL MEETING PROGRAM
OCTOBER 10-11, 2023





1

WELCOME
Thank you for joining us for the LSIC 2023 Fall Meeting!

We would like to thank the Community College of Allegheny County (CCAC) for hosting 
this meeting and NASA, Keystone Space Collaborative, Astrobotic, and Moonshot 
Museum for helping coordinate this event and provide subject-matter experts who 
will present throughout the meeting. We are extremely grateful to the many speakers, 
moderators, panelists, and supporters who are participating to make this event a success. 
We appreciate all our attendees. We look forward to spending these two days with you. 
For additional details and the full program, please visit the event page here:

https://lsic.jhuapl.edu/FallMeeting2023

SLIDO INFORMATION (Q&A TOOL)
To make sure virtual and in-person attendees have the same access to the Q&A during 
the event, we will be using a tool called Slido. You can use either your phone or your 
computer to submit questions as well as to upvote questions other participants have 
submitted. Use the QR code or URL and event code below to participate!

http://sli.do
Event Code: #2023LSICFall
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WI-FI
Attendees are welcome to utilize the CCAC-Guest Wi-Fi network during the event. 
Instructions for how to connect to Wi-Fi are listed below.

Windows
1. On the taskbar, click the Wi-Fi icon
2. Click on CCAC-Guest from the available Wi-Fi list
3. Click the Connect button
4. A browser page will open
5. Click the Create a Guest Account link
6. Enter your information
7. Click the Create Account button
8. You will receive a text message and/or email with login information
9. Enter your guest username and password from the email/text message
10. Accept the terms
11. Click the Sign On button
12. You will be taken to the CCAC Homepage once connected

Mac
1. On the Mac menu bar, click the Wi-Fi icon
2. If CCAC-Guest Wi-Fi is not showing, click Other Networks
3. Select CCAC-Guest Wi-Fi
4. A browser page will open
5. Click the Create a Guest Account button
6. Enter your information
7. Click the Create Account button
8. You will receive a text message and/or email with login information
9. Enter your guest username and password from the email/text message
10. Accept the terms
11. Click the Sign On button
12. You will be taken to the CCAC Homepage once connected, click Done
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WI-FI, CONTINUED

iPhone/iPad
1. Open the Settings App
2. Go to Wi-Fi
3. Choose CCAC-Guest from the network list
4. Choose the Create a Guest Account link
5. Enter your contact information
6. Tap the Create Account button
7. You will receive a text message and email with sign-up information
8. Enter the given username and password
9. Agree to the terms and conditions
10. Tap the Sign On button

Android
1. Open the Settings App
2. Tap on Connections
3. Go to Wi-Fi
4. Choose CCAC-Guest from the network list
5. Choose the Create a Guest Account link
6. Enter your contact information
7. Tap the Create Account button
8. You will receive a text message and email with sign-up information
9. Enter the given username and password
10. Agree to the terms and conditions
11. Tap the Sign On button

Additional Wi-Fi connection instructions can be found here:
https://lsic.jhuapl.edu/FallMeeting2023/WIFI
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AGENDA
DAY 1
All times are Eastern Daylight Time.

TIME EVENT SPEAKERS(S) OR DETAILS

8:30 AM Coffee, Networking & Registration

9:30 AM Welcome

Jamie Porter, LSIC Director, JHU/APL
Quintin Bullock, President, Community  
College of Allegheny County
Hon. Summer Lee, U.S. House of Represen-
tatives
Cathleen Richards, Interim Executive Direc-
tor, Moonshot Museum
Justine Kasznica, Keystone Space  
Collaborative

10:20 AM NASA Space Tech Keynote
Prasun Desai, Associate Administrator  
(Acting), NASA STMD

10:50 AM Break (10 minutes)

11:00 AM NASA Announcement

Introduction -
Niki Werkheiser, Director of Technology 
Maturation, NASA STMD
Walt Engelund, Deputy Associate Adminis-
trator for Programs, NASA STMD

11:35 AM LSII & LSIC - A Look Back
Rachel Klima, Former LSIC Director
Jamie Porter, LSIC Director

12:00 PM
Lunch Break (90 minutes) and Moonshot/Astrobotic Guided Tour, Caterpillar 
Remote Mission Control Stations, Science and Technology Policy Institute (STPI) 
Roundtable Discussion

1:30 PM

Panel: Minimum Viable &  
Resilient Infrastructure

Moderator: Jibu Abraham, 
JHU/APL

Tipping Points Intro -
Niki Werkheiser, Director of Technology 
Maturation, NASA STMD
Power -
Julie Peck, JHU/APL, Surface Power  
Reliability Workshop Report-Out
Michael Provenzano, Astrobotic Inc., 
LunaGrid-Lite
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TIME EVENT SPEAKERS(S) OR DETAILS

Autonomy -
Danielle Mortensen, JHU/APL, Autonomy 
Workshop Report-Out
Dimi Apostolopoulos, Protoinnovations, 
Modular Coordinator Software
Proving Grounds -
Jodi Berdis, JHU/APL, Lunar Proving 
Grounds Workshop Report-Out
Brandon Kirkland, Redwire Infrastructure 
Manufacturing with Lunar Regolith
Q&A

2:30 PM Breakout Session - Minimum Viable & Resilient Infrastructure

3:20 PM Break (10 minutes)

3:30 PM

Panel: LuSTR Technology Pre-
sentations

Moderator: Milena Graziano, 
JHU/APL

Harri Vanhala, NASA, Introduction to LuSTR 
Report-Outs and Recent Awardees
Jin Wang, The Ohio State University (Power), 
Flexible DC Energy Router Based on Energy 
Storage Integrated Circuit Breaker
Arthur Witulski, Vanderbilt University (Pow-
er), Silicon Carbide Power Components for 
NASA Lunar Surface Applications
Pablo Sabron (for Alian Wang), Impossible 
Sensing LLC (ISRU), WRANGL3R - Water 
Regolith Analysis for Grounded Lunar 3D 
Reconnaissance
Q&A

4:30 PM Lightning Talks ~30 talks, 2 min/talk

5:30 PM Poster Session & Networking

6:30 PM
Reception hosted by Moonshot Museum, Astrobotic, and Keystone Space  
Collaborative (at Moonshot Museum)

AGENDA, CONTINUED

DAY 1
All times are Eastern Daylight Time.
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AGENDA, CONTINUED

DAY 2
All times are Eastern Daylight Time.

TIME EVENT SPEAKERS(S) OR DETAILS

8:30 AM Coffee, Networking & Registration

9:30 AM Welcome

Josh Cahill, LSIC Deputy Director,  
JHU/APL
Hon. Matt Cartwright, U.S. House of  
Representatives
John Thornton, Astrobotic

9:50 AM DARPA Announcement

Introduction -
James Mastandrea, LSIC Interoperability 
Working Group Lead, JHU/APL
Phil Root, Director, Strategic Technology 
Office, DARPA

10:20 AM Keynote NASA Technology A.C. Charania, Chief Technologist, NASA

10:45 AM Artemis & Ethics Outbrief
Zachary Pirtle, Senior Policy Analyst,  
NASA

10:55 AM Break (10 minutes)

11:05 AM

Panel: Utilizing Autonomous 
Robotics and Telerobotics to 
Establish and Maintain  
Infrastructure

Moderator: Justin Starr, CCAC

Terrestrial Perspectives -
Shawn Fernando, Woodside Energy,  
Remote Operations & Robotics
Nick Paine, Apptronik, The Apollo Humanoid 
Robot
Preparing for the Lunar Surface -
Toyotaka Kozuki, GITAI USA, GITAI’s Chal-
lenge to Build Infrastructures on the Moon
Ross Rickards, Lockheed Martin, Lunar Infra-
structure & the Role of Mobility
Ryan McCormick, Jet Propulsion
Laboratory, COLDArm
Q&A

12:05 PM Break (5 minutes)
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TIME EVENT SPEAKERS(S) OR DETAILS

12:10 PM Breakout Session

1:00 PM
Lunch Break (90 minutes) and Moonshot/Astrobotic Guided Tour, Caterpillar Re-
mote Mission Control Stations, GatherTown Virtual Poster/Networking Session

2:30 PM

Panel: Trailblazers & Bridge 
Makers - CLPS & Artemis 
Robotics Headed to the Lunar 
Surface Soon

Moderator: Josh Cahill,  
JHU/APL

CLPS -
Raewyn Duvall, Carnegie Mellon University,  
Iris Rover on Astrobotic’s Peregrine
Subha Comandur, Jet Propulsion Laboratory, 
CADRE Headed to Reiner Gamma
Trent Martin, Intuitive Machines, IM-2 Lunar 
Hopper
Dean Bergman, Honeybee Robotics, TRIDENT 
and Other Payloads for Lunar Exploration
Artemis -
Heather Jones, Carnegie Mellon University,  
MoonRanger on Artemis
Q&A

3:30 PM Break (10 minutes)

3:40 PM
LSII & LSIC Updates & Vision 
for the Future

Wesley Fuhrman, JHU/APL LSII Lead
Jamie Porter, LSIC Director
LSII Team & Annual Goals in Light of
Announcements, JHU/APL

4:15 PM
Closing Comments (e.g., announcement of Caterpillar Best TeleRobotic Opera-
tor winner; reminder when tours are departing for Carnegie Mellon University)

4:30 PM Adjourn Meeting

5:30 PM Bus/Vans Depart for Carnegie Mellon University Tour

AGENDA, CONTINUED

DAY 2
All times are Eastern Daylight Time.
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POSTER SESSION
The in-person poster session will be held on Tuesday, Oct. 10, at 5:30 p.m. EDT on the 
1st floor of CCAC Foerster Student Services building. Posters can be hung up at any time 
before the session and can be up for both the Oct. 10 and 11 meeting days.

The online poster session will be held on GatherTown on Wednesday, Oct. 11, at 
1:30 p.m. EDT during the lunch session.
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MAP
Below is a map of the LSIC 2023 Fall Meeting activities located in CCAC’s Foerster Student 
Services building. The main program will be conducted in the 2nd floor lecture hall, 
while breakout sessions will be held on the 3rd floor in classrooms 310–315.
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312

313315

314

ELEVATORS BREAKOUT SESSIONSMAIN PROGRAMENTRANCE

STAIRS

STAIRS

260
252

MEALS & SNACKS

LECTURE HALL

REGISTRATION

3RD FLOOR

2ND FLOOR
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MEETING PARTNERS
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STUDENT SPONSORS
We would like to thank the following organizations for their 
sponsorship of LSIC 2023 Fall Meeting student attendees.
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JOIN LSIC
Become an LSIC member

Scan to join the LSIC mailing list.
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Innovative Features of NASA's Celestial Mapping System to Support Exploration in the Lunar South 
Pole.  P. Agrawal1, M. E. Peterson 1,2, G. M. Del-Castillo1,2 , I. Lopez-Francos 1,3, G. Mackintosh1,4 , A. 
Zuniga1, 1NASA Ames Research Center, Moffett Field, CA 94035-1000, parul.agrawal-1@nasa.gov, 2 

USRA, 3WYLE Labs, 4BAERI. 
 
Introduction: NASA's Celestial Mapping Sys-

tem (CMS) [1,2] is developed to address the need 
for 3D tools for planetary science investigations, 
mission planning, in-situ operations, in a 3D-first 
design constructed around a unified view of a plan-
etary globe. At present CMS provides many critical 
functionalities that include: 1) equipment planning 
and optimized placement on Lunar surface 2) line-
of-sight (LOS) analysis 3) powerful measurement 
tools based on 3D terrain with realistic 3D models 
to represent rovers, astronauts and equipment 4) 
visualization of derived mapping products (e.g. re-
source maps), and 5) a data engine for hosting 
new observations that are not available in other 
contemporary lunar data tools [1, 3]. CMS is 
founded on the robust NASA WorldWind globe en-
gines [4]. In near future, users will be able deploy 
CMS across multiple hardware configurations and 
platforms, including Windows, Linux, iOS and, An-
droid. Users will also be able to update to the latest 
imagery and terrain datasets as they are being ac-
quired (in real time) before and/or during the explo-
ration mission. CMS can also consume and ana-
lyze data from locally hosted and external sources. 
It is compatible with Open Geospatial Consortium 
(OGC) data and file standards and currently inte-
grates datasets from the Astrogeology Science 
Center of USGS. This includes global and local 
data acquired from NASA (LRO, Clementine, Lu-
nar Orbiter) and JAXA (SELENE/Kaguya), with ca-
pability of integrating more datasets. CMS, with ex-
pertise in both the end-user application and plane-
tary engine development can readily adapt to 
emerging Lunar cartography standards as they de-
velop and become recognized by international ge-
ospatial panels. 

Overcoming Polar Distortions: 3D geospatial 
applications traditionally exhibit significant distor-
tions in polar imagery due to several reasons: 1) 
distortions in the source imagery, 2) incompatible 
tessellation algorithms at the poles, and 3) map 
projections. In the lunar context, especially focus-
ing on the South pole, such distortions are unac-
ceptable. The CMS team is exploring solutions to 
address polar imagery distortion, leveraging new 
tessellation algorithms and reprojecting data using 
projections that are better suited for polar scenar-
ios. Fig 1 shows the potential error introduced by 
different tessellation methods, represented by the 

red and green circles for Shoemaker crater. There 
is ~2 Km difference in the placement of the crater. 

 
Fig 1: Distortion at Shoemaker crater. Source CMS. 

LOS Analysis and Traverse Planning: We’ve 
integrated a LOS tool into CMS which analyzes ter-
rain profiles and obstructions to determine visibility 
for remote observers. Fig 2 shows the viewshed 
analysis on a permanently shadowed region (PSR) 
in the lunar South Pole’s Nobile region, the site of 
the upcoming NASA VIPER mission. The PSR 
layer was generated using images generated by 
HORUS denoising tool [5]. The yellow pin shows 
the observer location outside the PSR, with the yel-
low region representing the visible portion of the 
PSR. Areas obstructed and not visible for the ob-
server are shown in red. We expanded this analy-
sis to account for varying observer heights and 
subsequently conducted the viewshed analysis. 
Combining the different visibility profiles can help 
designing improved traverses within the PSR. 

 
Fig 2: Line of sight analysis within a PSR. Source: CMS 

 
References: [1] https://celestial.arc.nasa.gov 

[2] Agrawal et. al. “Celestial Mapping System for 
Lunar Surface Mapping and Analytics”, Lunar Sur-
face Innovation Consortium, 2021 [3] Agrawal et. 
al., “Science Investigations and Exploration in Ce-
lestial Mapping System LSSW 17, June 2022 [4] 
https://worldwind.arc.nasa.gov/ [5] Bickel V. et al. 
(2021) Nat Commun 12, 5607 
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Thermal Control Technologies for Lunar Landers and Rovers.  William G. Anderson1, Jeffrey Diebold1, 
Michael C. Ellis1, Ion Nicolaescu1, Nathan Van Velson1, and James Eckard2, 1Advanced Cooling Technol-
ogies, Inc. 1046 New Holland Ave., Lancaster PA 17601, 2Astrobotic Technology, Inc., 1016 N Lincoln Ave, 
Pittsburgh, PA 15233 (Contact: Bill.Anderson@1-act.com)   

 
 
Introduction: The lunar night poses a signifi-

cant challenge in the thermal management of 
landers and rovers operating on the lunar surface.  
This is especially true for long duration missions, in 
which the on-board electronics of these vehicles 
must be maintained within their survival tempera-
ture range to ensure mission success.  As the ra-
diator is sized to reject heat during the lunar day, 
excessive heat rejection during the low tempera-
ture lunar night is unavoidable.  One solution to this 
challenge is a variable thermal link, with a high 
conductance during the Lunar day, and a low con-
ductance during the Lunar night.  Ideally, this link 
should be passive, since 1 W of electricity through-
out the Lunar night requires about 5 kg of extra so-
lar cells and batteries. This poster will describe two 
such devices: 1. A Two-Phase Thermal Switch, 
and 2. A Loop Heat Pipe (LHP) with a Thermal 
Control Valve (TCV). 

Thermal Switch for a Lunar Rover:  A new 
passive thermal switch design has been developed 
and demonstrated that can carry high powers with 
a high On/Off conductance ratio. This thermal 
switch design utilizes a sealed flexible bellows that 
contains a saturated two-phase working fluid. At 
low temperatures, the saturated vapor pressure 
within the bellows is low, and the bellows is not in 
contact with the heat sink. At higher temperatures, 
the vapor pressure increases, causing the bellows 
to expand until in comes into contact with the heat 
sink, allowing heat to be transferred by evaporation 
and condensation of the working fluid. 

A CAD model of the prototype thermal switch is 
shown below.  It is designed to provide thermal 
control for the Astrobotic Cube Rover.  The thermal 
switch is currently being fabricated, and will be 
tested at Astrobotic in late Fall, 2023.  

  
 

Loop Heat Pipe with Thermal Control Valve 
for a Lunar Lander:  A CAD model of the lunar 
lander mockup test currently being fabricated is 
shown below. Heaters representing electronic 
components will be mounted on the heat spreader 
panel. A horizontal heat spreader is representative 
of the horizontal panels of the Griffin Lander. An 
LHP with TCV will serve as the thermal link be-
tween the heat spreader and the radiator panel. 
The experimental setup will be capable of tilting to 
simulate adverse orientation. 

 
 
The LHP with TCV is coupled with a heat 

spreader with aluminum/ammonia heat pipes.  A 
screen wick is used to allow the heat spreader to 
work in all orientations.  The figure below shows a 
CAD model of the heat spreader.   

 
The heat spreader with aluminum-ammonia 

screen wicked heat pipes demonstrated a conduct-
ance over 20W/K. The screen wick heat pipes en-
abled operation up to tilt angles of at least ±5° 
(±30° on the lunar surface) with negligible effect on 
performance. The next step is to integrate the heat 
spreader with the LHP evaporator in order to 
demonstrate the entire thermal management sys-
tem.  The thermal system will be tested at Astro-
botic in late Fall, 2023. 
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Development & Flight testing of the Advanced Modular Power and Energy System (AMPES) - PEM 
Fuel Cell for Spaceflight & Lunar Surface Missions.  Max Aronow1 and William Smith2, 431A Hayden 
Station Rd. Windsor, CT 06095, maronow@infinityfuel.com 

 
 
Introduction:   

Fuel cell power systems have been a preferred 
electrical power source for extended crewed mis-
sions since the earliest days of manned space-
flight. Gemini, Apollo and the Space Shuttle Orbiter 
all were powered by hydrogen-oxygen fuel cells. 
The flight of STS-135 marked the last flight of this 
generation of fuel cells and NASA lost that capabil-
ity in 2011 as production ceased with the retire-
ment of the shuttle fleet. However, in 2006 NASA 
initiated development, at Infinity, of a new genera-
tion PEM fuel cell technology using passive water 
management techniques. This effort built on the 
Gemini fuel cell water management approaches 
updating the Gemini technology for advances in 
materials and controls. Since that date, NASA has 
continued funding Infinity’s development, at the la-
boratory and prototype level. Infinity’s NASA Tip-
ping Point program was formed with the goal to in-
crease the Technology Readiness Level, TRL, of 
Infinity’s fuel cell technology. 

This Tipping Point program is funded by 
NASA’s Game Changing Development Program 
under the Space Technology Mission Directorate 
in partnership with the NASA Johnson Space Cen-
ter. Tipping Point’s project focus has been the de-
velopment of a complete system, the Advanced 
Modular Power and Energy System (AMPES), de-
signed to test the technology, in flight, to advance 
readiness for future manned flight and lunar sur-
face applications. The focus of this effort has in-
cluded improvement of stack sealing technology to 
be compatible with space vacuum, reducing stack 
mass and development of a flight compatible bal-
ance of plant including fluid-mechanical compo-
nents, controls, reactant storage and thermal con-
trol. The goal was to then demonstrate operation 
of this complete system in micro-gravity via a Blue 
Origin New Shepard suborbital test flight. 

The complete system including the fuel cell 
stack, autonomous controller, and balance of plant 
successfully completed EMI testing followed by 
shock and vibration ground testing at NASA JSC. 
It was then shipped to Van Horn, TX and installed 
aboard Blue Origin’s New Shepard launch vehicle 
intended for the sub-orbital test flight. The AMPES 
system was launched aboard NS-23 from Blue 
Origin facilities near VanHorn, TX on September 
12, 2022. 

The AMPES fuel cell flight test called for the 
system to operate before launch, during boost, dur-
ing the zero-g portion of the flight and during de-
scent and landing. NS-23 launched normally and 
proceeded to near Max Q but encountered an 
anomaly that initiated the emergency escape se-
quence. The capsule escape system operated 
successfully and separated the capsule from the 
booster. The result for the AMPES test article was 
an unplanned, but very relevant, flight profile. After 
separation the New Shepard capsule escape sys-
tem continued to function as designed returning 
the payload capsule safely to earth allowing the 
successful recovery of the AMPES. Upon recov-
ery, Infinity determined that the AMPES had sur-
vived and operated as anticipated during the entire 
flight sequence. This included autonomous start 
prior to the launch and normal operation during de-
scent and landing resulting in relevant data. Fol-
lowing the New Shepard flight, the AMPES system 
successfully completed thermal vacuum testing at 
Johnson Space Center. As a result, the overall pro-
gram, despite the launch anomaly, has advanced 
the readiness of this technology moving it one step 
closer to full spaceflight qualification. AMPES is 
scheduled to fly again on NS-24 this fall 2023 in 
order to fully demonstrate Infinity’s fuel cell tech-
nology in a zero-g environment.   

This presentation will review the AMPES New 
Shepard flight test along with other tests and the 
overall Tipping Point development program. 

 
Max Aronow – Lead Engineer & AMPES Payload 

Max Aronow is a systems engineer at Infinity 
Fuel Cell & Hydrogen. Max oversaw all testing 
throughout the program and was the primary rep-
resentative for Infinity at Johnson Space Center. 
Max graduated from the University of Connecticut 
in 2019 with a degree in Management Engineer-
ing for Manufacturing. 
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Introduction:  NASA has vital interests in re-
sponsive and secure optical communication strat-
egies to support initiatives such as Lunar Gateway, 
a key component of the Artemis program.  Quan-
tum communications approaches are strong can-
didtes to achieve these goals. Quantum communi-
cations refer to communication systems that are 
based on quantum entanglement. Quantum entan-
glement may be realized using photonic and elec-
tronic implementations, with photonic implementa-
tions required for free space surface-satellite and 
satellite-satellite transmissions. 

  
SPDC Polarization Qubit Generation:  Spon-

taneous parametric down conversion (SPDC) is 
one of the best-tested and therefore reliable 
methods to generate entangled photons using 
their polarization states. Nonlinear crystals have 2 
optical axes. A strong laser pump (p) beam can 
interact with nonlinear crystal through its 2nd order 
susceptibility 𝜒𝜒("). An incoming short wavelength 
pump beam photon is absorbed and re-radiated 
as 2 identical longer wavelength daughter pho-
tons (signal (s) and idler (i)). The polarizations 
and emission directions of daughter photons re-
flect the constraints imposed by conservation of 
energy ℏ𝜔𝜔 and momentum 𝑞𝑞%, referred to as the 
phase-matching conditions [1]. Coherent spatial 
overlap of the (displaced) cones of the daughter 
photon emissions yields the entangled two-photon 
state |𝜓𝜓$%&	()&$&*( that depends crtically on a 
phase matching function 𝜗𝜗( and an angular spec-
trum 𝑉𝑉+𝑞𝑞%(, 
 

Realistic Implementation Issue: Pump 
Beam Waist Mis-location 
Ideal SPDC efficiencies are not high and realistic 
SPDC efficiencies are further impacted by varia-
tions that produce non-ideal phase matching. 
Several of these can be induced by the tempera-
ture variations of elements within the experi-
mental set-up. One of these, laser pump beam-
mis-location, is the subject of this investigation.   
The strong laser pump beam has a Gaussian 
beam profile with a beam waist 𝑤𝑤+ located at the 
Rayleigh distance 𝑧𝑧,. For SPDC daughter photon 
generation, the beam waist should be located 
within the nonlinear crystal width 𝐿𝐿, idealy towards 
the exit surface.  When the beam waist  non-

idealities happens when the beam waist is mis-lo-
cated by a distance 𝑑𝑑 as shown (adapted from 
Ref. [1]), the angular spectrum becomes beam 
waist postion 𝑑𝑑 dependent: 
 

 
 
 
𝑉𝑉+𝑞𝑞%(, = 	𝑉𝑉(𝑞𝑞%- +	𝑞𝑞%.) 	
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Conditions to achieve the phase-matching condi-
tion have tight tolerances. In this work, we investi-
gate the impact of expected lunar temperature var-
iations on two SPDC sources in the Quantum 
Communications Laboratory at the NASA Goddard 
Space Flight Center: 𝛽𝛽-bismuth barium borate 
(BBO) and periodically-poled potassium triphos-
phate (PPKTP).  The angular spectrum will be in-
vestigated for changes in distance 𝑑𝑑 expected for 
lunar temperatures 380 K (day) and 100 K (night), 
with temperature ramp investigations correspond-
ing to changes in latitude from 0° (steepest temper-
ature ramp) to 75° [2]. Theoretical investigations 
are compared with experimental results achieved 
using a well-calibrated movable stage to simulate 
expected changes in 𝑑𝑑. 

 
References: [1] S.Karan et al, J. Opt. 22 

(2020) 083501 (20pp). DOI: 10.1088/2040-
8986/ab89e4 [2] PO Hayne, et al, J Geophys Res: 
Planets 122: 2371-2400 (2017). DOI:10.1002/ 
2017JE005387 
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Introduction:  Of the many challenges encoun-

tered for effectively utilizing in-situ lunar regolith, 
our research focuses on size sorting and the move-
ment related to that process. We have designed 
several iterations of electrostatic sieves that at-
tempt to both move particles along an incline and 
separate the particles by rough size groupings. 

The lunar regolith exhibits a wide range of par-
ticle sizes [1]. Our goal is to collect only the parti-
cles that range from 20 to 200 microns. This size 
range is selected to prevent choking by fines and 
yet be small enough to chemically treat for metal 
extraction without unreasonably long process 
times. 

While most feed systems for processing lunar 
regolith involve mechanical lifting, our research ap-
pears to indicate that silt- to sand-sized particles 
can be lifted and moved without mechanical han-
dling. By reducing mechanical handling, the dis-
persal of clinging dust can be mitigated. 

Design Elements:  The electrostatic sieves 
were tested for both shape and electrode angle. 
The shapes include cylindrical, linear, and pris-
matic. The prismatic cross sections were rectangu-
lar (90°), equilateral triangular (60°), and isosceles 
triangular (30°). The electrode angles tested (in re-
gard to the long axis) were 90°, 45°, and 75°.

 
All sieves were roughly 50 cm long. The cylin-

drical sieve was 1.45 cm in diameter. The linear 
sieves were 3.7 and 7.5 cm width. The prismatic 
sieves were 3.7 cm wide at the top (receiving end) 
and 13 cm wide at the bottom end. 

Both the cylindrical and linear sieves were 
tested with perpendicular slots along the length. 

The electrode pitch was 5 mm on all sieves ex-
cept the linear. The linear sieves varied the pitch 
with distance from the top (5, 6, 7, 8, and 9 mm 
pitch every 10 cm of length). 

Results:  In the early stages of electrostatic 
sieve tests, an optimal frequency range of 7 to 12 
Hz was observed to result in particle movement in 
the 100-to-500-micron size range. The particles in 
the sub-100-micron range did not respond well to 
the tested frequencies (1 to 120 Hz).  

 
Particle movement induced by electrostatics 

was mostly perpendicular to the electrode. Due to 
the non-conductive nature of the particles used, it 
appears that dielectrophoresis is a primary motiva-
tion force in addition to electromagnetic travelling 
waves induced by the 4-phase circuit. 

It was observed that a prismatic shape permit-
ted size separation to a limited degree. This was 
also observed with increasing pitch along the 
length (pitch increase of 1 mm every 10 cm of sieve 
length). The largest size separation was observed 
in the coarse-grained simulants (peak shift of 60 
microns), followed by the medium-grained (peak 
shift of 30 microns). The fine-grained simulants 
showed a maximum of 10-micron peak shift when 
separation occurred. However, the optimal range 
or 20 to 200 microns has not been attained to date. 

References: [1] Carrier W. (2006) The four 
things you need to know about the geotechnical 
properties of lunar soil. Lunar Geotechnical Insti-
tute.  
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Introduction:  Separating lunar regolith parti-

cles by chemical composition is important to opti-
mizing subsequent metal extraction. Sorting by 
iron content is a method of separation that is likely 
attainable in a lunar environment due to the lack of 
reliance on gravity as the primary motivating force.  

Lunar regolith is comprised mostly of plagio-
clase (diamagnetic), olivine and pyroxene (para-
magnetic), and iron micrometeorites (ferromag-
netic) mixed with agglutinates [1]. Therefore, de-
signing a lightweight, low power magnetic separa-
tor is a goal of our research. 

Design:  The magnetic drum separator is cur-
rently using a dual-drum design. The first drum is 
attached to a vertical belt with the intent of remov-
ing free iron from the simulants. The second drum 
is attached to a lateral belt with the intent of remov-
ing paramagnetic particles from the diamagnetic 
material. 

 
Figure 1. Internal magnet in second drum. Tension drum lo-
cated at top of figure. 

A Frantz Isodynamic Magnetic Separator was 
used to both determine if diamagnetic minerals 
could be separated and establish a benchmark for 
maximum expected separation. 

Additionally, a set of 28 different simulants was 
used that represent separate aspects of lunar reg-
olith. The varied parameters of the simulants are 
mineral composition (4), size distribution (3), and 
agglutinate content (2). 

Results:  It was discovered early on that single 
magnetic drum separator designs resulted in ex-
cessive iron binding with diamagnetics. A primary 
weak magnet used for iron extracting was then sta-
tioned prior to the secondary paramagnetic sepa-
rator. 

During single pass throughs, separation does 
occur with extensive middlings when an N52 mag-
net is used in the second drum. However, better 

separation is attained when an N42 (slightly 
weaker) magnet is used in the second drum.  

 
Figure 2. Dual magnetic drum separator prototype. Feed is top 
center. Primary drum is top center and left. Secondary drum is 
lower right. 

Medium sand- to very fine sand-sized grains 
(500 to 100 microns) exhibit better separation than 
course silt- through clay-sized grains (100 microns 
and under). It was found that the fine particles were 
very difficult to separate by composition as ob-
served with true lunar regolith [2]. 

 
Figure 3. Benchmark separations with all 28 simulants on 
Frantz separator. 

References: [1] Papike, J., Simon, S., & Laul, 
J. (1982) The lunar regolith: Chemistry, mineral-
ogy, and petrology. Rev of Geophys, 20(4), 761–
826. [2] Carrier W. (2006) The four things you need 
to know about the geotechnical properties of lunar 
soil. Lunar Geotechnical Institute. 
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U-Net Based Semantic Segmentation for Lunar Rock Detection.  Banerjee R., Dreyer C., Petruska 
A.J., Colorado School of Mines, 1500 Illinois St., Golden, CO, (Contact:rikbanerjee@mines.edu

Introduction: With the new wave of extra-
terrestrial resource extraction and exploration, 
navigation on extra-terrestrial surfaces is 
increasingly important [1]. The NASA LuSTR 
mission seeks to develop technology for lunar 
robotic site preparation. This will require 
accurate real-time navigation and mapping. 
Since there is no a priori information about the 
environment where the rover will land, surface-
level rocks will be used as landmarks. The rover 
will likely use both RGB cameras as well as 
LiDAR sensors to detect and uniquely identify 
rocks. 

The innovation proposed is a U-net based 
semantic segmentation model that is trained on 
both terrestrial and Apollo images. The 
difficulties with the lunar use-case are the 
single-point lighting conditions and the lunar 
regolith covering the rocks. These conditions 
serve to saturate the scene and make feature 
detection hard. This requires the generation of 

a diverse ground-truth dataset to enable 
detection independent of lighting conditions or 
color. We have augmented the dataset by 
perturbing the images. These images have 
reduced contrast between background and 
foreground, shuffled color channels, and spatial 
transforms. The network is trained with 612 
labelled images on a NVIDIA GeForce RTX 
3070 to a validation accuracy of 97%. The 
figure below shows the network detecting a 
regolith-covered rock. Once the rocks in the 
scene have been detected, they are uniquely 
identified using feature detectors, and stored to 
act as stationary landmarks for navigation. 

[1] R. P. Mueller, R. E. Cox, T. Ebert, J. D. 
Smith, J. M. Schuler and A. J. Nick, "Regolith 
Advanced Surface Systems Operations Robot 
(RASSOR)," 2013 IEEE Aerospace 
Conference, Big Sky, MT, USA, 2013, pp. 1-12, 
doi: 10.1109/AERO.2013.6497341. 
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Power and Ancillary Services Beaming: Trail blazing the mission operations control applications 
needed to enable scalable, interoperable end-to-end power generation, storage, distribution, and 
control systems. G. P. Barnhard1,  
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Introduction:  In theory, power and ancillary 

services beaming can both, directly and indirectly, 
support keep-alive through full operations of sur-
face-based lunar systems. A consortium of com-
mercial and government research lab representa-
tives has come together to support a cooperative, 
collaborative, and competitive bake-off of power 
and ancillary services beaming technologies 
through round-robin testing in some combination of 
facilities. This effort is frequency agnostic, span-
ning the range from inductive charging, near field, 
through far-field transfer, and induced effects using 
a variety of microwave, millimeter-wave, infrared, 
through eye-safe optical frequencies. 

 
Catalysts:  This effort is being catalyzed by 

several considerations.  
 
There are emerging requirements for power and 
ancillary services in multiple venues throughout 
Cislunar space (i.e., space-to-space, surface-to-
surface, space-to-lunar/asteroidal surface, space-
to-Earth). The range of services needed likely in-
cludes at a minimum (e.g., power transfer; heat 
transfer; communications (telemetry, command, 
and instrument data), sensible reflections, position, 
navigation, and time). The applications include 
(e.g., remote power transfer (emergency, keep-
alive, recharge, mobility, and augment); Interoper-
able Network Communication Architectures 
(INCA); autonomous navigation; situational aware-
ness; dust monitoring and mitigation; surface sin-
tering; ad hoc and interferometric network synthe-
sis and synchronization, exploration, prospecting, 
and pilot plant In Situ Resource Utilization)  
 
Some of these requirements, services, and appli-
cations may be best accommodated by beaming 
technologies using frequencies ranging from mi-
crowave, millimeter-wave, infrared, through optical 
bands. Any use of beaming technologies requires 
sensing, authentication, authorization, and control 
(Security), a near real-time characterization of the 
radiated beam in terms of its components and the 
reception thereof (Performance), as well as oper-
ating parameters, safety considerations, and duty 
cycle (Availability). End-to-end power systems re-
quire power generation, storage, transmission, and 
load management provisions. 

 
Both power (e.g., batteries, capacitors, supercon-
ducting storage rings) and thermal (e.g., waddi, eu-
tectic materials, heat pipes, insulators) energy 
storage systems supported by power and ancillary 
services beaming capabilities need to be consid-
ered. 
 
Solutions for surviving and operating through the 
night require integrated power and thermal analy-
sis for design as well as exposed thermal Applica-
tions Programming Interfaces (API) and load man-
agement controls. 

 
Objectives:  The identified catalysts can drive 

efforts to reduce the systems engineering of power 
and ancillary services beaming to practice and, in 
so doing, raise the Technology Readiness Levels 
(TRL) would seem reasonable and prudent. 

The overall objective is to further Technology 
Development, Demonstration, and Deployment 
(TD3) mission development efforts which could 
benefit from precursor ground testing, which har-
nesses beaming technologies to demonstrate the 
ability to meet customer requirements. 

 
References:  
[1] Barnhard, Gary P.; Douglas, Seth D., “Boot-
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And Ancillary Services Beaming,” IAC-
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Introduction: Space radiobiology is a multidis-

ciplinary field that investigates the biological ef-
fects of ionizing radiation on astronauts engaged in 
space missions. Understanding the health risks as-
sociated with human space exploration is crucial 
for mitigating damages caused by Galactic Cosmic 
Rays (GCRs) and solar radiation. GCRs pose a 
significant radiation exposure risk in space, making 
it imperative to assess the potential health risk re-
sulting from GCR particle exposure.[1] 

The INFN Roma Sapienza Alpha Magnetic 
Spectrometer research group is at the forefront of 
research in this area, actively studying the risk 
evaluation induced by GCR radiation and this talk 
will make the point of the last 5 years of research. 
[2-5] 

It will be presented the enabling research that 
we did on the dose effects models and relationship 
as well as theoretical framework for modelling the 
Non target effects due to the space radiation, a cru-
cial topic to assess the carcinogenic risk in space 
due to space exploration of the deep space espe-
cially on view of the humans return to Moon.[6-7] 

The roles of the data collected by the astropar-
ticle experiments operating in space will be clari-
fied, with a particular focus on mid and heavy nu-
clei components of space radiation. 

Recently also a collaboration with different re-
search institute is arising to notice is the one with 
the National Institute for Laser, Plasma, and Radi-
ation Physics (INFLPR) in Bucharest to explore the 
potentiality to reproduce space radiation conditions 
through ground experiments is explored by em-
ploying Laser Plasma Accelerators. These devices 
can generate a diverse array of particle beams, in-
cluding electrons, protons, neutrons, ions, and 
photons, by tuning various parameters.[8] 
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Introduction:  The Moon Village Association 

Italian associates and institutional partners suc-
cessfully organized a remarkable Space Summer 
School in Italy on July 24th and 25th, 2023. This 
event coincided with the celebration of Interna-
tional Moon Day 2023. The school was conducted 
in a hybrid mode, blending in-person and virtual 
participation, making it accessible to a wide audi-
ence.[1] 

With an overwhelming response, more than 70 
individuals registered for the event, showcasing 
the significant interest and enthusiasm among 
stakeholders from various backgrounds. The 
school provided an unparalleled networking expe-
rience, bringing together speakers and attendees 
from over 10 different countries across Europe, 
Asia, America, and Africa 

As a NGO, the MVA's primary objective is to es-
tablish a permanent global forum for governments, 
industry, academia, and the public invested in lu-
nar exploration. With over 600 participants the 
MVA embodies a wide spectrum of technical, sci-
entific, cultural, and interdisciplinary fields. 

The IMD2023 is an annual event celebrated 
worldwide to raise awareness about the status and 
future prospects of sustainable Moon exploration 
and utilization. 

The experience of organizing and leading the 
school event, along with the participants' follow-up 
three months after the school, will be documented 
in this talk. This documentation seeks to illustrate 
the school's role in addressing global societal is-
sues and understanding the significance of such 
activities in tackling challenges related to the Moon 
and beyond. 

Overall, the school proved to be a resounding 
success, leaving a lasting impact on the interna-
tional lunar exploration community and nurturing a 
collective vision for humanity's future in space.  
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Introduction: Astrobotic will debut its Lunar Sur-
face Proving Ground (LSPG) this fall. The LSPG is 
a 100m x 100m high-fidelity test field that will mimic 
the topography and optical properties of an actual 
landing site at the Moon’s south pole. This unique 
environment is located at Astrobotic’s test site in 
Mojave, CA, and will primarily supplement Astro-
botic’s flight testing services aboard its Xodiac ver-
tical-takeoff, vertical-landing (VTVL) rocket lander. 

 
Fig. 1: The LSPG next to Astrobotic’s test site 

Features: The LSPG simulates a real landing site 
at the lunar south pole. The surface includes cra-
ters, mounds, and other lunar features formed from 
a mix of concrete and stucco to provide realistic 
optical characteristics. The LSPG topography is 
based on an actual map of the lunar surface 
scanned by Astrobotic’s LunaRay system, which is 
being used to inform flight plans and detect haz-
ards for Astrobotic’s upcoming Griffin Mission 1. 

 
Fig. 2: Representative LSPG lunar terrain 

Flight Testing: Astrobotic has a rich heritage of 
flight testing on VTVL reusable rockets thanks to 
its acquisition of Masten Space Systems. Its Xo-
diac rocket flies profiles that accurately simulate lu-
nar approach, descent, and landing and can also 
be used to test plume-surface interactions, as it 
has done for payloads like UCF’s Ejecta STORM.1 
Xodiac has completed over 150 flights with 100% 
mission success. It can be rapidly reused and has 
flown as many as five flights in a single day. 

Xodiac is particularly well suited to fly GNC and 
avionics payloads, thanks to its Sensei™ hypervi-
sor, which enables closed-loop testing that allows 
a payload to interact with the flight computer in 
real-time and effectively steer the rocket. Xodiac 
and its predecessors have tested navigation 

systems for customers 
like Draper2, JPL3, and 
Psionic4. Astrobotic 
tested its own TRN 
system on these rock-
ets to prepare it for  lu-
nar use during Pere-
grine Mission 1 and 
Griffin Mission. Astro-
botic also plans to fly its 
hazard detection and 
avoidance system on 
Xodiac next spring. 

The LSPG complements Xodiac’s lunar landing 
simulation by providing a realistic environment in 
which to test these high-priority technologies.  

Upcoming Campaigns: The LSPG will debut as a 
simulated lunar environment for NASA’s Nighttime 
Precision Landing Challenge, during which three 
winning teams will demonstrate sensors for map-
ping terrain and guiding safe lunar landings in dark-
ness.5 Astrobotic will then make the LSPG availa-
ble for commercial and university customers. The 
LSPG will also play host to NASA’s 2024 TechRise 
Challenge, which will fly payloads from student 
teams in grades 6–12.6 

Other Applications: Beyond flight testing, the 
LSPG’s can serve as a proving ground for rovers, 
surface infrastructure, and wearable technology for 
astronauts. Its realistic lunar topography can also 
be used to examine the effects of the extreme light-
ing conditions found at the lunar poles. 
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Fig. 3: Xodiac in flight 
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Introduction:  The key challenges to sustained 

human presence and in situ resource utilization 
(ISRU) activities on the Moon are mass, dust, and 
power. With sufficient power, surviving lunar night 
and working in the permanently shadowed regions 
are feasible. Solar power is an enabling resource 
anywhere at the Lunar surface, and a solar pow-
ered micro grid at the Lunar poles would be useful 
to mission planners, scientists, engineers, and as-
tronauts. Lunar permanence starts with steadily 
available power. 

Honeybee Robotics (HBR) and mPower are de-
veloping the Lunar Array Mast and Power System 
(LAMPS) to provide such power for the first time. 
This lightweight and relocatable robotic system 
combines key technologies for solar power gener-
ation, dust tolerant connection points, zero mainte-
nance actuation, compact deployment, and auton-
omous operation. 

LAMPS is a deployable solar panel system al-
lowing operation 10s of meters above the ground 
and generating 10s of kW. LAMPS, in its current 
architecture, is designed to operated 8-18 m above 
the ground and provide 10 kW of electrical power, 
assuming various system level and solar array in-
efficiencies. This extended height, deployed at cer-
tain locations on the Lunar surface, will allow 
LAMPS to operate with a drastically reduced pe-
riod in darkness, of around 5 Earth days or less. 

 
Fig 1. LAMPS 10kW solar array along with HBR’s 
dust tolerant connectors provide the basis to power 
the Moon. 

Design for Dust Tolerance: LAMPS’ underly-
ing robotic technologies from HBR have been 

designed for drilling hundreds of meters into lunar 
and Mars regolith and thus are inherently robust 
and dust tolerant. LAMPS’ solar cell technology 
from mPower, called DragonSCALES, is what 
makes LAMPS low mass and low volume. Drag-
onSCALES-based solar arrays are half the mass 
per kW of traditional space solar arrays. This drives 
a smaller structure and overall system mass.  The 
key LAMPS design elements include: 

1. Stowable lightweight solar panels based 
on DragonSCALES 

2. Solar panels deployment based on 
TRIDENT cable-pulley architecture 

3. Redeployable mast based on DIABLO 
4. Redeployable umbilical cable 
5. HBR actuators for deployment, leveling 

and solar tracking  
6. Dust tolerant electrical connectors 
7. Thermal control system 
8. Power storage and battery management 
9. Avionics and communications based on 

Dragonfly DrACO system 
10. Autoleveling based on HBR robotic sys-

tems 
Dust Tolerant Connectors (DTC): While it is 

imperative for LAMPS to be dust tolerant, it is nec-
essary for the robotic and human systems connect-
ing to the power grid also have a robust dust toler-
ant interface. HBR has been developing for dec-
ades and is now in the process of standardizing the 
connector for lunar use. 

 
Fig 2. DTC to reliably distribute power around the 
Moon. 

HBR’s Goal: It is HBR’s mission to provide a 
robust power grid anywhere on the Moon and en-
able sustained lunar economy.  
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Introduction: The establishment of a lasting 

human lunar presence necessitates the large-
scale construction of roads, landing pads, and 
other critical infrastructure over vast areas of the 
lunar surface. Landing pads are essential to en-
sure that the propellant exhaust of landing vehicles 
does not accelerate loose lunar regolith to hazard-
ous velocities. Furthermore, roads will be pivotal to 
enable safe and efficient traversal of the lunar sur-
face to reach resources (especially water ice) that 
are distanced from the primary lunar settlements.  

The construction of such infrastructure requires 
a manufacturing system with the capacity to pro-
duce substantial volumes of high-strength ISRU-
derived material efficiently, reliably, and autono-
mously. We propose ACRE: Autonomous Casting 
RovEr to meet this need through the in-situ casting 
of ISRU-derived feedstock materials. ACRE func-
tions by heating feedstock to a liquid state before 
depositing batches of the molten material directly 
into molds formed on the lunar surface by the 
rover’s plow as it drives along. Casting is uniquely 
suited to early-stage lunar manufacturing due to its 
innate versatility, robustness, and ability to pro-
duce high-quality components from a wide range 
of potentially available materials. Furthermore, 
ACRE packs its entire manufacturing process (en-
ergy collection, heat generation, feedstock stor-
age, deposition, and mold forming) into the form 
factor of a self-sufficient and mobile rover, enabling 
it to autonomously operate for extended periods of 
time without astronaut involvement.  

 
Figure 1: Schematic Overview of the ACRE System 

Optical Waveguide Solar Power System 
(OWSPS): The energy for batchwise heating of the 
feedstock carried in the rover is provided by the 
OWSPS system, which uses an array of parabolic 
mirrors to concentrate the powerful and nearly con-
stant solar rays of the lunar south pole into bundles 
of Optical Waveguide (OW) cables. The OWSPS 
will enable heating and deposition directly at the 
point of use, enabling safe, autonomous construc-
tion across vast areas of the lunar landscape with 
minimal astronaut involvement.  

Crucible: The OW cables channel the concen-
trated solar rays directly into an insulated crucible 
which ensures that the heat provided by the 
OWSPS can be sufficiently accumulated to reach 
target casting temperatures. The crucible design 
features inner and outer shells of robust alumina 
ceramic surrounding an insulating layer of zirconia.  

Regolith Furrowing and Casting: The shape 
of the rover’s plow (including mold depth, mold 
width, draft angle, and anchoring shape) can be 
easily exchanged to optimize for the casting of a 
particular product. Natural wicking of the deposited 
liquid feedstock into the powdery regolith mold will 
help anchor the cast structures.  

Metal Matrix Composite Fabrication: ACRE’s 
feedstock will contain a mixture of refined metal 
and raw lunar regolith to form a precipitate-hard-
ened Metal Matrix Composite (MMC). Aluminum is 
the preferred refined metal due to its lower melting 
temperature (for faster heating), proven compati-
bility for casting in regolith molds [2], and availabil-
ity via the planned refining of lunar anorthite [3]. 
The fraction of raw regolith in the MMC will be max-
imized to reduce the need for more resource-inten-
sive refined metals, thus accelerating the rate and 
scale of lunar infrastructure development. 

Acknowledgement: This work is supported by 
NASA’s Space Technology Mission Directorate’s 
Game Changing Development Program through 
the 2023 BIG Idea Challenge.  
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Introduction: 
As NASA prepares to return humans to the 

moon the need for near-instant image and video 
denoising will become vitally important to decision 
making [1]. One of the use cases for video de- 
noising will be for landing leg attenuation on the 
Human Landing System during Lunar descent. In- 
stantaneous Clarity of Ambient eNvironment Ca- 
pability (ICAN-C) uses Marshall Space Flight Cen- 
ter (MSFC)’s optical technology and Artificial Intel- 
ligence/ Machine Learning (AI/ML) to improve sce- 
narios of obscured or hazy vision. 

The short-term motivation is to improve the vis- 
ual clarity of lunar terrain based on HLS needs. 
There is no other similar technology on the market 
today. Using a custom training data set for our 
AI/ML models, this system is best suited for lunar 
and Martian operations; however, the neural net- 
work can be retrained to be useful on any soil or 
weather conditions (i.e., blowing southeastern US 
clay vs Saharan dust vs snow). 

ICAN-C has the endorsement of the NASA Dust 
Mitigation Stakeholders Forum and has matured 
from TRL 1 to TRL 3 in one year. The current iter- 
ation of ICAN-C can detect blowing regolith and the 
associated neural network is structured to elimi- 
nate identified obstructions. Next steps are to bun- 
dle the software and cameras into a light-weight 
package and deploy it on a drone in the MSFC Lu- 
nar Regolith Terrain to demonstrate the instanta- 
neous capability of ICAN-C. 

Digital Formats: 

 
Figure 1 AI Generated lunar terrain after 368 iterations, 
trained on Clementine Spacecraft images. 

 
 

 

Figure 2 Apollo 16 EVA footage original (above), and dust 
detected(below) 
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Abstract:  Many countries are racing to explore 

the south pole of the moon. This presents opportu-
nities for collaboration and sharing of resources to 
reduce costs. The Artemis Accords, signed by 28 
countries, outline the principle of interoperability. 
With more government agencies and private com-
panies involved in lunar exploration, it is challeng-
ing to establish and maintain interoperability be-
tween many entities. 

This paper presents a shared virtual environ-
ment for collaborative lunar explorations. The en-
vironment provides high-fidelity physics-based 
model of the lunar terrains for partners to jointly de-
sign and test lunar missions in a shared environ-
ment to ensure interoperability. This realistic virtual 
environment enables testing of human-robot and 
robot-robot interactions. It could also provide the 
needed shared datasets for the entire community 
to train AI models for lunar autonomous systems. 
Using a common benchmark in this environment, it 
could help evaluate different systems' perfor-
mance. By pairing the virtual environment with a 
reconfigurable physical testbed, this integrated 
system could provide digital twins to improve lunar 
operations and enhance reliability. 

In partnership with the NASA-funded Autonomy 
Research Center for STEAHM (ARCS) at the Cal-
ifornia State University, Northridge (CSUN), a 
team at the Jet Propulsion Laboratory (JPL) is de-
veloping the prototype VIRCLE environment to 
support testing of teaming between autonomous 
rovers exploring the lunar south pole. VIRCLE 
uses an open metaverse approach based on the 
Nvidia Omniverse software platform. Data from the 
Lunar Orbiter Laser Altimeter on NASA's Lunar 
Reconnaissance Orbiter (LRO) was imported into 
Omniverse to create the initial lunar landscape. 
Due to the limited resolution of the LRO data, high-
definition lunar terrain and rocks were created us-
ing the 3ds Max software and automatically added 
to the metaverse using a VIRCLE tool (Figure 1). 
Adobe Substance was used for texturing. The Om-
niverse handles physics, movement, and 3D visu-
alization using the interchangeable Universal 
Scene Description (USD) format. A summer intern-
ship project titled Moonwalker [1] was developed 
by a group of interns in 8 weeks on VIRCLE. With 
help from NASA JPL's CADRE team, the CADRE 

rover model was imported into the metaverse (Fig-
ure 2). Using Chrono physics-based modeling soft-
ware from the University of Wisconsin-Madison, 
the team developed a differentiable physics model 
to accurately predict the behavior of the rover trav-
ersing lunar regolith (Figure 3). To support astro-
naut’s immersion in the VIRCLE environment, Mi-
crosoft HoloLens was used to provide augmented 
reality capabilities for human to interact with the vir-
tual test environment (Figure 4). A reconfigurable 
physical testbed matching the virtual environment 
is under construction at the ARCS. This testbed will 
be able to validate the results from the virtual envi-
ronment. The team plans to open source the 
Moonwalker software tools and use the Nvidia 
Graphics Delivery Network to enable distributed 
high-fidelity 3D interactions across the Internet so 
that the lunar exploration community can collabo-
rate, contribute, build, and test together. 

  
Figure 1: Terrain and model creation 

 
Figure 2: Import rover model into VIRCLE 

 
Figure 3: Differentiable Physics Model 

 
Figure 4: Augmented reality capability and digital 
twins integration with ARCS physical testbed 
[1] Moonwalker video, 
https://www.youtube.com/watch?v=E0Rz0ZbwhJY&t=337s  
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Introduction:  A key goal of Artemis is to es-

tablish a base camp on the south pole of the moon. 
Achieving a sustained presence on the lunar sur-
face will require innovations across myriad disci-
plines, including material and building sciences, ro-
botics and sensors, and autonomy. While low-TRL 
technologies can be developed in isolation, to 
achieve higher TRLs, the various components will 
need to be assembled into systems capable of 
completing the complex tasks required to construct 
and maintain Artemis Base Camp. 

Real-world testing at lunar analog sites is infre-
quent owing to it being costly and challenging to 
coordinate among many diverse teams. In addi-
tion, the process of connecting the various compo-
nents will be a major challenge that, if not planned 
for and managed from the early days of the project, 
could result in significant delays and costs. Finally, 
when comparing the solutions of different teams for 
a given element of the system, virtual testbeds will 
be essential for producing quantitative metrics to 
enable apples-to-apples comparisons without the 
need for costly real-world testing. 

To address the above challenges, we propose 
the development of the Lunar Autonomy Testbed 
for Technology Exploration (LATTE), a modular, 
open source virtual sandbox that will enable cross-
team and cross-discipline collaboration on technol-
ogies for a sustained human presence on the 
moon. 

Related Work: NASA’s Ocean Worlds Auton-
omy Testbed for Exploration Research and Simu-
lation (OceanWATERS) is an open-source project 
whose stated goal is to promote the development 
of autonomy for robotic missions to ocean worlds 
such as Europa, Enceladus, and Titan [1]. Ocean-
WATERS has already enabled research demon-
strations, including for autonomous sampling site 
selection [2]. 

LATTE:  The four main components of the Lu-
nar Autonomy Testbed for Technology Exploration 
(LATTE) are Assets, Simulators, Algorithms, and 
the ConOps Library. These components are linked 
together via strictly managed Interfaces. 

Assets. Any proposed physical object that is not 
currently present on the lunar surface is consid-
ered an Asset in LATTE. This includes robotic 
hardware and tools, sensors, materials and struc-
tures (either from Earth, or manufactured in situ on 
the moon), and human agents. 

Simulators. Fast, high-fidelity simulators are an 
essential component of any virtual testbed. Given 
the diverse nature of the technologies needed for 
Base Camp, there will need to be several different 
simulators in LATTE, including visual and point-
cloud simulators, physics simulators for regolith 
and other materials’ behaviors, and robot and 
structure dynamics. These simulators could be 
used for both testing and validation of systems and 
subsystems, as well as for creating large, labelled 
datasets for offline testing and machine learning. 
Simulators will need to be validated against real-
world data. 

Algorithms. Given the complex nature of the 
tasks at hand, a variety of categories of algorithms 
will need to be explored and refined, including au-
tonomous, tele-operated, and hybrid control, sys-
tem health monitoring, perception, and planning. 

ConOps Library. To evaluate and compare the 
various assets and algorithms, a collection of rele-
vant conops will need to be devised. A given co-
nops will specify which types of assets, algorithms, 
and simulators are required, the tasks that need to 
be completed, and how performance on these 
tasks will be quantified (metrics). For any given co-
nops, a leaderboard can be maintained to track the 
top performing assets and algorithm implementa-
tions for that task. 

Interfaces. Given the proposed open source 
nature of LATTE, anyone could submit new assets, 
simulators, algorithms, and conops. The key to en-
abling contributions from the community is a strictly 
defined and managed set of interfaces between 
the various components of LATTE. This will allow 
for changes to a single element, such as adding in 
a new type of sensor, a novel autonomous control 
algorithm, or an improved regolith physics simula-
tor, without breaking the other assets, simulators, 
and algorithms already operational within the sys-
tem. In addition, by implementing these same in-
terfaces in the physical counterparts of the virtual 
hardware, algorithms and conops will be readily 
transferable to real-world deployments. 
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Introduction:  NASA’s Artemis program has 

set forth an ambitious plan to return humans to 
the Moon [1]. It is expected that the return of hu-
mans will call for the development of a semi-per-
manent or permanent base on the Moon. Site 
preparation and construction methods that can be 
adapted to changing site conditions and enable 
base mobility would be ideal because they re-
duce the overall mission planning constraint and 
minimize end-structure variability. 

We are investigating the use of regolith filled 
sandbags, which are simple, multifunctional 
building blocks. Thes can be used in a wide 
varidety of applications such as berms, landing 
pads, radiation shelters, ballast (e.g. solar tow-
ers), and in future habitat construction [2]. Their 
modular design, their modest upmass to launch 
vehicle mass constraints, and ability to be re-
used, make them a low cost, attractive option for 
early lunar structures.  

Goals: A demonstration mission to the lunar 
surface is currently being considered, with the 
goal of constructing a simple berm. This allows 
for the validation of several technologies such 
as: regolith excavation, regolith bagging, con-
struction using a building block architecture, as 
well as the measurement of radiation effects 
(both protected and unprotected by the berm) 
and any lunar seismic activity. 

A demonstration mission such as this woud 
be the first step in creating larger structures, that 
would require increasing knowledge of lunar 
civil engineering, and could allow for a wide va-
riety of architectures for any permanent or semi-
permanent robotic and astronaut habitats. 

Mission Breakdown: The mission architec-
ture being considered has been broken down 
into: regolith excavation, regolith bagging, 
structure construction, and structure verification. 

Regolith excavation involves not only remov-
ing material from the surface, but also sorting out 
any large materials (e.g. impact ejecta littering 
the surface) [3]. Several methods were consid-
ered including rotating drums, mechanized 
scoops, and shovel based technologies. 

Regolith bagging will create the “sandbag” 
units (called here: Regolith Containment Units 
or RCUs), as well as manipulate the completed 
RCU for transfer to the construction element. 
Several bag materials are being considered, as 
they must be durable enough to contain the reg-
olith, but must also be sealable while exposed to 
its abrasive properties. 

Construction involves manipulation of the 
completed bag into a logical “building block” ar-
chitecture. The bags must be carefully laid, and 
must contain locking features to avoid slippage. 

The Verification step will provide some as-
surance that the bags are properly stacked, in a 
way that they will not put undue stress on other 
portions of the structure and to ensure that they 
could withstand any lunar seismic activity. This 
could be achieved through both visual means 
and “smartbag” technologies [4]. 

Future Applications: Once demonstrated, the 
sandbag building methods used to build a simple 
berm could be applied to larger and more com-
plicated strucutures such as full blast berms, 
landing pads, adobe domes, and rover shelters. 

References: [1] Creech, S et al., (2022) IEEE 
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Introduction:  Future science missions to the Lunar 

surface will require hardware, electronics and energy 
storage systems that can tolerate the extreme low 
temperatures of the Lunar night. Some missions will 
require continuous operation through the night and 
others will only need to tolerate it and wake up and 
operate at the Lunar dawn.  

The temperatures expected (about -180 C at night, 
lower in craters, and up to +120 C in the day) dictate 
that batteries and electronics currently must be housed 
in temperature regulated chambers kept between 0 C 
and +40 C, because this is where lithium-ion cells have 
adequate performance.  Automotive electronics are 
rated down to -40 C and military electronics are rated 
down to -55 C and it would be advantageous to have 
rechargeable batteries that could work well at least to 
the same low temperature ranges (either down to -40 C 
or -55 C) to match the limits of existing electronics 

  
Problem:  The low temperature performance of 

lithium batteries is limited by several factors: (1) the 
conductivity of the electrolyte; (2) the resistance of the 
solid electrolyte interface (SEI) or the cathode 
electrolyte interface (CEI); and (3) the charge transfer 
resistance of the SEI and/or CEI (moving lithium ions 
into and out of the solid electrodes).  

Advances have been made in fluorinated carbonate 
liquid electrolytes capable of cycling down to -60 C or 
lower [1]. These have been demonstrated on other 
NASA-funded projects and interestingly they promote 
low temperature lithium plating on the anode, however 
improvements in capacity retention at extreme low 
temperatures (-40 C to -60 C) are still of interest when 
considering the needs of operating electronics in the 
Lunar day-night cycle.  

Solid-liquid interfaces in lithium batteries can suffer 
from slow lithium ion transfer across this boundary, 
especially when cold. The typical solution to this 
problem is to add an ionically conductive additive to 
form an SEI or a CEI in situ during cell formation, or to 
add an artificial SEI / CEI prior to cell assembly to 
promote lithium diffusion between electrodes and the 
electrolyte (and to prevent unwanted side reactions). In 
many cases the artificial SEI / CEI is a polymer. 
However, the polymers typically cannot perform well in 
wide temperature ranges expected on the Lunar surface 
(even for partially temperature-regulated housings or 
instruments). The materials used for artificial SEI’s / 

CEI’s either melt or dissolve when too hot or they 
become non-conductive when too cold. Advancements 
that address battery operation at extreme temperatures, 
combined with high specific energy are still critically 
needed. 

 
   Solution:  Our solution to make rechargeable 

lithium-ion batteries that operate in extreme 
temperature environments is based on a new, stable, 
nanostructured polymer that serves as an artificial SEI / 
CEI that solves the poor lithium conductivity at the 
solid-solid interphases in high energy density batteries 
at -40 C to -60 C. The same artificial SEI / CEI also 
provides some discharge capacity at even -80 C, but the 
primary focus of this work is to take full advantage of 
electronics rated to -55 C.  Prototype batteries retain 
75% of the room temperature capacity and specific 
energy of the battery when operated at -40 C (and still 
maintain close to half of the capacity at -55 C).  

In this project TDA Research is developing and 
testing a proprietary [2],[3] artificial SEI / CEI for NMC 
811 cathodes combined with lithium metal or Si/C 
anodes. Our artificial SEI / CEI performs well at low 
temperatures because it has both a high lithium ion 
conductivity, combined with a very low charge transfer 
resistance, and it has a temperature vs. conductivity 
behavior similar to solid ceramic conductors: it has a 
linear Arrhenius behavior and maintains a high 
conductivity at low temperatures. In contrast, most other 
polymer solid electrolytes and liquid electrolytes have a 
drastic reduction in conductivity below the glass 
transition (or freezing) temperature. Furthermore, our 
coating is stable in contact with a low temperature 
electrolyte during repeated cycling. 

 
   Status:   Starting an SBIR Phase II project to develop 
our artificial SEI and test coin cells and pouch cells: 
planning to partner with battery producers for larger 
cells in Phase II. Conducting planning for a tech 
demonstration.  
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Introduction: The Artemis era will depend on the

development of systems, such as the proposed LunaNet

[1], for the accurate delivery of positioning, navigation

and timing (PNT) information on the lunar surface and

in cislunar space. These systems will themselves de-

pend on the accuracy of ties between the Lunar Refer-

ence System (LRS) and the International Celestial Ref-

erence Frame (ICRF), and also on the ability to base

PNT updates on sites with known positions and timing

(geodetic “fiducial points”). Fiducial points on the sur-

face of the Moon should be very stable; the Moon is

dynamically much quieter than the Earth, with no at-

mosphere or oceans to perturb its rotation. Lunar sur-

face fiducial points will thus be essential for the mainte-

nance of the LRS, and also for the geodetic monitoring

of orbital, rotational and tectonic motions of the lunar

surface. Here, we describe how fiducial points can be

monitored at the few mm level with monthly solutions

using collocated Lunar Laser Ranging (LLR) retrore-

flectors and Very Long Baseline Interferometry (VLBI)

radio beacons. Combinations of LLR and VLBI data

could usefully determine the ∼38 mm yr−1 orbital re-

cession of the Moon [2] on a monthly basis, enabling the

study of the interaction of this recession with terrestrial

tides, climate cycles, and climate change.
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Figure 1: LLR partials for a fiducial point at the center

of the near side in Sinus Medii (for the Apache Point

APOLLO LLR system). The correlations between the

semimajor axis and the radial term of lunar position, and

also between latitude and longitude, are evident here,

and in the formal errors presented in Table 1.

Enhancing Lunar Geodesy with Collocated Ob-

servations: Soon, through CLPS and Artemis landings,

the LLR retroreflector network deployed 5 decades ago

will finally be extended [3]. In addition, Space Initia-

tives Inc (SII) is developing COMPASS beacons for the

accurate determination of positions on the lunar sur-

face with Very Long Baseline Interferometry (VLBI)

[4]. LLR determines the distance of a retroreflector,

i.e., its radial position, while VLBI determines the angu-

lar position of the radio beacon; simultaneous measure-

ments of collocated reflectors and beacons at a fiducial

point can thus determine the position of the point in all

three dimensions. Simulated solutions with either LLR

or VLBI alone, as in Table 1, consistently show, even

for monthly observing campaigns, highly correlated po-

sition components with relatively large formal errors for

both measurement types. As is indicated in Figure 1, the

geometric limits of each measurement type alone can be

broken by a combination of the two data types.

Solution σR σθ σφ σa

Sinus Medii (1 month)

LLR Only 12.6 57.1 69.3 12.1

VLBI Only 238.8 33.6 29.1 6.3

LLR + VLBI 3.6 16.1 19.4 3.42

Malapert Mt. (1 month)

LLR Only 87.1 71.3 10.0 13.7

VLBI Only 33.5 32.7 240.7 6.4

LLR + VLBI 20.0 16.4 2.7 3.5

Table 1: LLR, VLBI and combined monthly solution

formal error estimates (in mm) for a fiducial site at cen-

ter of the near Side, in Sinus Medii, versus a fiducial

site near the lunar South Pole, on Malapert Mountain

(assumed to have continual Earth visibility). At both

sites the combined data set breaks the high correlations

found with either VLBI or LLR data alone, allowing for

a good determination of these parameters.

We conclude that combined solutions using LLR and

VLBI data break the geometrical dilution of precision

which otherwise hinders short duration determinations

of station positions. The combination of LLR and VLBI

data from fiducial points with collocated retroreflectors

and beacons will significantly enhance the monitoring

of station positions, the maintenance of the LRS, and

the determination of the recession of the lunar orbit and

the free lunar librations.
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Draft LunaNet Interoperability Specification Tech. Rep.
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Introduction: Landing on the Moon is intrinsi-

cally difficult, and is made more difficult by the present

lack of any local support for landing operations, or any

sort of global-positioning system for guidance. Four of

the last five attempted lunar landings, have all failed,

all apparently because of various software or sensor

problems. The Space Initiatives Inc (SII) Ringside

Seats™lander support system is based on the SII Mote

System developed to provide situational awareness and

scientific data from the lunar surface. Ringside Seats

packages together already developed Motes, Pankin

boxes and COMPASS navigation beacons [1] to provide

a support system to reduce the risks of the lunar landing

process, provide state information during the landing

and an independent source of data on landing problems,

and also provide a post-landing PNT and communica-

tions network. In case of a failure, Ringside Seats can

provide an independent source of data, such as imagery,

for forensics.

Probes to Extend Surface Exploration: Space

Initiatives Inc (SII) has been developing a set of small

probes and drones [2, 3], including Mote™penetrators,

Eagle™rocket drones, and Panko™“breadcrumbs.”

Mote ballistic penetrators can be deployed from de-

scending lander, allowing for small swarms to be set

up across a target of interest (Figure 2), offering an

economical way to study and instrument a large number

of sites in a lunar traverse [3].

Mote™Ballistic Penetrators (see Figure 1) are 360

mm long by 50 mm diameter and feature a hardened

steel nosecone with a composite body; an electronics

package with power management, data acquisition and

storage, flight instrumentation including accelerometers

and gyroscopes, and mesh-network RF transceivers; a

precise clock source; and on-board power sufficient for

operation through one lunar day (more if photovoltaics

are carried on the antenna mast). While the penetrator

body with its instruments burrows through the regolith,

coming to a rest up up to one meter below the surface,

the tail section remains near the surface and deploys an

antenna mast.

Lander Support with Ringside Seats: Figure 2

shows how a string of 4 Motes can be deployed over a

region, the Connecting Ridge (CR1) between Shackle-

ton and Gerlach Craters, providing both geotechnic in-

formation about the surface and a seismic network to

monitor subsurface activity at the site. Each Mote de-

ployment will also automatically set up a mesh commu-

nication network for low bit-rate communications back

to the lander or rover hub used by the astronauts In ad-

Figure 1: A cut-away image of a Mote penetrator after

deployment into the lunar regolith.

Figure 2: Mote penetrator deployment along the Con-

necting Ridge (CR1) near the lunar South pole.

dition, Motes can deploy COMPASS beacons (or other

radio communications systems) for low-bit-rate com-

munications with Earth, or a relay satellite, in case of

a lander failure.

References: [1] T. M. Eubanks (2020)

arXiv:2005.09642. [2] C. J. Ahrens, et al. (2021) The
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et al. (2021) in 2021 Annual Meeting of the Lunar
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Introduction:  The pathway to a commercial 

space nuclear industry faces numerous regulatory 
challenges and policy uncertainties. These chal-
lenges and uncertainties are relevant to all space 
nuclear programs, including Fission Surface 
Power (FSP), Nuclear Thermal Propulsion (NTP) 
and Nuclear Electric Propulsion (NEP), and are 
thus relevant to lunar surface infrastructure devel-
opment, cislunar activity, and extensibility to Mars. 
Nuclear power in space is impacted by interna-
tional treaties [1], international norms [2][3], US 
Government regulations [4], and US domestic and 
international policy [5][6][7][8], making it compli-
cated to navigate. We offer a tutorial of this topic, 
highlighting issues that need to be resolved to lay 
the groundwork for near term government spon-
sored projects and long-term commercial activity.   

Regulatory Challenges:  We divide the regu-
latory challenges into four categories; 

System Components:  The regulatory chal-
lenges start at the selection and development of 
the system components. Codes, certifications, and 
maturity of materials dictate the feasibility of using 
advanced fuels, moderators and reflectors. These 
regulations come from industry standards as well 
as government oversight. Some examples are: li-
censing of fuel fabrication facilities (NRC), safe 
transportation of hazardous materials (DOT), 
sources of High Assay Low Enriched Uranium (De-
partment of State), and safe handling and certifica-
tion of advanced moderator/reflector materials 
(metal hydrides, beryllium, etc.).   

System Ground Testing:  Any developed gov-
ernment or commercial space nuclear system will 
require some level of ground testing. With the re-
lease of NSPM-20, the authority for launch of any 
LEU/HALEU system has been assigned to the gov-
ernment agency sponsoring the launch. Ground 
testing oversight would be under the same spon-
soring agency. Currently NASA, DOD, and the De-
partment of Commerce have been formalizing the 
requirements they will have for approving 
launches. Each of these however will have their 
own ground test requirements, so that approval of 
one agency would not guarantee approval by the 
others should the technology be adapted to a sep-
arate program. 

Launch:  The regulatory hurdles for launch, es-
pecially for a commercial system, revolve around 
indemnification. The Price-Anderson Act lays out 

how terrestrial nuclear reactors, their operating en-
tities, and the federal government share fiscal risk 
for an accident of an operating nuclear reactor. It 
is predicated upon a formal licensing procedure 
and accepted licensing authorities. Without a simi-
lar bounding of financial risk for launch of a space 
nuclear system, establishing a commercial space 
nuclear industry will be extremely difficult.  

Concept of Operations (ConOps):  Once 
launched the regulations surrounding the opera-
tion of a space reactor are largely non-existent. 
Where a space reactor will be allowed to operate, 
for how long, with what level of radiation shielding 
and in what manner are still largely undefined. Cur-
rently these decisions would be the responsibility 
of the nation of origin, posing a risk of international 
conflicts around usage, operation, and decommis-
sioning of reactors in space.  

Policy Uncertainties: Development of a com-
mercial space nuclear industry also faces policy 
uncertainties. The current regulations currently fall 
almost entirely under the authority of politically ap-
pointed individuals. A change in administration 
could completely change the regulations. This will 
prove a challenge for a system that will take multi-
ple years to design, build, test, and fly. Even with-
out the regulations directly changing, the availabil-
ity of the necessary resources to test and assem-
ble a space reactor is largely dependent upon pol-
icy focus. The commercial crew program, and com-
mercial supply missions to the international space 
station as policy initiatives along with other pro-
grams have led to the development of a thriving 
commercial space launch economy. A similar 
model could be used to spur the space nuclear in-
dustry.   

References: [1] Treaty on the Principles Gov-
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Sources in Outer Space (1992). [3] IAEA Safety 
Framework for Nuclear Power Systems. [4] 100th 
Congress (1988). HR1414 – Price-Anderson 
Amendments Act of 1988. [5] IAEA-1197 Nuclear 
Power in Peaceful Space Exploration. [6] National 
Security Presidential Memorandum 20 (NSPM-
20).  [7] Space Policy Directive 6 on the National 
Strategy for Space Nuclear Power and Propulsion 
(SPD-6). [8] Artemis Accords.   
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Introduction: Lunar pits are unique portals to the
lunar subsurface, where long-term human habitats
could be established and protected from the
radiation, micrometeorite, and thermal hazards of
the Moon’s surface. To-date, hundreds of lunar pits
have been discovered from orbit, but orbital
imagery is insufficient to find subsurface habitat.

Fig 1. Lunar pits may provide access to sheltered overhangs
and cave entrances that could protect long-term lunar habitats.

Small, fast, autonomous microrovers have been
proposed to navigate lunar pit rims, image pit
interiors, and construct accurate 3D models of the
pit morphology [1]. This could be achieved in the
near term at low cost with a NASA PRISM-class
mission. The High Dynamic Range imaging and
3D modeling required for this ambitious proposal
have been developed and evaluated in [2,3,4], but
the identification of safe imaging vantage points
with wide, overlapping coverage and the
development of safe micro-rover navigation routes
to attain those vantages remains unexamined.
This research addresses those gaps.

Fig 2. Microrovers like this CMU prototype could explore lunar
pit rims to discover caves and map safe descent routes.

Vantage Identification and Selection: Working
from best-available orbital terrain maps, the
algorithm identifies vantage points on the pit rim
with wide, overlapping, fronto-parallel views of the
pit’s interior surfaces. Vantages that cannot be
reached without exceeding the micro-rover’s

maximum pitch and roll limitations are excluded,
as are vantages that lie beyond the line-of-sight of
the lander’s surface communications radio. The
final subset of viewing vantages are selected
using a greedy heuristic that prioritizes fast
acquisition of wide overlapping view coverage.

Navigation Planning: Next the algorithm rapidly
generates safe low-level paths connecting each
vantage to all other vantages and the landing site.
Paths are generated using a variant of A* with a
cost function that prioritizes short paths and
minimal terrain slope. Using the path segments
planned between imaging vantages, a final global
exploration route is constructed using an efficient
Traveling Salesman Problem solver to design a
least-cost route that begins at the landing site and
visits all the identified vantages around the pit rim.

Fig 3. A top-down slope map of the Lacus Mortis Pit with rover
exploration route overlaid. The rover departs its landing site
(white circle) and visits 12 vantages around the pit rim. At each
vantage it images the pit interior and improves its 3D model.

Summary: This work develops efficient algorithms
for vantage selection and navigation planning that
are needed to enable small rovers to search
massive lunar pits for sheltered overhangs and
habitable caves. The resulting algorithms are
suitable for in-situ planning and replanning to
adapt to changing conditions and priorities over
the course of a pit exploration mission.

References: [1] Whittaker, W.L., et al. (2021)
LPSC, no. 2548, pg. 2644 [2] Ford, J.S. et al.
(2021) IEEE AeroConf, pg. 1-7 [3] Ford, J.S. et al.
(2021) LPSC, no. 2548, pg. 2631 [4] Ford. J.S. et
al. (2020) 3rd PCC, no. 2197, pg. 1062.
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Introduction:  Many fundamental problems re-

main to be solved regarding digging, transporting, 
and processing lunar and Mars regolith. The capa-
bility gaps for producing oxygen (O2) from lunar 
regolith, and water from lunar (and Mars) ice, in-
clude (among others) how to: 
• Dig up hard, frozen icy regolith (ore),  
• Transport it to a processing site,  
• Lift it into a reactor, and  
• Capture the extracted product (water).  
All this must be done without losing an excessive 
fraction of the contained water to the surrounding 
environment. (What magnitude of loss constitutes 
“excessive” is outside this study’s scope, which is 
to quantify the effects, thus forming a basis for 
such decisions.) 
To fill some of the open component gaps that are 
common to multiple technologies for lunar use, the 
Fundamental Regolith Properties, Handling, and 
Water Capture (FLEET) project set up a number of 
small fundamental research studies that involve 
numerical modeling and physical experiments.  
This is a summary of the accomplishments and les-
sons learned to date. 

Reducing Excavation Energy:  Ultrasonic vi-
bration of the soil-engagement interface of excava-
tion tools is known to reduce digging forces on 
Earth [1].  Lower forces require lower excavator 
mass, thus reducing the energy required to exca-
vate a unit volume of ore.  

Regolith as a Sealant:  The internal cohesion 
of lunar regolith can withstand a certain amount of 
pressure differential [2].  This task has evaluated 
the extent of this property for potential application 
to sealing regolith transfer points and reaction 
chambers. 

Transporting Ore with Minimal Losses:  
Some fraction of the target volatiles contained in 
icy regolith escapes when it is disturbed in the lu-
nar surface environment, beginning when it is dug 
and continuing while it is hauled from mine to pro-
cessor and during extraction within the processor 
itself.  The magnitude of this effect during vibration 
(to simulate ore transport) and heating (to simulate 
water production) is being evaluated with experi-
ments and numerical models. 

Transporting Ore Vertically:  Terrestrial in-
dustries have evolved various ways to convey 
granular material upward inside minimal lateral 
footprints.  This task is evaluating variations on a 
spiral conveyor [3] in a flight test soon. 

Growing Ice:  Once water has been extracted 
from regolith, it can be transported in tankers as ice 
rather than as water.  This task looked at the mech-
anisms by which water vapor can be frozen [4].  
Figure 2 illustrates typical agreement of experi-
ment with model. 

 

 
Fig. 1:  One of several soil-engagement test arti-
cles tested with and without ultrasonic-assist [1]. 
 

 
Fig. 2:  Measured vs. modeled ice layer thickness 
from water vapor stream at 500 Pa and 268 K [4]. 
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 Summary: Microgravity exposure could accel-

erate cancer formation in spacefarers whose bod-
ies harbor dormant cancer cells. To test this possi-
ble outcome, relative levels of gene expression 
(proteins, XNCs or MHCs), cell morphology, prolif-
eration, and intercellular behavior of cancer cells 
exposed to microgravity on the ISS will be com-
pared to control cells on earth.  

Introduction:  Despite our increasing success 
in the early detection and removal of primary can-
cers, most cancer mortality occurs after periods of 
remission, during which cancer cells may “hide” 
from immune and therapeutic detection by entering 
a period of dormancy [1]. The microenvironmental 
causes of this period of dormancy, which can last 
for days, months, or years, are unknown. Also un-
known are the physical and chemical signals that 
trigger re-activation of cancer cell division, eventu-
ally leading to tumor formation, metastasis, and 
death [2]. The few studies that do exist indicate that 
abnormal levels of certain factors (such as inflam-
matory, growth, and cell adherence signals) are 
associated with cancer cell dormancy and prolifer-
ation. Disturbingly, several of these factors are co-
associated with exposure to microgravity [3]. If ex-
posure to microgravity effects cycles of cancer cell 
proliferation and/or dormancy, this may impose 
challenging limitations for future space travel and 
its long-term consequences. Most directly, micro-
gravity exposure could accelerate cancer for-
mation in spacefarers whose bodies harbor 
dormant cancer cells. Our team will analyze the ef-
fects of a microgravity environment on cultured 
B3B7 cancer cell lines from the model organism 
Xenopus laevis (African clawed frog). Specifically, 
we will measure relative levels of gene expression 
for dormancy-associated proteins, which will be 
compared between microgravity-exposed cancer 
cells, and cancer cells not exposed to microgravity.  

  
Fig. 1: Proliferating (left) and dormant/proliferative-
mix (right) Xenopus B3B7 lymphoma cells.  

 
Fig. 2: Experimental enclosure. Cells will be 
seeded in media in Volumes A and C; fixative in B. 
Additionally, cell morphology, proliferation, and in-
tercellular behavior will be assessed in all groups. 
This study will directly aid in our understanding of 
microgravity’s impact on cancer dormancy and ac-
tivation, while improving our limited understanding 
of the phenomenon of cancer dormancy more 
broadly. 

Preliminary Results: In partnership with F. An-
dino and J. Roger at Syracuse University, we con-
ducted preliminary experiments under simulated 
conditions on the Xenopus cells. We seeded cells 
at varying concentrations (from 100 to 100,000 
cells/mL) and varying temperature conditions (from 
4 to 27 degrees Celsius. The ideal seeding con-
centration identified so far is ~100-1000 cells/mL; 
the cells exhibit density dependent growth; higher 
concentrations result in too rapid proliferation. 
Weeks 3-5 represent the ideal time for cell fixation, 
as there is a mix of proliferating and dormant cell 
phenotypes observed. After ~week 5, cell concen-
tration slowly declines, until ~week 8, when con-
centration decreases dramatically. However, via-
ble cells were still present at experiment conclu-
sion at 9 weeks; raising our confidence that the 
‘live’ chamber will return with viable cells upon re-
turn from the ISS for further analyses. 

 
Fig. 3: Experimental timeline to sample return. 

References: [1] S.Y. Park, J.S. Nam. (2020). 
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ity, 7(1), 1-10.  
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Introduction: Lunar landers will contend with 
their “number one concern”, charged dust (a probable 
cause for descent crashes due to sensor malfunction), 
such as the Chandrayann-2 (as realized by Surveyor 3 
failed surface radar lock). Capacitive reentrant (fractal 
dimension ≈1.2) lunar dust mitigation is of high 
importance because the reentrant dust increases the 
probability of astronaut dust pneumonia, damage, and 
destruction of surface equipment. Dust is 
mechanically, solar wind, and Helio-frequency 
triboelectrically charged. Measured terrestrial wind-
blown dust created 180𝑘𝑘𝑘𝑘 and Dust Bowl dust storms 
created lightning that destroyed automobile ignition 
systems. This infers that lunar landers will experience 
surface dust ejecta voltages from thousands to millions 
of volts and is ~25 orders of magnitude higher than 
charged dust at rest [1].  

This White Paper presents a triboelectric nano 
generator (TENG) using a linear dc-dc slide movement 
of charged dust that can be projected to a static 
electricity-enhanced Stokes Number to approximate 
the number of coulombs (𝐶𝐶) of one metric tonne of 
lunar dust. Fractal agglutinate dust has an overall 
charge greater than the sum of its parts as elongation, 
surface roughness, fractal characterization plays a 
major role in the behavior of particles in flow streams 
affecting both inertia and drag forces on the particle. 
Continuous drag forces of sequential contact-
detachment of two different particles are the cause of 
triboelectric nano generation, known as TENG. The 
electrical power of dust takes two forms, 1) particulate 
and 2) differing aeolian cloud formations with 
potentials of hundreds of kilovolts per meter [2], [3]. 
The engine dust ejecta (i.e., aeolian) lunar electric field 
is expected to be stronger than terrestrial aeolian 
electric fields due to charged “electrostatic forces 
acting upon the grains” [4]. To characterize the 
engine’s ejecta electric field, charge per mass, and 
power of lunar dust we must determine the electrical 
equivalent of one agglutinate fractal dust particle. 

The charge of alumina particle size 4.5µ (specific 
gravity ≈3.7) resembles fractal augite containing 
aluminum and oxides, with a specific gravity of 3.3, 
an alumina surface area of ≈ 𝑚𝑚 𝑔𝑔𝑔𝑔𝑔𝑔𝑚𝑚, 
a single particle charge of ≈ 𝑥𝑥 − 𝐶𝐶, 

𝐶𝐶 𝑔𝑔𝑔𝑔𝑔𝑔𝑚𝑚  where:  
𝐶𝐶 𝐴𝐴𝑚𝑚𝑚𝑚𝑔𝑔𝑚𝑚𝑚𝑚 ∙

This dust electrical circuit form is a generator and 
resistive load, in parallel, then in series with a variable 
capacitor. [5], [6]. 
      The approximate charge for augite is 
≈ 𝑥𝑥 − 𝐶𝐶 𝑚𝑚 . Lunar dust at rest is 
≈ 𝑥𝑥 − 𝐶𝐶 𝑚𝑚𝑚𝑚𝑚𝑚𝑔𝑔𝑚𝑚𝑚𝑚 𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚  

Dust storms are known to affect the lifting and 
transport of electrified dust particles.  

 
The space-charge density exhibits a universal three- 

dimensional mosaic of oppositely charged [cloud] 
regions, induced by high Reynolds number engine 
exhaust turbulence. A linear relationship exists between 
the space-charge densities and dust concentrations. 
Engine exhaust electrostatic dust forces are expected to 
lift dust by more than a factor of ten. The electrostatic 
forces will disperse and attract dust. “A mosaic pattern 
is attributed to the turbulence-driven separation of the 
oppositely charged particles.” Dust traveling at 
≈15𝑚𝑚/𝑚𝑚𝑚𝑚𝑚𝑚, 7.72𝑚𝑚𝑔𝑔/𝑚𝑚3, with 180𝑘𝑘𝑘𝑘/𝑚𝑚, demonstrated a 
“strong and highly electrified storm.” The dust resting 
value is 1.6𝑥𝑥10−19𝐶𝐶. The observed   power   values   
were between −1 𝑚𝑚𝑡𝑡 1𝑥𝑥10−2µ𝐶𝐶/𝑚𝑚2 and 5.5 𝑚𝑚𝑡𝑡 11𝑘𝑘𝑘𝑘/𝑚𝑚 
[7].  

As a lander enters fine braking upon descent, (like 
the Apollo 11 at ≈33𝑚𝑚) wisping dust begins the dust 
growth stage by increasing i t s  concentration and E-
field intensity. The second mature stage, where 
descent thrust and intensity are at an equilibrium until 
MECO, resulted in the terrestrially measured 180𝑘𝑘𝑘𝑘/m 
value. (Super charging of the permanent asymmetrical 
lunar dust clouds with higher concentrations of charged 
lunar surface dust is highly probable). The third stage is 
the hovering and deposition of lunar dust, [8]. 

Triboelectrification of terrestrial dust, first at rest, 
then windblown, increases 22 orders of coulomb 
magnitude with measured voltage at 180𝑘𝑘𝑘𝑘/𝑚𝑚. It is 
expected that turbulent high velocity engine exhaust 
blast ejecta will create plumes of mosaic clouds of 
differing electrical potentials likely inducing significant 
power into and across lunar surface equipment, 
exceeding hundreds of kilovolts.  

Complete references can be found at 
https://www.mediafire.com/file_premium/h9fol6ib0m
y2ofo/The_Power_of_Lunar_Dust_references.pdf/file. 
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observed electric field data. Nat Commun 11, 5072. [2] See 
note 1. [3] A constant current triboelectric 
nanogenerator (TENG) arising from electrostatic 
breakdown - science. (n.d.). 
https://www.science.org/doi/10.1126/sciadv.aav6437. 
[4] See note 3. [5] He, X., Zhang, H., Jiang, J., & Liu, 
X. (2023). Output characteristics of series-parallel 
triboelectric nanogenerators. Nanotechnology, 34(15), 
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Rodrigues, M. V., Marra Jr., W. D., Almeida, R. G., & 
Coury, J. R. (2006). Measurement of the electrostatic 
charge in airborne particles: II - particle charge 
distribution of different aerosols. Brazilian Journal of 
Chemical Engineering, 23(1), 125–133. 
https://doi.org/10.1590/s0104-66322006000100014. 
[7] See note 1. [8] See note 1. 



43

Lunar Infrastructure Construction Using GITAI’s Autonomous Robots. S. Higa1, Y. Furuta1, K.
Nishimura1, Y. Nakanishi1, T. Kozuki1, and S. Nakanose1, 1GITAI USA Inc., 2255 Dominguez Way,
Torrance, CA 90501. (Contact: info@gitai.tech)

Introduction: GITAI [1] has been developing
high-capable general-purpose robots for space
development. As for our space track record, we
successfully demonstrated our autonomous robot
capability inside the ISS in 2021 [2]. We will also
launch our dual robotic arms with task units for
in-space technology demonstration this
December [3]. In parallel, we have been
developing robots to construct lunar bases and
infrastructures, exploration[4]. We have been
conducting collaborative task demonstrations and
have accumulated lessons learned. As our next
milestone, we will demonstrate constructing a
large tower using our rovers and Inchworm robots
described in the following section.
GITAI’s Lunar Robots: GITAI's lunar robotic

technologies consist of two main robots:
Inchworm Robots and Rovers (see Fig. 1).
GITAI's Inchworm robots are one of our main

products. This 7-DoF mobile robotic arm has end
effectors on each end. Each end effector has a
wireless power port and grapple mechanism so
the robot can move over wherever the grapple
fixture is installed.
GITAI rovers have been updated to increase

the payload capacity to mount multiple Inchworm
robots and detachable tools. The rover has
rocker-link suspension to traverse rough terrain
and wheels to drive over loose terrain. With
multiple Inchworm robots, the rover will become a
mobile multi-arm robot.

Fig. 1: GITAI’s Inchworm robots and rovers. In
this field test campaign, we have demonstrated a
variety of collaboration tasks by Inchworm robots
and rovers.
Towards Lunar Environment: To accomplish

lunar construction by autonomous robots, they
must survive harsh lunar environments: lunar dust
and lunar night survival, and typical space
environments, such as high vacuum and
radiation. Therefore, our in-house components for
all GITAI robots have continuously improved and
confirmed to satisfy running in a simulated lunar
environment throughout the durability test in

regolith simulant bin and cryogenic test using
liquid nitrogen. Moreover, the in-space tech demo
this December will prove both component/
robot-level maturity to be space ready.

Fig. 2: Implementation of countermeasures for
lunar environments on key technologies.
Tower Construction: To achieve lunar

infrastructures constructed by robots, robotic
systems need to address larger objects than the
robot itself at the end. Tower construction is one
of the challenging tasks using robots and an
important milestone for us because it has a high
potential to utilize the technologies to several
infrastructures, e.g., communication tower and
solar array tower at the south pole. As each tower
component became heavy for the rigidity of the
tower, we decided to use a crane to hang each
tower component and use multiple Inchworm
robot arms to adjust, stack, and connect each
component securely as shown in Fig. 3.

Fig. 3: Tower construction concept using three
Inchworm robots with a crane. Each tower module
has grapple fixtures, and the crane tip has a GE3
grapple end effector to grasp the module like IN2.
Future Prospects: GITAI will keep improving

our autonomous robotic technology. In particular,
we will conduct TD-VAC testing this winter to
prove that our latest Inchworm robot is
lunar-ready.
References: [1] GITAI web page, [2] S1 PR,

[3] S2 PR, [4] S. Higa, et al., GITAI r1 rover for
lunar exploration and base construction. In 2022
Annual Meeting of the Lunar Exploration Analysis
Group, Laurel, Maryland/Virtual, Aug 2022, [5]
GITAI Lunar measures 2023.
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Nuclear powered generation systems have been 
proposed for several space missions, dating back 
to the 1970’s.[1] The closed Brayton cycle (CBC) 
offers advantages over competitors, including high 
conversion efficiency, reliability, and scalability 
from single kilowatts to several megawatts [2]. Past 
NASA efforts to develop the CBC have focused on 
moderate temperature thereby lowering risk and 
development time. Advances in turbomachinery 
and recuperator design and materials enable an 
expanded operating temperature range. Reactor 
developers also foresee future advancements with 
heat delivery temperatures from current 1100K lev-
els, approaching 1700K in the next 5 years.  This 
paper explores the upper limits for reactor and 
CBC temperatures, while defending the life targets 
of >10 years. This information is combined with 
quantitative mass models for the reactor, heat 
source heat exchanger, turbomachinery, recuper-
ator, and radiator to predict the minimum system 
mass for various power levels.  

 
 System optimization for mass minimiza-

tion:  The power conversion system mass and vol-
ume must match launch vehicle specifications. The 
subassemblies modeled in this study include the 
reactor and associated radiation shielding, the ra-
diator, and the CBC.   A representative place-
holder is provided for the power management and 
distribution (PMAD) system.  While the CBC mass 
represents the smallest fraction of the mass 
budget, its performance parameters drive the 
weight of the reactor and radiator. Mass of the re-
actor ties to the CBC efficiency while the radiator 
mass depends on heat rejection temperature, a 
controlling factor in the engine’s efficiency. A 
model of the system has been created that opti-
mizes the cycle’s aerodynamic, thermodynamic, 
and heat transfer parameters to minimize mass. 
This model is calibrated over a range of turbine in-
let temperatures from 1100K to 1700K, respecting 
creep life boundaries for the turbine and recupera-
tor.  The study derives turbine and compressor aer-
odynamic efficiencies for a range of power levels, 
employing best practices computational models 
and experience. 

 

The study concludes that increasing the TIT to 
1700K results in nominally 40% decrease in mass 
as compared to the 1100K TIT baseline. 

Realizing these mass savings must be accom-
plished without compromise to the operational life 
of the power plant.  This study analyses the creep-
life in the gas turbine’s hot section and recuperator.   
Conventional microturbine alloys do not have suf-
ficient strength to be used above about 1200K.  
This paper evaluates conventional turbine alloys, 
refractory alloys, and ceramics to establish limits 
for each.  Working fluids properties, varying the ra-
tio of He and Xe are shown to have an impact on 
the temperature threshold of each class of turbine 
material.  Lastly, new gas turbine architectures are 
considered to minimize pressure losses and max-
imize reliability.  

Recuperator temperatures up to 1330K are 
studied, considering nickel, nickel-cobalt, and re-
fractory alloys. The recuperator architecture ana-
lyzed conforms to a proven gas turbine and micro-
turbine design which has successfully operated in 
the field for over 20 years, accumulating many mil-
lions of operating hours.  The recuperator, manu-
factured by Brayton Energy, will be optimized for 
the new CBC specification for minimum mass and 
creep life over 100,000 hours.  The aforemen-
tioned system mass minimization model explores 
thermal effectiveness over a wide range, up to a 
limit of about 97% and pressure losses from 1 to 
4% in each circuit.   

The closed Brayton cycle operates with only 
one rotating part floating on gas bearings with non-
contacting seals. Each component in the gas tur-
bine engine has been analyzed for 10, 25, and 500 
kWe case studies.  This covers a wide range of fu-
ture NASA and US Air Force platforms.  Building 
upon the substantial historical work by NASA and 
their contractors, one of these Brayton power 
plants can be ready for launch before the end of 
the decade.  

References: 
[1] M. El-Genk, “Space nuclear reactor power system 

concepts with static and dynamic energy conver-
sion”, doi: 10.1016/j.enconman.2007.10.014. 

[2] M. Lee, “Comparison of Energy Conversion Tech-
nologies for Space Nuclear Power Systems,” 2019, 
Accessed: May 02, 2023. 
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Introduction:  Advanced Cooling Technolo-

gies, Inc. (ACT) in collaboration with Honeybee 
Robotics is developing a Thermal Management 
System (TMS) for lunar ice mining. The TMS con-
sists of two principal technologies: a) Thermal 
corer for ice (or volatile) extraction and; b) cold trap 
tank for ice (or volatile) collection.  

 
Thermal Corer: Ice extraction performance of 

two thermal corer prototypes: 17.3 cm long made 
with stainless steel and 34.5 cm long made with 
aluminum alloy is presented here. The inner diam-
eter of the thermal corer is 5 cm. About 60-70% ice 
extraction efficiency was achieved with the 17.3 cm 
long thermal corer. ACT is currently characterizing 
the ice extraction performance of the 34.5 cm long 
thermal corer. Figure 1 shows the prototype ther-
mal corers tested for ice extraction. 

 
Figure 1. Thermal corer prototypes for ice extraction. Left: 
17.3 cm long stainless steel based thermal corer; Right: 34.5 
cm long aluminum alloy based thermal corer 

 
Cold trap tank:  The extracted volatile vapors 

must be collected in a cold trap tank which is at a 
very low pressure and temperature. These thermal 
conditions result in the volatile converting back into 

solid form on the collection surface. To facilitate ef-
ficient ice collection, ACT is developing a Variable 
Conductance Heat Pipe (VCHP) based cold trap 
tank. The VCHPs are a form of heat pipes which 
allow modulating the heat transfer rate and thus 
the ice collection in the tank. The heat pipes oper-
ate normally removing heat from the vapor and re-
jecting it to deep space through the radiator panels. 
When the ice thickness is sufficiently high and the 
ice deposition rate decreases, the ice can be 
melted into a pool and collected at the bottom of 
the tank by removing access to the radiator panels 
by pushing the non-condensable gas front into the 
heat pipe condenser section connected to the radi-
ator. Figure 2 shows the assembled VCHP cold 
trap tank. 

 
Figure 2. VCHP cold trap tank for ice collection 

  
References: [1] K.L.Lee et al., Waste Heat-based 

Thermal Corer for Lunar Ice Extraction, 51st Int. Conf. 
Env. Systems, 2022; [2] K.L. Lee et al., Demonstration 
of ice-extraction and ice-collection system for lunar ice 
miners, 52nd Int. Conf. Env. Systems, 2023. 
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Introduction:  As space exploration missions

move farther from Earth for longer periods of time,

outposts such as the Gateway will play a crucial

role  in providing essential support for long-term

human presence on the lunar surface as well as

serving as staging points for deep space explo-

ration.  In the absence of a permanent crew, ro-

bots will be expected to perform maintenance and

caretaking tasks with limited human supervision.

For  this  purpose,  we  postulate  that  heteroge-

neous robots will  benefit  of possessing informa-

tion sharing capabilities that provide them with the

spatial awareness necessary for them to work to-

gether in a safe, efficient  and cooperative man-

ner.  In  this  abstract,  we present  a  collection of

software processes named PLUMMRS (A Collec-

tion of Plan Ledgers and Unified Maps for Multi-

Robot Safety), which consists on 3 modules that

allow robots to share information about the envi-

ronment, their  own internal states and expected

future  behavior.  These  modules  allow  indepen-

dently-developed  heterogeneous  robots  to  work

with and around each other in a safe manner, as

well as providing tools for cooperative operation.

Description:  PLUMMRS[1] consists on a set

of  3 software modules  that  allow the robots to

store,  retrieve  and  (indirectly)  share  information

among them by means of accessing the central-

ized PLUMMRS modules. PLUMMRS is built as a

set of ROS1 nodes that run in a ground machine,

thus not requiring the individual robots to run ad-

ditional software. These 3 modules are:

 

Unified  Representation  (UR):   This  module

stores the spatial information of the environment,

the current location  and configuration of the ro-

bots. Additionally, this module is capable of stor-

ing a variety of task-dependent information, such

as 6D inspection poses, annotated RGB images,

object semantic information and   robot action de-

scriptions. The UR is implemented using a plugin

based architecture that allows for easy extension

to support new types of user-defined data.

Plan Ledger (PL): This module stores the ro-

bots’ motion trajectories and whether they are be-

ing executed. The PL offers services that allow ro-

bots to register their intended plans and status.

 

Safety Monitor: This module runs at a high fre-

quency  (100Hz)  to  constantly  check  that  safety

conditions  are  being  met.  Two types  of  checks

are performed: (1) Robots currently moving along

a  trajectory  are  following  their  motion  plan  (no

drifting), and (2) Robots in motion do not have fu-

ture  collisions  along  their  expected  trajectories

with other robots (also in motion) .

  

Experiments:  We performed tests  of  these

modules using 2 simulated Astrobees operating in

a ISS-like environment as well as in real freeflyers

at the Granite Lab at the Ames Research Center.

The robots were able to move across intersecting

trajectories in a safe manner, avoiding collision.
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Introduction: Establishing a sustained human 

presence in the lunar environment necessitates 
precise Position, Navigation, Timing (PNT), and 
communication services. State-of-the-art, vision-
based navigation techniques are sensitive to lunar 
lighting conditions and require users to maintain a 
high-fidelity map. Additionally, traditional commu-
nications rely extensively on the Deep Space Net-
work for data transfer, which services users indi-
vidually and is limited in scalability [1]. With many 
planned lunar missions, NASA and ESA have put 
forth plans for a SmallSat-based PNT and commu-
nication architecture. A dedicated Lunar Naviga-
tion and Communication Satellite System (LNCSS) 
would allow for autonomous operations without 
continuous interaction with Earth-based teams, 
and enhance overall real-time position accuracy 
[2]. Moreover, NASA has selected Nokia to de-
velop an LTE communications network on the 
Moon, which requires precise time synchroniza-
tion. Both LNCSS and LTE networks must be com-
pact and resource-resilient due to limited SmallSat 
payload capacity, ground monitoring resources, 
and ease of transportation and scalability in the lu-
nar environment [3]. We develop precise, robust, 
scalable, and low-Size Weight and Power (SWaP) 
technologies for PNT and communications to sup-
port sustained human presence on the Moon via 
the following research fronts:  

1. Time-Transfer from GPS for Lunar Navi-
gation and Communications: Lunar PNT and 
communication systems require precise time syn-
chronization while satisfying stringent SWaP re-
quirements. We leverage existing terrestrial GPS 
infrastructure for time synchronization in the lunar 
regime, decreasing the development and opera-
tional cost of these lunar systems. We propose tim-
ing filters to update onboard clock bias and drift 
rate with time transfer from intermittent GPS sig-
nals [4]. We validate our approach via simulation 
for a lunar satellite and a network of lunar commu-
nications stations. We demonstrate user range er-
rors on the order of 10 meters in orbit using low-
SWaP onboard clocks. We further demonstrate ro-
bustness to varying transmission delay errors for 
surface communications [4,5]. 

2. Terrestrial GPS Time Differencing Carrier 
Phase Positioning and Timekeeping: Extending 
our prior work, we propose a positioning and 

timekeeping technique that utilizes millimeter-level 
accurate carrier phase measurements from GPS 
signals [7]. We fuse pseudorange, time-differ-
enced carrier phase, and internal measurements 
via an augmented state filter. We test this tech-
nique for an LNCSS satellite and a lunar rover, 
achieving meter-level positioning performance 
compliant with NASA service requirements [6,7]. 

3. LNCSS System and Ephemeris Design: 
Beyond designing low-SWaP time synchronization 
strategies, we study other design choices for the 
LNCSS. We examine constellation configurations 
with GPS time transfer to support operations at the 
lunar South Pole, trading off navigation, communi-
cation, and satellite systems factors to meet inter-
nationally established requirements for an LNCSS 
[8]. We further study the parameterization of 
LNCSS satellite ephemeris, demonstrating the 
ability of coordinate-based parameterization capa-
bility to approximate ephemeris in diverse orbits 
and abide by NASA service requirements [9]. 

4. High-Fidelity Environment Modeling: The 
precise PNT solutions outlined prior require accu-
rate modeling and simulation of the lunar environ-
ment. We propose a novel framework to provide 
onboard relativistic timing corrections for signal 
transfer between a satellite and a lunar user [10]. 
We also model a reference geoid of the South Pole 
to facilitate navigation in this region [11]. Finally, 
we are developing an open-source LNCSS simula-
tor capable of modeling complex spacecraft dy-
namics, communication networks, and onboard 
software execution. These frameworks are essen-
tial to integrate and compare novel PNT and com-
munication algorithms for lunar users [12]. 

References: [1] Turan E., et al. (2022) Acta 
Astronautica, 193, 56-74. [2] Schönfeldt M., et al. 
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Journal of Institute of Navigation, 69 (3). [5] Bha-
midipati S., et al. (2022) IEEE Aerospace Confer-
ence, 1-15. [6] Iiyama K., et al. (2023) ION ITM, 
213–232. [7] Iiyama K., et al. (2023) IEEE Aero-
space Conference, 1-9. [9] Bhamidipati S., et al. 
(2022) ION GNSS+, 537-553. [9] Cortinovis M., et 
al. (2023) ION GNSS+, Abstract. [10] Sanchez A. 
and Gao G. (2022) ION GNSS+. [11] Sanchez A. 
and Gao G. (2023) ION GNSS+, Abstract. [12] 
Iiyama K., et al. (2023) ION GNSS+, Abstract. 
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Introduction:  As we get one step closer to 

more steps on the lunar surface, and even closer 
to commercial landers and payloads on the lunar 
surface, the need for dust mitigation is imminent.  
A resilient lunar infrastructure will require lunar 
dust resilience.   

 
Updates for Dust Mitigation at NASA: 

NASA’s Space Technology Mission Directorate 
(STMD) has recently announced three significant 
technology developments in the world of dust miti-
gation through STMD’s Small Business Innovation 
Research (SBIR) Sequential Phase II and STMD’s 
Lunar Surface Technology Research (LuSTR) pro-
grams.  SBIR includes opportunities for small busi-
ness technology development through the “Dust 
Mitigation and Extreme Lunar Environment Mitiga-
tion Technologies” topic. As NASA’s Exploration 
Systems Development Mission Directorate 
(ESDMD) prepares for the lunar surface, there 
have been several dust mitigation technology ef-
forts initiated.  Additionally, multiple NASA pro-
grams are creating higher fidelity dust mitigation 
strategies. Additionally, NASA STMD is releasing 
a dust mitigation best practices guidebook.  Addi-
tional guidance on dust deposition techniques and 
dust mitigation coating compatibility guidelines are 
also in work to share with industry and academia.  
The recent Lunar Surface Innovation Consortium 
(LSIC) Lunar Proving Grounds Definition Work-
shop highlighted the considerations for facilities 
and testing needs [1].  This is relevant to all six 
LSIC focus areas, with dust mitigation being cen-
tral to several conversations around lunar proving 
grounds. 

  
Lunar Surface Data: Commercial landers as 

well as payloads from industry, academia, and 
NASA prepare for upcoming trips to the surface of 
the Moon via the Commercial Lunar Payload Ser-
vices (CLPS) initiative. The NASA and LSIC Dust 
Mitigation teams are working to capture engineer-
ing data needs from these missions that are rele-
vant to dust mitigation.  The goal is to engage 
closely with academia and industry in Spring 2024 
to capture these needs. 

 
Lunar Dust Resilience: As we move to a lunar 

economy that includes sustainable infrastructure, 
the words “dust mitigation’ and “resilient infrastruc-
ture” go hand in hand.  From rovers that need to 

remain mobile for years to solar panels that need 
to remain highly efficient despite the extreme envi-
ronment of the Moon, it is essential that dust miti-
gation solutions are considered.  From individual 
components (e.g. rotary bearings) to systems (e.g. 
rovers) to capability areas (e.g. excavation and 
construction), dust mitigation will play a role. 
NASA, industry, academia, and international part-
ners are all contributing to active and passive tech-
nology solutions, as well as architectural and oper-
ational solutions.  

 
Dust Mitigation Swimlanes: As NASA en-

gages more and more with partners on dust miti-
gation technology development and dust mitigation 
strategies, there are four areas (or swimlanes) 
used to capture our progressive strategy.  These 
four swimlanes include dust measurements, pas-
sive dust solutions, active dust solutions, and dust 
tolerant components.  Dust tolerant mechanisms 
was highlighted at last year’s LSIC Fall Meeting [2]. 

 
Next Steps: More information about updates 

from NASA STMD and ESDMD will be showcased 
at the LSIC Path to Sustainable Technologies in 
the Lunar Surface Environment virtual workshop in 
November [3].  This workshop will highlight existing 
standards and facilities, stakeholder needs, and a 
call to action for the community.  To truly enable 
a resilient lunar infrastructure in the extreme envi-
ronment of the Moon, dust mitigation is imperative.  

 

 
The Apollo Lunar Roving Vehicle (LRV); Credit (NASA) 
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Introduction:  More than two dozen lunar mis-

sions are planned prior to the Artemis III crewed 
lunar landing, from Russian, Chinese, Indian, Jap-
anese and U.S. government orbiters and landers 
to Commercial Lunar Payload Services missions to 
commercial crewed flybys.  While the Artemis Ac-
cords have established an international consortium 
of countries seeking to mitigate interference be-
tween operations on the Moon, a number of un-
addressed policy issues remain that may be critical 
to lunar operations.  In this lightning talk, we build 
upon NASA’s Office of Technology, Policy, and 
Strategy’s September 2022 Report “Lunar Landing 
and Operations Policy Analysis” [1], to give an 
overview of policy questions that remain open, in-
cluding: whether to prioritize certain landing loca-
tions or avoid certain scientifically valuable loca-
tions, design and coordination of safety zones, no-
tification of other actors of potential dangers posed 
by landing, whether to avoid placing equipment in 
operationally valuable locations, and end-of-life 
disposal.  We will also discuss how these policy 
implications could apply to planned missions. 

References: [1] Swiney, G., and Hernandez, 
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September 30, 2022 
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Introduction:  Driven by the very near term 

time horizons set by the space sector to create a 
sustained lunar presence, combined with the in-
creasing complexity and urgency in discovering 
and operating new critical minerals operations on 
earth, there is a significant opportunity and need 
to rapidly learn from each other. The design of a 
sustainable lunar and next generation sustainable 
earth architecture are urgent goals by both. With 
a natural angle for collaboration between compa-
nies in the space sector and an accelerated pro-
pensity in the resources sector now, the cultural 
requirements are present. The establishment of a 
resources consortium is seen as the catalyst to 
accelerate action between the resources industry 
and LSIC (and ultimately NASA). This consortium 
would hold sufficient expertise, combined with a 
very clear articulation of future design needs, in 
order to bring to the space industry to define or 
contribute to the required parameters and con-
straints of a lunar architecture. This would be pos-
sible with a quid pro-quo expectation. 
 

Technology and design transfer opportuni-
ties:  Areas of transfer to the resources sector that 
are of interest can be simply categorized as either 
exploration or extraction.  

Exploration 
In the resources sector, we traditionally require 

large amounts of material to be analysed, in order 
to reduce uncertainty and characterize an orebody. 
While in addition we work to time lines that do not 
take into account for the ubiquitious communica-
tions systems now in place, as well as the in-
creased analysis capability. We expect that we 
bring an extensive set of experiences required to 
map and define a resource, but can accelerate 
whats possible from space via miniaturization and 
taking mission driven approaches.  

 
Extraction 
The resources sector have long applied large 

numbers of robots at scale, into operations moving 
over 2 B tonnes of material per annum alone in 
Western Australia, while interacting with humans 
onsite and offsite. However the challenges in and 
around communities and operations are driving 
new parameters and constraints to work to.  

The next generation sustainable earth architec-
ture requires operating with limited water, energy, 
people and footprint to achieve a sustainable mine 
with an improved recovery of the orebody at zero 
emissions.  

The resources industry is looking to the space 
sector to learn how to run dry processing plants, 
how to design processing plants to run with inter-
mittent energy constraints, how to re-design the 
mine architecture to account for multiple new pro-
cesses to account for leaving a zero footprint out-
come. Under these new constraints, new architec-
tures are being solved for and built. The oppor-
tunity is to design these more rapidly, to help bring 
new operations into existence faster. Working 
within the mining and METs sector alone will not 
achieve a leap frog in design or innovation at the 
required speed.  

There is a desire for two way transfer.  
 
Next steps:  The Australian mining industry are 

known as the pioneers of automated operations in 
remote regions. As such, a resources community 
from this region makes logical sense to establish a 
connection to LSIC. 

Redesign of the surface architecture   
Defining the parameters and constraints of 

the architecture required to support a sus-
tained presence on the lunar surface can be 
achieved while redesigning the new architec-
ture required on earh.  

A formal call to industry should be made by 
LSIC for the creation of a resources consor-
tium. This could be done in conjunction with 
the Australian Space Agency or by another 
body.  
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Introduction: OffWorld is building millions of 

smart robots working on the human supervision on earth 
and in space, turning the solar system into a habitable 
place for life and civilization. Enabling human 
expansion off our home planet is the most important 
objective of our civilization, for three reasons:  

• species level life insurance policy 
• sustainable development on earth,  
• opening up the new frontier.  

Mission: What we absolutely require in space is a 
robotic workforce for tough jobs. We need to be able to 
excavate underground habitats and extract water ice and 
materials. From the collective volatile’s we need to 
make drinkable water, breathable air and rocket 
propellant. In order to sustain expansion we need to be 
able to manufacture basic structures and solar cells so 
that we can produce unlimited power. Ultimately, these 
systems will need to replicate themselves for rapid and 
economic expansion. In order to do this, we need to 
emulate the entire infrastructure value chain from 
mining, processing, fabrication, assembly and 
construction. However, we cannot just export current 
Earth-based practices and technology. We must reinvent 
how we undertake these processes here on earth, and 
transfer them directly to the expansion of civilization 
into the solar system.  

  

  
  
Program: OffWorld has undertaken extensive 

Research and Development in the field of extreme 
environment industrial robotics initially applied to the 
mining and processing sector. The objective is the 
establishment of an end-to-end collaborative robotic 
system comprising of hundreds or thousands of multi-
species robots working together with internal and 
collective autonomy to achieve strategic objectives. 

With the ongoing input of mining industry expertise 
on a daily basis, OffWorld has developed its robotic 
systems hand in hand with leading edge knowhow from 
the mining sector. Initially, we developed baseline 
systems analysis tools for modelling a variety of 

scenarios with our robotic architecture, including rapidly 
deploying them for space-based operations.   

Key to the future of operations in space is the ability 
for robotic systems to undertake multiple complex tasks 
autonomously and with minimal human intervention. 
OffWorld has been developing a task agnostic machine 
learning framework to address and optimize any 
industrial process. This revolutionary approach to 
minimally supervised autonomy ushers in a new era of 
remote operations in extreme environments such as the 
Lunar or Martian surface. We are already developing the 
first suite of machine learning agents.  

  

  
  
OffWorld is currently developing icy regolith 

processing to gaseous oxygen and gaseous hydrogen 
subsystems using four distinct processes: 1) Lunar 
Excavation System, 2) Volatiles Extraction Subsystem, 
3) Volatiles Separation and Preconditioning Subsystem, 
and 4) Water Electrolysis Subsystem, capable of 
developing a suite of products from crude water to 
propellant, as well as byproducts like hot desiccated 
regolith. Each process is envisioned as a function within 
an autonomous robotic platform. Our ISRU Technology 
subsystem is a subset of OffWorld’s overall concept for 
mining Moon and Mars regolith for volatiles and 
minerals in addition to processing, manufacturing and 
construction robots within the same robotic platform.  

Our subsequent goals in near-Earth space for the 
expansion of this modular toolkit are to enable the 
formation of multiple terrestrial and lunar mining 
species of robots that can be subsequently reapplied to 
multiple sectors. Once our machine intelligent robotic 
system has mastered lunar surface and in-space 
operations, we will expand their utility to near Earth 
asteroids and the Martian surface, leveraging lessons 
learned to enable the expansion of humanity into the 
solar system.  
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Introduction: The future of human development on the 
Moon depends on our ability to extract water from ice at the 
lunar near-surface. Whilst water ice has been discovered 
within permanently shadowed craters in the lunar polar re-
gions, its exact spatial distribution in terms of depth and con-
centration remains unclear. With the lunar south pole being 
the target for upcoming lunar lander missions, there is a cur-
rent need to better understand the composition and quantity of 
the icy regolith. 
 
On Earth, geophysical and remote sensing methods are com-
monly used to map subsurface resources (ore, hydrocarbons, 
water, …). However, for the Moon, there remains a significant 
gap in knowledge of the physical and geophysical properties 
of the lunar subsurface and how they may be linked to water 
content. Further, excavation on the moon relies on a strong 
understanding of the mechanical properties of the lunar rego-
lith. As the strength of the lunar regolith is expected to depend 
strongly on water ice content [1], it is key to understand the 
quantity of water ice within the soil to plan excavation and 
design the tools to be used. 
 
To address this knowledge gap, we conducted a laboratory 
study on icy lunar soil simulants, to determine the properties 
of icy regolith under controlled conditions. 
 
Materials and methods: Based on NGI’s experience 
testing permafrost soil in the laboratory [2], we first estab-
lished procedures for preparing icy lunar soils samples with 
high repeatability. For this, we prepared a suite of cylindrical 
samples of icy lunar regolith simulant (Exolith Lab’s LMS-1 
Lunar mare simulant) samples using dry pluviation (fully sat-
urated) and moist tamping (5- 20 % water saturation). See an 
example of a prepared sample in Figure 1a. Sample quality 
was assessed using X-ray Micro-CT imaging to ensure uni-
form density throughout. 
 
With the sample preparation method established, a suite of 
new samples was made to cover a larger range of dry density 
and initial water saturation, and include repeat tests to assess 
sample variability. For each prepared sample, we performed 
measurements of the geophysical, geotechnical, with varying 
amounts of porosity/void ratio and ice content. Acoustic wave 
velocity (both P- and S-wave) measurements were made in the 
axial and radial directions. Electrical resistivity (DC) meas-
urements were made along the sample axis. Finally, Uncon-
fined Compressive Strength (UCS; see Figure 1a) tests were 
conducted within a climate-controlled chamber. To determine 
the spectral reflectance properties of the icy lunar simulants,  
samples were also prepared for hyperspectral imaging (in the 
~400 – 2500 nm range; see Figure 1b), with the aim of distin-
guishing mineralogy as well as ice content and crystal size. 
 

Results: The laboratory results show a clear increase in P- 
and S-wave velocities with increasing ice content, while elec-
trical resistivity decreases with increasing ice content. The 
strength of the material also increases when the ice content is 
increased from 5 to 20%. 
 
Preliminary results show a positive relationship between ice 
content and depth of spectral absorption features around 1450 
and 1950 nm. Furthermore, spectral mixture analysis and sup-
port vector machine (SVM) algorithms [3] are being applied 
to the datasets to classify minerology of the pure simulant 
samples without ice and with various ice concentrations.  
 

 
 

Figure 1. (a) Uniaxial compressive strength (UCS) testing of 
a cylindrical sample of LMS-1 lunar mare simulant containing 
frozen water. (b) Hyperspectral imaging of a similar sample 
(at Norsk Electro Optikk). 
 
Conclusion: Through these experiments we provide a 
method for preparing samples of icy lunar regolith simulant in 
a reproducible way. We demonstrate the impact of porosity 
and water ice content on the geophysical and mechanical prop-
erties of the lunar regolith. The sensitivity of geophysical and 
spectral reflectance properties to ice content holds promise for 
exploration for water ice and other volatiles within the shallow 
lunar subsurface. Beyond determining the ice content, the data 
provided in this study may be used to infer the mechanical 
properties of the icy regolith, thereby obtaining valuable in-
formation for excavation. 
 
[1] Gertsch, L., Gustafson, R., & Gertsch, R. (2006). AIP con-
ference proceedings, 813, 1093-1100. 
[2] Quinteros V.S., Harb Carraro J.A., (2023), Geotechnique, 
73, 1-15. 
[3] Freitas, S., Silva, H., & Silva, E. (2021). Remote Sensing, 
13(13). 
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Background: The Kinematic Navigation and 
Cartography Knapsack (KNaCK) team is develop-
ing tools that enable ultra-high resolution terrain 
mapping and navigation using mobile light detec-
tion and ranging (LiDAR) and simultaneous locali-
zation and mapping (SLAM) algorithms in fully 
GPS-denied and unilluminated environments [1,
2]. The backpack mounted LiDAR instrument un-
der development by our team demonstrates the 
potential of mobile SLAM LiDAR for use in chal-
lenging surface environments such as steep 
walled craters and permanently shadowed regions 
as well as for lunar, planetary, and terrestrial cave 
exploration, study, and utilization [3].

Caves as Planetary Analogs: The lunar south 
pole has rugged and irregular terrain, difficult illu-
mination conditions (extremely low angle of inci-
dence sunlight), and no access to GPS. Lava tubes 
and subsurface voids on the Moon, Mars, and 
other planetary bodies will be similarly challenging.
Terrestrial caves are excellent analogs for these 
conditions, providing a proving ground to refine 
technology for mapping and navigation on other 
worlds while advancing the State of the Art for ter-
restrial cave survey. The overburden above cave 
passages blocks ingress of both light and GPS sig-
nals. Highly irregular geometry challenges scan 
matching algorithms and frequent jostling of the in-
strument due to rugged and confined terrain inter-
feres with the accuracy of dead reckoning based 
on inertial measurements. These conditions are 
similarly challenging to other lunar surface technol-
ogies. The responsible use of terrestrial caves as

planetary analogs could benefit a wide array of 
technology development efforts.

Field Work: The KNaCK instrument was used 
to map two terrestrial caves: Three Caves in 
Huntsville, AL, and Lava River Cave, a lava tube in
northern AZ. Data from Three Caves was collected 
in 6.5min, capturing a substantial portion of a
maze-like complex with only a 370m traverse. Data 
from Lava River Cave was collected in 44min over 
1100m. The maps produced contain 18.4M and 
44.8M points, respectively, after post-processing.

Results: The accuracy of the Lava River Cave 
scan was compared to an existing survey of the 
cave produced by the Central Arizona Grotto
(Fig.1). The LiDAR map is highly accurate at local 
scale, recording the morphology of the cave in 
cm-scale detail. However, there is notable drift
from the survey at global scale. Continued testing
in cave environments offers an opportunity to tune
SLAM parameters and experiment with constrain-
ing solutions with other data sets (such as survey
data or radio location stations).

Acknowledgements: NASA MSFC contribu-
tors are supported by NASA STMD ECI program 
and SMD ISFM programs. The authors thank Ray 
Keeler, Paul Jorgenson, and the Central Arizona 
Grotto for graciously providing survey data, radio-
location data, and the original 1984 map, as well 
as assisting on the day of the scan.

References: [1] Zanetti M. R. et al. (2022) 
LPSC LIII, Abstract #2660. [2] Miller K. A. et al. 
(2022) LPSC LIII, Abstract #2808 [3] King W. E. et 
al. (2023) IPCC IV, Abstract #1075.

Figure 1. Lava River Cave: (left) scanning borehole passage, (top) LiDAR map overlaid with traditional cave map, 
(middle) profile view of LiDAR map, (bottom) NAIP Point Cloud DEM overlaid with LiDAR map.
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The interaction of materials with regolith dust and 
other lunar environmental factors, present on the 
Moon and on 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 these 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 ITL-
developed Lunar Simulators, we identified that 
there is a strong need for a combined - passive and 
active - dust mitigation approach. This was 
demonstrated practically in a number of our 
experiments with advanced external pristine space 
materials, as well as materials with special surface 
treatments and with deposited special thin 
functional coatings.  

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 our experiments we achieved Lunar 
dust simulant mitigation and enhanced surface 
durability of some important structural materials 
using this DMT technology [1-3]. In the framework 
of this program, ITL prepared a set of DMT-treated 
samples for inclusion in the “Regolith Adherence 
Characterization (RAC) Payload” funded by NASA 
and developed and built by Aegis Corporation 
(formerly Alpha Space Test and Research 
Alliance) [4].   

The RAC Payload mission will determine how 
lunar regolith dust sticks to a range of advanced 
external functional space materials and coatings 
exposed to the lunar environment  during the lunar 
daytime at different phases, i. e. 1) on landing, and 
2) during routine lander operations [4]. Advanced 
space material samples, such as thermal control 
polymers, thermal control paints, and space 
textiles, some of them with special coatings and 
surface treatments, have been provided by NASA, 
the US academia and industry, including also ITL 
samples from Canada.  

To understand the results of the lunar exposure 
RAC experiment, we initiated and are conducting 
in our Lunar Environment Simulator (upgraded for 
this project) a series of experiments on interaction 
of lunar dust simulants with samples similar to the 
RAC Payload experiment as well as with samples 

of general interest for lunar applications. Based on 
information in the open literature, we collected or 
tried to reproduce a significant part of the RAC 
materials, to expose them to lunar environment 
conditions, including vacuum, lunar dust simulants, 
VUV, charging effects, electrons, etc., in the 
vacuum lunar environment simulator. It is very 
important, in developing materials with Lunar dust 
mitigation properties,  especially for long-term 
applications, to consider all environmental factors, 
like T-extremes, charging-discharging threats, etc., 
in combination with the Lunar dust environment. 
These data will be used for future comparison with 
the RAC results that will include a series of optical 
images of the samples, obtained in transmitted 
and/or reflected light and transferred to Earth. 

We propose to normalize the data on 
accumulation and retention of lunar dust simulants 
to various space material surfaces to a standard 
(etalon) material with predictable values for these 
two parameters. As such a material, we propose to 
use a common space polymer film material – 
KaptonHN that, as we observed, has very low 
accumulation and retention values for the used 
lunar dust simulants, regarding other pristine 
external sensitive space materials. This approach  
allows evaluating, comparing and understanding 
better the obtained results on interaction of lunar 
dust with different materials. 
Keywords: Lunar dust mitigation, RAC Payload 
Lunar Mission, Lunar Environment Simulation  
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The Moon is a hostile environment for human 

survival and equipment. The most troublesome 
characteristics of the lunar environment are the 
vacuum (which leads to outgassing), solar and 
cosmic radiation, micrometeorite impacts, the sur-
face temperature regime, and the ubiquitous dust 
particles. Facilities for laboratory simulation of lu-
nar conditions had evolved along with increased 
knowledge of the planetary conditions on the 
Moon, starting with very simple simulation cham-
bers to highly sophisticated systems. In a multi-
year program funded by the Canadian Space 
Agency [1], ITL Inc. has developed and created a 
prototype of a Planetary Environmental Simula-
tor/Test Facility that included a modular design 
stainless-steel vacuum chamber to simulate ultra-
high vacuum conditions, lunar dust, UV radiation, 
thermal conditions/thermal cycling in the appropri-
ate temperature range, as well as simple fixtures 
and test rigs enabling to conduct mechanical test-
ing and the ability to recreate the darkness condi-
tions present on the back side of the Moon [2-4]. 

Based on the accumulated experience, we, 
presently, develop and manufacture specific envi-
ronmental testing equipment to be used for 
ground-based simulation of the harsh conditions of 
the Moon in a more efficient way. This included the 
creation of more efficient ways of interaction of 
dust particles with the samples, higher vacuum 
conditions, better correlated simulation scenarios, 
more realistic thermal and illumination environ-
ments, and addition of charged particles sources 
to simulate the possible effects of the solar wind, 
an environmental factor that is also present on the 
Moon surface and to be able to study the effects of 
charging on dust mitigation. A methodology was 
also developed for appropriate dust simulant prep-
aration and conditioning prior to start testing in the 
simulator test chamber [5].  

An overview of ITL efforts will be presented in 
development of a number of lunar environmental 
simulator/test systems designed for testing and 
service life evaluation of candidate spacecraft ma-
terials and planetary exploration surface systems, 
such as space robotic hardware, planetary rover’s 
components, degradation-sensitive mechanical 
systems with moving parts, spacesuit materials 
and components, optical equipment, solar panels 

and radiators, thermal control and other special 
coatings. 
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Introduction: This is a summary of our recent 

studies on plume-regolith interactions under lunar 
and Martian conditions. Understanding the nature 
of plume-regolith interactions is vital in the design 
of future space missions. The regolith ejecta pro-
duced by these interactions presents numerous 
risks to the integrity of the spacecraft and the suc-
cess of the mission.  

Comprehensive experimental investigations of 
the flow patterns resulting from under-expanded 
axisymmetric jets that impinge on surfaces and 
structures with and without regolith simulants in a 
near-vacuum environment that emulates the at-
mospheric conditions of celestial bodies such as 
the Earth’s moon and Mars’s moon have been con-
ducted. The experiments were performed within a 
specialised plume regolith facility at the University 
of Glasgow. The facility, which has a 12 m3 test 
chamber can achieve an ultimate pressure of 
around 1 Pa and maintain the required nozzle stag-
nation-to-background pressure ratio for 2.5 sec-
onds in steady and pulsing operational mode. 
Scaled versions of convergent-divergent nozzles 
are installed at stand-off heights from a surface 
equipped with pressure transducers. The nozzle 
stagnation chamber can be heated to a tempera-
ture of 1000 K to attain Reynolds number simili-
tude. We have experimented with two modes of 
nozzle operation, namely steady and pulsed 
modes. A FLIR infrared camera was used to record 
the plume impingement's thermal profile on the 
surfaces and structures. The particle image veloc-
imetry (PIV) approach has been used to track the 
liberated particles. The difference in the ejected 
vector field among the chosen simulants shows 
how regolith physical properties affect lunar and 
Martian plume surface interactions. 

In the numerical part of our work, a fully transi-
ent code for solving rarefied multiphase flows, rar-
efiedMultiphaseFoam, has been developed with 
models to account for solid-solid interactions and 
applied to rocket exhaust plume-lunar regolith in-
teractions. Two different models to account for the 
solid-solid collisions are considered; at relatively 
low volume fractions, a stochastic collision model, 
and at higher volume fractions the higher fidelity 
multiphase particle-in-cell (MPPIC) method. Both 
models predict cratering at early times and similar 

dispersion characteristics as the viscous erosion 
becomes dominant. 

 

 
Fig 1: Experimental setup. 
 

 
Fig 2: Vectors of ejected particles from the 

plume interaction. 
 

 
Fig 3: Comparison of gas overall temperature 

field between the stochastic collision and MPPIC.1 
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ABSTRACT
An advanced plume-regolith laboratory at the University of Glasgow has been used to perform a pulsed jet
impingement experiment on lunar regolith simulants in a vacuum environment. An unconventional particle
image velocimetry (PIV) approach is used to track the liberated particles. PIV vectors indicate that the ejected
particles propagate at 80-100 m/s in a positive inclination away from the impingement zone. The di↵erence in
the ejected vector field among the chosen simulants shows how regolith physical properties a↵ect lunar plume
surface interaction.

1. Introduction

Achieving a successful landing in an extraterres-
trial environment involves several challenges. One
crucial technology that plays a vital role in ensur-
ing a controlled descent and a soft touchdown are
pulsed retro rockets [1]. Unlike continuous-thrust
rocket engines, pulsed retro rockets operate by firing
short bursts allowing for greater maneuverability and
mitigating the risks associated with the touchdown.
The plume-regolith interaction and erosion physics
of pulsed jets are di↵erent from continuous jets [2].
However, our understanding of how pulsed jets would
impact the ejection of regolith in a low-gravity en-
vironment is currently limited [3]. Therefore, the
present study attempts to track the movement of re-
golith simulant particles that are released during the
initial phase of pulsed propulsive landing in a lunar
environment using the PIV technique. Two di↵erent
densities of regolith simulant are tested under lunar
conditions in a terrestrial laboratory setting and the
results are compared.

Fig. 1: Schematic of the facility [4].

2. Experiment method

2.1 Plume regolith facility

The Aero Physics Laboratory at the University
of Glasgow has a specialized large-volume, near-
vacuum, plume-regolith facility with a capacity of
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Fig. 2: Experimental setup.

Fig. 3: Reference pressure.

72 m3, split up into a 12 m3 test chamber and a 60
m3 bu↵er tank. A schematic of the facility is shown
in Fig. 1. The bu↵er tank ensures the pressure rise
inside the test chamber remains within an acceptable
range as mass is injected by a supersonic nozzle. Two
di↵erent types of glass microspheres (median size 40
microns with a true density of 0.46 g/cm3 and 65 mi-
crons with a true density of 0.125 g/cm3) were used
in this experiment to simulate the reduced gravity on
the Earth’s moon by means of appropriate scaling of
the densimetric Frude number [4].

2.2 Experimental setup

The schematic of the experimental setup inside
the test chamber is shown in Fig. 2. A simple
convergent-divergent nozzle with an exit Mach num-
ber of 6.6 is fixed at a proximity of 4 Y /De o↵set dis-

(a) High density regolith simulant.
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(b) Low density regolith simulant.

Fig. 4: Vectors of ejected particles from the plume
interaction.

tance from the regolith bed to represent the landing
event, where Y is the vertical distance. The nozzle
is mounted above the top surface of the regolith and
De is the nozzle exit diameter. A regulator and mass
flow meter connect the nozzle to a pressurized nitro-
gen gas tank. To match the exit Reynolds number
closely to that found in a full-scale nozzle, the gas is
heated in the nozzle’s stagnation chamber to around
900 K. A dedicated heater controller maintains the
selected temperature. A delay generator was used to
activate a solenoid located inside the vacuum cham-
ber to operate the nozzle. For this experiment, the
solenoid operating frequency is configured to 6 Hz,
therefore the duration of each pulse is 0.083 seconds
for both the flow-on and flow-o↵ periods. At the be-
ginning of the experiment, the chamber pressure is
pumped down to near 1 Pa but, due to the insertion
of mass, gradually increases to 7 Pa after the comple-
tion of 12 pulses. For each pulse, the total pressure
of the nozzle is raised to 10 bar. The change in cham-
ber pressure and nozzle stagnation pressure is shown
in Fig. 3.

2.3 PIV visualization

The current work utilizes an unconventional PIV
approach, tracking the plume-liberated regolith par-
ticles instead of seeding the background gas. The
setup consists of a laser beam emitted from a double-
pulsed Litron LDY301 ND: YLF laser (527 nm) op-
erating at 1.5 kHz. The 2D beam is made to fall on

Fig. 5: Spatial points used to extract temporal proper-
ties of particle ejection.

the nozzle-jet axis to illuminate the liberated par-
ticles from plume impingement. A Photron APX-
RS high-speed camera was mounted 1500 mm from
the jet axis and laser plane. TSI Insight 4G soft-
ware controls the timing setup and synchronizes the
laser and camera. Due to the constraints imposed
by the size of the test chamber and saturation of
pixels due to agglomeration of particle build-up, the
study presents the velocity evolution of ejected par-
ticles up to 20 ms from the moment of impingement.
This indicates that, despite 6 consecutive pulses of
jet impinging on the regolith bed, the current PIV
technique is only capable of capturing the initial mo-
ment of the first pulse. The ejecta field resulting from
subsequent pulses is anticipated to exhibit slight vari-
ations compared to the first pulse. This is due to the
high-pressure gradient from the initial pulse forcing
down the regolith bed, resulting in the formation of
a crater. Subsequent pulses then expel ejecta from
within the crater [5].

3. Result and discussion

3.1 Vectors of ejected regolith particles

Fig. 4 compares the vector field of ejected regolith
between high-density particles and low-density par-
ticles at 8 ms from the moment of jet impingement.
The nozzle exit is at 4Y /De and the nozzle-jet axis
is at 0X/De location, where X is the radial distance
relative to the nozzle axis. The right side (incom-
ing direction of laser) of the nozzle blocks the laser
beam, casting the left side in shade. Thus, just the
right half of the ejected field is shown in Figs. 4a
and 4b. The liberation of particles begins in the jet
impingement region on the left side of the image.
These particles then propagate at a significant ve-
locity in a positive inclination, moving away from
the impingement region. Both particles of di↵er-
ent densities reach a maximum velocity between 80
m/s to 100 m/s, however, the spread of the high-
velocity zone is larger for the low-density particles,
reaching a vertical distance of 12Y /De, compared to
high-density regolith reaching 8Y /De. The proxim-
ity of the base structure of the nozzle assembly blocks
the upward-moving particles as seen by the disap-
pearance of ejected particles above 4Y /De between

It must be pointed out that the influence of the gas flow field due to
cratering and dispersal of the regolith layer will certainly change the
surface properties of the top of the regolith layer, particularly the
surface shear stress. This implies that a method using an erosionmodel
and a simple plane surface representing the lunar surface to simulate
the plume-surface interactions is not ideal.

5.2 Regolith layer evolution

The evolution of the regolith layer in the early stages of the gas
impingement is shown in Figures 15, 16 as plots of the solid particle
speedswith time, for the stochastic collisionmodel and theMPPICmodel,
respectively. In both cases, the cratering process can be clearly observed,
but it is a faster process with the stochastic method. Without
consideration of the close packing limit, the regolith layer in the

stochastic collision model is compressed and penetrated by the gas
flow relatively quickly, which is not realistic because it is not possible
for dust particles to sediment with a low solid volume fraction in reality.
Since the solid volume fraction in the stochastic collision model is dilute
and only binary collisions are considered, particles respond faster to the
gas phase than with the MPPIC method. At 0.05 m, the solid particles in
the stochastic collision method are already about to be dispersed by the
flow,whereas the regolith layer in theMPPIC case is still in the early stages
of cratering. The delay of cratering and smaller velocity of solid particles
with the MPPIC method implies that the regolith layer impedes the
spread of the gas through the pores and that enduring and transient
contacts within the solid phase limit the movement of solid particles,
which is more realistic. It can be concluded that the MPPIC method is
more appropriate for PSI simulations.

After the initial cratering process, solid particles begin to be
dispersed from the regolith layer through two different processes.

FIGURE 12
Comparison of gas overall temperature field between the stochastic collision model and MPPIC at t = 0.375 m.

FIGURE 13
Physical properties along the symmetry axis for the MPPIC case.
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Slanted Grousers for Planetary Rover Wheels. O. S. Lawlor1, 1U. Alaska Fairbanks, 2380 Steese Hwy,
Fairbanks, AK. (Contact: lawlor@alaska.edu)

Introduction: Planetary surfaces are irregular
and dusty, so rovers will require robust
ground-contact hardware, both for exploration and
future construction. Fixed-axle wheels remove the
complexity of steering, but differential turning can
dig into the terrain rather than move the rover. We
show slanted grousers can make fixed-axle rover
turns require less wheel torque and energy.

Background: Wheel grousers (lugs) of
different types have been well studied for
agriculture, varying the grouser count, size,
spacing, and angles [1]. More recent systematic
testing of various grouser heights [2] and shapes
[3] in dry sandy terrain is more applicable to rover
design. Slanted or fully helical grousers [4,5] have
been evaluated experimentally and via simulation.
Slanted grousers produce less torque variation

during open cage wheel rotation [1]. They do
induce side forces that are dynamic and large, but
still smaller than pull forces [3]. Figures 1 and 2
explore possible rover configurations using
various combinations of slanted grousers.

Figure 1: View from underneath a 4-wheel rover,
showing (a) grousers slanted along the radius of
the turning circle, which makes zero point turns
easier for the robot to initiate; and (b) grousers
slanted tangent to the turning circle. Right/left
handed wheels are shown in blue/red for clarity.

Figure 2: All 16 possible wheel configurations: (a)
radial and (b) tangent as above, (c) front-back [3]
and (d) left-right symmetry, and (e) uniform slant.
Odd "1 out of 4" configurations shown in gray.

Testing: Our six wheeled testing rover masses
75 kg and has a 1.2 meter roughly square
wheelbase, with 285 x 180mm wheels with 24
helical grousers 7mm high (5% of radius [2]). The
front wheel axles mount directly on the frame,
while the middle and back wheels pivot on a
bogie bar. The wheels do not steer, so the robot
turns using only tank-style differential drive.
On loose gravel, we performed 360 degree

zero point turns under torque control with the
rover's front and back grousers slanted differently.
Grouser
Slant

Energy/turn
70% torque

Energy/turn
60% torque

Min turn
torque

(a) Radial 7.1 kJ 8.2 kJ 40%

(c) Front-back 7.8 kJ 8.9 kJ 50%

(b) Tangent 10.3 kJ 11.5 kJ 55%

Figure 3: 6-wheel rover in radial slant grouser
configuration, after four full rotations on gravel.

Conclusions: Radial slanted wheel grousers
allow heavier rovers to make zero-point turns
without steering hardware. Work continues to
quantify this effect and validate its load and
terrain limits. Tangent slant may produce less
sinkage and terrain disturbance in some
situations, which we would like to quantify.
One challenge is slanted grousers may require

separate left and right handed spare parts, while
straight grousers use only one wheel type.
For configurations (a-c), turning each helical

wheel in opposing directions may allow holonomic
omnidirectional translation with a sufficiently
smooth wheel, and we are exploring how the
grouser and terrain types influence this possibility.

References: [1] Watyotha C. et al. (2001) J
Terram. 38, 1-14. [2] Inotsume H. et al. (2019) J
Terram. 85, 39-57. [3] Nagaoka K. et al. (2020) J
Terram. 90, 23–30. [4] Thoesen A. (2019) ASU
PhD. [5] McBryan T. (2022) ASU MS.
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Resource Extraction from Solution using Self Organizing Wetland Bioreactors (sowbs). C.A.
Lennox1, 1EcoIslands LLC, 199 Bloom Road, Altoona PA. (Contact: colin@ecoislandsllc.com)

Introduction: The biotic and abiotic
interactions of microbial biofilms living in natural
wetlands cycle organic and inorganic matter. This
complex organization, and the flux of matter in
and out of natural wetlands, can be replicated and
made to do work for the purpose of biological
in-situ resource utilization (bisru). By integrating
oxidizing and reducing sowbs into an enclosed
environmental life support system (eclss), all
primary waste streams due to human habitation
and needs can be cycled and comingled for
increased efficiency and breadth of products for
an average savings of ~90% of the abiotic
activation energies. The biology catalyzes the
cycling interactions “for peanuts” and can contain,
harness, and sustain, hypothetically, all of the
metabolic pathways found on Terra. The sowbs
become the point of interaction between incoming
regolith, sewerage, agricultural waste, and
atmospheric gasses. Terran commercial
examples of uses/products are manganese
oxides up to 85% purity, rare earth elements,
dense iron oxides, sulfuric acid, degradation of
some pharmaceuticals and Fecal coliforms, and
methane production and “purification”.
Main Slide and Featured Sowbs:
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Lunar Advanced Surface Electrification (LASE)   P. Lubin1, P. Meinhold1, P. Srinivasan1, N. Rupert1, A. 
N. Cohen1, J. Webb1, 1 University of California - Santa Barbara, Broida Hall, Santa Barbara, California, 
93106, United States (Contact: lubin@ucsb.edu)  

 
 
Introduction:  The industrial and technological 

revolution only proceeded once large amounts of 
power became available, first in mechnical form in 
the 19th century, and then in electrical form in the 
20th century. The latter is critical to advancement 
in space, and particularly on the lunar surface. By 
beaming energy from a directed energy (DE) laser 
either in single element (DESE) or Phased Array 
(DEPA) in both  “point to point” and “store and for-
ward” topologies, we enable a wide variety of lunar 
operations such as those in permanently shad-
owed regions (PSR) and long range tower-to-
tower, surface-to-spacecraft, spacecraft-to-sur-
face and spacecraft-to-spacecraft power beaming. 
This system is inherently modular, scalable, and 
multi-functional, and represents a path forward to 
electrification of the lunar surface that can handle 
a large and diverse mission space. 

Wireless power transmission: We envision 
the application of DEPA / DESE technology to 
long-range lunar point-to-point power beaming us-
ing towers. As an example, the use of towers 100m 
tall would enable point-to-point beaming across 
>35km baselines. The DEPA system is run in a sin-
gle spatial mode while DESE can be single or 
multi-mode. While a multimode system is much 
simpler to build and deploy and is the basis for our 
LuSTR program, it is not suitable for very long 
range applications, such as those where a space-
craft is the target or where a spacecraft is the inter-
mediary between distant ground locations. An ex-
treme example of this is our Earth-to-lunar-surface 
mode. 

Laser photovoltaics: The use of beamed 
power transmission requires the use of laser pho-
tovoltaics (LPV) in order to convert the laser light 
into electricity at the target. We have demonstrated 
>28% conversion efficiency in Si and are working 
with on InGaAs converters as part of our LuSTR 
program, which has achieved >45% conversion ef-
ficiency at 1 micron. Additionally, the optical power 
that is not converted to electricity can be converted 
to heat and stored in a thermal battery, which is 
especially useful during the lunar night and could 
enable near-unity conversion. 

High-flux application: In cold environments 
such as lunar night applications, the LPV can be 
run at high flux which can raise the efficiency. Run-
ning the LPV at higher flux lowers the mass per unit 

electrical powered delivered which can be critical 
for deep space ion engine missions. With current 
designs we are at 1 kg/kWe and with new designes 
we should be able to achieve ~ 0.1-0.2 kg/kWe. 

Wired power transmission: As part of our 
Watts on the Moon Program (WOTM), we present 
an additional solution to the problem of transmitting 
power across large distances on the lunar surface, 
namely that of direct wired transmission. We have 
developed a very effective and low mass system 
which allows for high power applications over a 
broad temperature range anywhere on the lunar 
surface. Our hybrid cable solution enables opera-
tion in both daytime and nighttime conditions, from 
30K – 400K, and included energy storage capable 
of surviving the lunar night, as discussed below. 

Combined wireless and wired transmission: 
Our two solutions allow for varying system topolo-
gies such as the beamed power option for applica-
tions that require it (i.e. mobile applications), as 
well as a multi-point hybrid solution where both mo-
bile targeting using beamed power and fixed power 
transfer using cables are utilized. This enables ex-
treme flexibility and scalability, and offers a wide 
variety of options for the future. We have shown in 
prior work that this wired solution allows transmis-
sion line efficiencies over the transmission line of 
~85-90% for the “warm case” and near 100% for 
“cold case” with a hybrid cable mass of ~14 kg/km.  

Surviving the lunar night: In designing sus-
tained operations on the lunar surface, the problem 
of surviving the 14-day lunar night is a critical issue 
to solve. We have shown in our WOTM work that 
relatively modest cryogenic engineering can be ap-
plied to the case of electrical and thermal batteries, 
which can be designed to survive at room temper-
ature for the entire lunar night. The battery packs 
need a thermal control system in order to maintain 
proper temperature since at some points in the 
charge/discharge cycle the batteries will generate 
more heat than at other times. By thermally isolat-
ing the packs from the environment, this waste 
heat can be used to keep the batteries and control 
systems near optimal operating temperature, and 
we are designing the system such that it allows the 
battery pack to radiate excess heat into cold space 
periodically as needed. 

References:  
[1] P. Lubin (2022) World Scientific. 
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World-Wide Commercial Lunar and CISLUNAR Ground Network for LunA-10.  B. Malphrus1 M. 
Cosby2, M. Gnat3, Pierre Lagadrilliere, R. McNeil4, and T. Strydom5, 1Morehead Space Technologies, More-
head, KY, 40351, 2Goonhilly Earth station Ltd, UK, 3 Deutsches Zentrum für Luft und Ramfahrt, e.V., Ger-
many, 5South African National Space Agency, 6SpaceOps NZ. (Contact: b.malphrus13@gmail.com)  

 
Introduction:  Large aperture ground stations 

are required to support the upcoming cislunar and 
lunar economies for both high data-rate communi-
cations with surface assets and orbiting relays, and 
for providing high-precision radiometric data work-
ing with orbiting spacecraft for positioning, naviga-
tion and timing (PNT).  Large aperture ground sta-
tions are scarce and are extraordinarily expensive 
to build, maintain, and operate.  A new 32-meter 
station with NASA Deep Space Network (DSN) ca-
pabilities can exceed $40M.  A minimum of six an-
tennas spaced approximately 120° apart around 
the globe are necessary for continuous coverage 
and effective PNT that requires radiometric data 
from the North and South hemispheres.  A strategy 
to utilize and upgrade existing large aperture sta-
tions as the basis for an affordable commercial lu-
nar ground network is propsed. 

 
A study to examine the validity of the concept is 

based on assessing the state of six independently 
owned, large aperture stations (>20 m) around the 
world that have formed a “loose” partnership of lu-
nar-capable ground stations, the Consortium of 
Large Aperture Ground Stations (CLAGS).  
CLAGS was established in 2023 to provide inte-
grated services for the lunar economy.[1] The 
CLAGS study will investigate potential network ar-
chitectures, cyber-security solutions, implementa-
tion of common state-of-the-art systems to comply 
with lunar infrastructure standards and a common 
scheduling system and user interface, leading to a 
System Concept Review (SCR) level design. 

 

Summary- State-of-the-Art:  While Optical La-
ser communications (lasercom) is a key compo-
nent of the LunA-10 architecture, high data-rate RF 
communications are required for redundancy and 
to augment proposed lasercom systems, espe-
cially for PNT through precise radiometric meas-
urements using lunar orbiting spacecraft.  Innova-
tive spacecraft communications systems at higher 
frequencies (X, Ka-bands) combined with modern 
modulation and coding schemes, with extremely 
low noise receiver systems and large aperture re-
flectors, can achieve 10s to potentially 100s of 
Mbps data throughput directly to Earth from lunar 
assets.  

 

There are numerous potentially effective solu-
tions toward providing high data-rate communica-
tions and precise radiometric data for PNT.  These 
include synthesized arrays, implementation of new 
large-aperture ground stations, and using existing 
large aperture antennas. Notwithstanding great 
progress, the difficulty of establishing complex au-
tocorrelation systems and kilowatt power uplinks 
with synthesized arrays present significant techno-
logical challenges.  Implementing a new, world-
wide network of 20–34 meter deep space capable 
ground stations could cost over $400M.  Upgrading 
existing, often underutilized radio telescopes pre-
sents a cost-effective strategy able to bring a first-
generation commercial lunar network on-line effec-
tivel and quickly. 

 

Proposed Design: CLAGS was established 
with the intent of providing TT&C and PNT services 
to lunar missions [1]. The existing (4) stations 
along with (2) in development are shown below.  
Each of the stations is extremely capable and sev-
eral have already supported lunar missions. 

 

Figure 1 Consortium of Large Aperture Ground Stations- Cur-
rent and Future Ground Stations 
 

Ultimately, all the CLAGS stations will be upgraded 
to incorporate common technologies, a common 
user interface, a common scheduling system, and 
a unified, secure network circuit to support 
LunA-10 operations. 
 

References:  
[1] B. Malphrus,  M. Cosby, M. Gnat, R. Fal-

cone, R. McNeil, T. Strydom, (2023) Consortium of 
Large Aperture Ground Stations (CLAGS) Initiation 
Concept, 3.16.2023 
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The Flexible Logistics & Exploration (FLEX) Rover Lunar South Pole Mission in mid-2026.  J. B. Matthews1, 
1Venturi Astrolab, Inc., 12536 Chadron Ave Hawthorne, CA 90250 (Contact: jaret@astrolab.space) 

 
Introduction:  NASA and private industry 

investments will soon make it possible to land 
unprecedented amounts of cargo on the Moon at a 
regular cadence. Venturi Astrolab, Inc. (Astrolab) is 
developing the multi-functional Flexible Logistics & 
Exploration (FLEX) rover with this burgeoning 
environment in mind. FLEX is a Lunar Terrain Vehicle 
(LTV)-class, semi-autonomous, remotely-operable, 
rover that can carry two suited astronauts and all their 
associated equipment, tools, instruments, and samples.  
(Figure 1).  In March 2023, Astrolab announced that it 
had signed a launch service agreement with SpaceX to 
send an uncrewed version of FLEX to the lunar south 
polar region as soon as mid-2026 on a Starship Launch 
& Landing System. Astrolab has already signed several 
customer reservation agreements for this mission, 
totaling hundreds of kilograms of customer payloads 
and hundreds of kilograms of capacity remains available 
for additional customers. 

FLEX can accommodate payloads with volumes 
totaling in excess of 3m3 and masses of up to 1,500 kg. 
The FLEX rover’s unique commercial potential comes 
from its novel mobility system architecture, which gives 
it the ability to pick up and deposit modular payloads in 
support of human operations, robotic science, 
exploration, logistics, infrastructure deployment, site 
survey/preparation, construction, maintenance, & 
repair, resource utilization, and other activities critical 
to a sustained presence on the Moon and beyond.  

Robotic Arm & Payload Mezzanine: FLEX is 
equipped with a 2.4m long, six degree-of-freedom 
robotic arm with a dust-tolerant quick disconnect end 
effector that is used to attach-to and extract payloads, 

instruments, and tools that are housed in a mezzanine 
below the arm (Figure 2). Each of the 15 payloads in the 
mezzanine can be as large as a 12U cubesat (22cm x 
22cm x 36cm) and 25kgs. In addition to deployable 
customer payloads, the mezzanine can contain 
instruments or other implements such as a scoop for 
collecting samples or transferring regolith.   

Analog Testing: Astrolab has developed a full-
scale, fully-functional terrestrial proof-of-concept 
FLEX rover and has conducted multiple field tests at 
analog sites in the California desert. At these field trials, 
FLEX was used to conduct demonstrations of various 
activities and operational scenarios that will be required 
on the Lunar surface [1]. Recent testing included an 
end-to-end in-situ resource utilization (ISRU) 
demonstration (Figure 3). This test included the 
transport and deployment of a 5kW vertical solar array 
tower (VSAT) mockup and an ISRU pilot plant (1.5m x 
1m x 1m) mockup. The ISRU plant included a cable 
spool that connected the VSAT to the plant. After 
deploying this equipment, the FLEX robotic arm 
extracted a scoop implement from the payload 
mezzanine and used the scoop to collect and deposit 
feedstock material into the ISRU plant. This test 
successfully demonstrated how an ISRU pilot plant of a 
meaningful scale could be deployed and operated on the 
lunar surface in a series of practical steps using FLEX. 

Figure 2: FLEX’s modular payload interface and novel 
mobility system enable it to perform a multitude of functions, 
including crew transport, outpost logistics, robotic science, 
and infrastructure deployment 

Figure 1: Astrolab’s 6-DoF Robotic Arm and Payload 
Mezzanine attached to the FLEX rover. 
 

Figure 3: Astrolab recently conducted an end-to-end ISRU 
plant deployment demonstration at an analog test  
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Exploring the Impact of Harsh Lunar Conditions on Physical and Mechanical Properties of Lunar 
Building MaterialsAuthors: A. N. Narvasa1,  M. Miletić1*, E. Torresani1, D. Cortes2 
 
 
Abstract: 
The NASA Artemis exploration initiative is 
geared towards establishing a sustained lunar 
presence, necessitating repeated visits to the 
same site and the creation of robust and 
enduring launching and landing pads (LLPs). 
Several methodologies for utilizing in-situ lunar 
regolith in construction, including sintering, 
grading, compacting, and polymer spraying, 
have been proposed and studied. Despite the 
promising outcomes seen with some of these 
techniques, a significant gap in knowledge 
persists regarding their performance under 
extreme temperature fluctuations on the lunar 
surface. Presently, no research has delved into 
how these construction methods and materials 
endure the severe lunar temperature conditions. 
As a result, this study's overarching objective is 
to comprehensively comprehend how different 
LLP construction approaches respond to the 
challenging lunar environment. This is achieved 
by conducting experimental investigations that 
analyze the effects of extreme temperature 
variations on the physical and mechanical 
attributes of three distinct building materials 
used in LLP construction. 
 
To achieve this goal, the study employed the 
LHS-1 lunar simulant as the base material, 
accurately mimicking the composition of regolith 
found in the moon's highland region. The 
investigation focused on three distinct 
construction methods: enhancing the regolith 
with Xantham Gum biopolymer (XG), 
implementing cold isostatic pressing (CIP), and 
utilizing spark plasma sintering (SPS). The study 
analyzed the impact of extreme lunar 
temperatures spanning from -180 °C to 125 °C. 
To investigate the influence of thermal cycling 
on the macroscopic mechanical behavior of the 
specimens, unconfined compression tests were 
conducted. Additionally, scanning electron 
microscope analysis in conjunction with image 
analysis was performed to examine the 
microstructure of the specimens, while the 

evolution of bulk density with thermal cycling 
was assessed using the Archimedes method. 
 
The comprehensive outcomes of the 
experiments unveiled that among the trio of 
methods, the SPS samples displayed the 
highest bulk density and the least microporosity. 
Following in sequence were the CIP method 
and, ultimately, the XG method. Consequently, 
the specimens derived from the SPS technique 
demonstrated markedly enhanced macroscopic 
mechanical characteristics, surpassing those 
achieved by the other approaches by a 
substantial margin. Nonetheless, despite their 
exceptional macroscopic mechanical 
performance prior to thermal cycling, the SPS 
specimens showed the swiftest decline in their 
physical and mechanical attributes when 
subjected to thermal loading. This decline can 
primarily be ascribed to their densely compacted 
microstructure and elevated bulk density, 
rendering them more vulnerable to the 
detrimental effects of thermal cycling. 
 
 
Keywords: Regolith, Launching and Landing 
Pad (LLP), Xanthan Gum, Cold Isostatic 
Pressing (CIP), Spark Plasma Sintering (SPS), 
Cyclic Thermal Loading 
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Introduction:  This initiative began in 2021 

[1,2] and has grown since then with presentations 
at IAC and the Luxembourg Space Resources 
Week. (e.g., [3]) and a revised paper is currently 
under consideration for publication in Acta Astro-
nautica. In 2022, two Lunar Surface Science Work-
shops were held on this subject [4,5] and further 
developed the concept. Among the findings were 
the definition of data types from such a campaign 
and the coordinating body should be a “non-gov-
ernmental agency (NGO)”.  

Current & Scheduled Missions:  The follow-
ing missions currently operating at the Moon and 
can focus on polar volatile resources: NASA’s Lu-
nar Reconnaissance Orbiter (LRO); the Korean 
Pathfinder Lunar Orbiter (KPLO); the orbital com-
ponent of the Chandrayaan-2 mission and the 
Chandrayaan 3 lander from India. Other missions 
are scheduled to go to the Moon in the next 5 
years: Lunar Trailblazer (NASA orbiter); the Vola-
tiles Investigating Polar Exploration Rover 
(VIPER); the LUnar Polar EXploration mission 
(LUPEX) from Japan and India (lander and rover); 
NASA’s Polar Resources Ice Mining Experiment-1 
(PRIME-1) ISRU demonstration; ESA’s Package 
for Resource Observation and in-Situ Prospecting 
for Exploration, Commercial exploitation and 
Transportation (PROSPECT) ISRU demonstra-
tion; the Canadian Lunar Rover Mission (LRM). 
The coordination of lunar resource prospecting 
represents opportunities for international diplo-
macy in an era that desperately needs it.  

Beginning the Coordination:  The coordinat-
ing “NGO” could be the lunar community, at least 
initially. As such, we have started a grassroots ap-
proach focusing on missions highlighted above. 
The orbital missions can return multiple, diverse 
datasets for the same locations so surface assets 
could be accurately deployed to obtain the granu-
larity of data needed to define the reserve potential 
there. We believe this is the vital next step in un-
derpinning sustainability of human exploration of 
the Moon and also helping to establish a vibrant 
cislunar economy. But which sites should be tar-
geted? The largest craters at the south pole may 
not be the best targets for initial surface exploration 
due to accessibility. ShadowCam on KPLO has the 

potential to map routes into and out of PSRs [6]. 
Therefore, part of this effort will be to integrate ex-
isting datasets for the targets chosen while obtain-
ing new data from the orbital missions, and ground 
truth data from the landed missions. A start can be 
made by integrating current datasets for the un-
named medium to small PSRs at the south pole 
(e.g., [7,8]) around the Artemis landing sites. Site 
selection can be community driven through hybrid 
international workshops, & special sessions in es-
tablished conferences. Products will inform future 
landed missions to give spatial resolution needed 
to quantify the reserve potential of each site. 

Legal Implications: If this campaign is interna-
tional in nature, it provides a great opportunity to 
test and refine the applicable legal framework while 
being intentional in setting precedents that posi-
tively shape the conduct of lunar (and space) re-
source activities in accordance with the OST. We 
propose as a beginning 3 foundational features: 
• The global relevance of lunar resources requires 

the involvement of all interested actors, irrespec-
tive of their economic & scientific development. 

• The variety of data that will be obtained through-
out the campaign allows for the possibility to pro-
vide benefits to both its participants and the 
broader science community. 
The unprecedented level of cooperation and 

coordination required for the campaign can be 
used as a catalyst to accelerate current rulemaking 
efforts for lunar governance. 

References: [1] Neal & Abbud-Madrid (2021) LSIC 
Fall Mtg. https://lsic.jhuapl.edu/uploadedDocs/posters/ 
1236-Neal_abstract.pdf  [2] Neal et al. (2021) https://www. 
hou.usra.edu/meings/leag2021/pdf/5025.pdf [3] Neal et al. 
(2023) https://www.youtube.com/watch?v=DVwfFBV0OO 
w&list=PLNvZweBqVASl-Ivy_Tzz547OSNddMgiw&index 
=10 [37 min 52 sec in] [4] LSSW 17, Defining a Coordi-
nated Lunar Resource Evaluation Campaign (2022a) 
https://www.hou.usra.edu/meetings/lunarsurface17/pdf/ 
lunarsurface17_program.htm. [5] LSSW 18, Implementing 
a Coordinated Lunar Resource Evaluation Campaign 
(2022b) https://www.hou.usra.edu/meetings/lunarsurfa ce 
18/pdf/ lunarsurface18_program.htm. [6] http://shadow-
cam.sese.asu.edu/. [7] Mazarico et al. (2011) Icarus 211 
(2011) 1066. [8] Bickel et al. (2021) Nat. Comms. 12, 5607.  
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Introduction:   
 
Kappler, Inc., a woman and employee owned small 
business, proposes to address the need for an en-
vironmentally inert flexible fabrics that provide a 
combination of chemical and thermal barrier perfor-
mance characteristics. Kappler, Inc. has designed, 
developed and manufactured chemical and thermal 
resistant fabrics and protective garments since 
1976. With more than 26 patents issued or pend-
ing, Kappler innovation extends to related acces-
sory and specialty products such as AntiFog Visor 
technology, the 2N1® Glove System and 
ChemTape®. 
 
The Zytron® family of fabrics provide a high level of 
chemical permeation barrier ideal for use in contain-
ing and processing hazardous chemicals used during 
lunar exploration. These fabrics exhibit high levels of 
puncture and tensile strength. When they are con-
structed and sealed into containers they can provide 
pressure resistance. 
 
The Frontline® and Durachem® families of fabrics 
provide similar levels of chemical barrier performance 
as well as flame and thermal barrier performance as 
well. Durachem fabrics provide high levels of abra-
sion resistance and strength. These fabrics could be 
considered for barrier liners in permanently con-
structed habitats to assist in providing and maintain-
ing pressure in those structures. These fabrics can 
also provide thermal and radiation attenuation char-
acteristics. 
 
In addition to the fabric technologies, Kappler has 
years of experience in the joinage of fabrics and com-
ponents of various polymer types and configurations. 
 
These technologies will be presented to address the 
potential needs of the Lunar Surface Innovation Con-
sortium (LSIC), specifically testing maintenance 
routines at lunar proving grounds, gradually in-
creasing robotic autonomy while interacting with 
humans, defining the parameters and constraints 
of the architecture required to support a sus-
tained presence on the lunar surface, as well as 
economic and policy considerations. 

Past Experience: 
 
Kappler participated with NASA-JSC in a project to 
provide chemically protective overhoods for ammonia 
protection for astronauts on the International Space 
Station (ISS). Kappler Zytron 300 fabric was used to 
construct the hoods which integrated with existing 
breathing system equipment. 

 
Kappler worked with Lockhead Martin and utilized Zy-
tron 500 fabric for the vapor containment and detec-
tion of hypergolic fuels during transport of THAAD 
missile launch system on military aircraft. 
 
Kappler provided prototype services to NASA-MSFC 
for the construction of a lunar rover protective struc-
ture for ballistic and radiation protection during long 
term storage. 
 
Kappler provided design and prototype services to 
NASA-MSFC for a multi-purpose lunar habitat that 
would allow for pressurization to assist in the addi-
tive manufacturing of permanent structures and 
landing pads for the lunar surface.  
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
References: No references made. 
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Introduction:  
With > 250 missions planned over the next 

10 years, the Moon is increasingly becoming the 
focus of research and also industry. [1] The use 
and processing of raw materials (ISRU) on the 
Moon has the potential to save $1.5M per kilogram 
by eliminating transportation costs from Earth. [2] 
To fully realize the potential, as many critical infra-
structure products as possible should be made 
from lunar regolith. [3] Critical infrastructures are 
dust repellent and at the same time structurally 
strong landing pads, paths or structures. There-
fore, plans exist worldwide to sinter or 3D print lu-
nar regolith on site. However, all ISRU approaches 
still have existing deficiencies in terms of proper-
ties and thus potential applications. For example, 
tensile strengths of only 40 MPa are achieved. 
Dust-reducing or even dust-repellent ISRU prod-
ucts cannot be realized by 3D or sintered materials 
either. It is therefore essential to develop materials 
that fully exploit the potential. 

 
Fibers and textiles made from lunar regolith can 

unlock this potential and also significantly expand 
the possibilities for necessary products for lunar 
exploration. Glass and basalt fibers are commer-
cially available on Earth. With up to 4,000 MPa, 
they are 100 times stronger in tensile strength than 
3D or sintered materials. [4] At the same time, tex-
tiles offer the possibility of ISRU filter materials, in-
sulators, or structural elements. For example, land-
ing pads can be created from fiber mats, which pre-
vents lunar dust from being stirred up. But also 
paths for rovers and astronauts made of fiber mats 
are possible.  

 
Manufacturing MoonFibre on the surface:  
In order to fully understand the potential of fiber 

materials, extensive studies have been carried out. 
First, the spinnability of var-
ious lunar simulants was ex-
amined theoretically from a 
physical point of view. The 
viscosity behavior of molten 
regolith was considered and 
an optimum processing 
temperature of 1.222 °C 

was determined. The lunar simulant was then 
heated to the processing temperature and fila-
ments were produced at speeds of 800 m/min. The 
filaments, as shown in the figure, have a diameter 
of 16 - 18 µm. The tensile strengths of 1,600 MPa 
are 40 times higher than other ISRU approaches. 

 
At the same time, an automatic production con-

cept for the moon was developed. With an induc-
tion furnace, 16 kg/24 hours can be produced with 
only regolith and electrical energy. Spinning trials 
were conducted in low-orbit at 0g to validate the 
robustness of the machine with respect to the 
rocket launch forces and the possibility to produce 
Lunar regolith simulant fibers at different gravities. 

 
 
Acknowledgment: MoonFibre is funded by 

German Aerospace Center DLR. 
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Introduction:  NASA’s Flight Opportunities 

program leverages commercial flight providers to 
accelerate the maturation of space technologies 
using suborbital rocket-powered vehicles, aircraft 
flying parabolic trajectories, and high-altitude bal-
loons, as well as orbital platforms that can host 
payloads in cooperation with NASA’s Small Space-
craft Technology program. Exposure to relevant 
space environments can validate a technology’s 
functionality in a cost-efficient and timely manner, 
reducing risk ahead of longer, more expensive mis-
sions, including missions to the Moon and Mars.  

Since 2011, Flight Opportunities has supported 
over 271 flights with more than 899 tests of pay-
loads. These flight tests have supported the matu-
ration of technologies and research with applica-
tions for lunar exploration and the development of 
resilient lunar infrastructure. 

Flight Opportunities presenters will cover the 
following key points as a resource for researchers 
interested in maturing their space technologies 
and engaging with NASA: 

• Ways for U.S. researchers from industry, 
academia, and non-profit research insti-
tutes – as well as those from NASA and 
other government agencies – to engage 
with the Flight Opportunities program 

• How PIs (principal investigators) can make 
the most of their flight tests and design 
them with a future lunar application in mind 

• Why commercial flight testing has become 
a best practice for NASA-supported tech-
nologies across disciplines 

• Resources available for investigators, in-
cluding a monthly Community of Practice 
webinar series, the Flight Opportunities 
newsletter, and one-on-ones with Flight 
Opportunities team members 
 

Technologies and Research Appropriate for 
Testing through Flight Opportunities:  Under 
the umbrella of NASA’s STMD (Space Technology 
Mission Directorate), Flight Opportunities ad-
vances STMD’s mission to rapidly develop, 
demonstrate, and transfer revolutionary, high pay-
off space technologies. STMD organizes the 
agency’s technology investments into a strategic 

framework with focus areas to drive technology de-
velopment. 

Technologies and experiments that fit the four 
“thrusts” of NASA’s Strategic Technology Frame-
work and will enable NASA’s future exploration 
missions are well-suited for flight testing through 
Flight Opportunities. Examples include: 

• GO: Cryogenic fluid management 
• LAND: Entry, descent, landing; precision 

landing, thermal protection systems 
• LIVE: In situ resource utilization; advanced 

thermal management; advanced materi-
als, structures, and construction; ad-
vanced habitation systems 

• EXPLORE: Advanced manufacturing; 
small spacecraft systems 
 

Relevant Test Environments:  Flight Opportu-
nities facilitates access to a variety of test environ-
ments that replicate conditions encountered on lu-
nar missions. Relevant test conditions include: 

• Microgravity and weightlessness 
• Challenging landing, hazard detection and 

navigation 
• High-altitude solar exposure 
• Extreme temperatures and vacuum 
• Observation for suborbital and orbital in-

struments 
• Intense spacecraft vibrations 
• Atmospheric re-entry 
• Radiation 

 
Recent Lunar Technology Testing:  Present-

ers will provide examples of recent testing, includ-
ing the agency’s second TechLeap Prize, 
Nighttime Precision Landing Challenge No. 1, 
which aims to advance technology to aid lunar 
landings in the dark and hazardous region of the 
Moon’s south pole.  

In addition, NASA expanded options for evalu-
ating the performance of technologies in lunar 
gravity via support for new testing capabilities on 
Blue Origin’s New Shepard reusable suborbital 
rocket system – enabling researchers to test and 
de-risk innovations critical to achieving the nation’s 
lunar exploration goals, like those of the Artemis 
program.  
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Introduction: The LISAP-MSE project funded 

through NASA BIG Idea Challenge 2023 investi-
gates a process developed to produce aluminum 
metal on the lunar surface via molten salt electrol-
ysis. This process is outined in the flowchart as 
seen in Figure 1 below. 

 

 
Figure 1: LISAP-MSE flowchart 

 
 Methodology: 
The LISAP-MSE project, will demonstrate the 

use of the Fray-Farthing-Chen (FFC) Cambridge 
process to reduce aluminum oxide (i.e., alumina) 
into aluminum and oxygen gas via electrolysis in a 
molten salt bath for the production of aluminum on 
the Moon. This process will be similar to that 
shown in Figure 2 below. 
 

 
Figure 2: Aluminum Oxide Electrolysis [1] 
 
It will be shown that with a steady supply of hy-

drogen chloride, this in-situ resource utilization 
(ISRU) method can supply almost all of the 

necessary materials consumed in the FFC Cam-
bridge process (except hydrogen chloride) to pro-
duce aluminum metal, oxygen, water, and silica 
from anorthite.  

 
Results: 
Leaching of the anorthite using hydrochloric 

acid has been successfully tested and character-
ized. Results of the leaching process can be seen 
in Table 1. 

 
Table 1: Leaching Results 

Trial 
Run 

Oven 
Temp (C) 

Time 
(hrs) 

Initial Anorthite 
Mass (g) 

Remaining 
Silica 

Mass (g) 

1 160 2.5 8 6.3 
2 175 2.5 8 5.25 
3 175 5 8 4.27 
4 180 6.5 8 5.55 
5 210 24 8 4.44 
6 190 24 8 4.43 
7 160 24 8 4.49 
8 150 24 8 4.45 
9 140 24 8 4.44 
10 120 24 8 5.06 

 
The table above shows that after 24 hours, the 
minimum remaining silica mass was near 4.44g. 
Looking at the results for each run, it can be con-
cluded that the minimum tested temperature re-
quired to drive the reaction to completion was 140 
C.  
 Once the leaching was completed, prod-
ucts were then further processed into alumina. This 
was done by heating the sample to 1200C. The 
samples were then characterized using XPS and 
FTIR which show the correct atomic ratio for alu-
mina and the confirmation bands respectively. 
 
References: [1] Kadowaki H. et al. (2018) Journal 
of The Electrochemical Society, 165. 
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Introduction: Crescent Space Services LLC is a 
wholly owned commercial services subsidiary of 
Lockheed Martin (LM), established in 2022 to pro-
vide infrastructure-as-a-service for commercial 
and government lunar missions. As a separate 
company, Crescent is able to combine LM’s deep 
heritage and reliability in space with the agility of 
a separate commercial platform and business 
model. This approach enables Crescent to deliver 
reliable commercial lunar services at competitive 
prices, with the speed and flexibility necessary to 
meet this new emerging market. Crescent oper-
ates independently with its own board of directors, 
leadership team, employees, and tailored com-
mercial processes, while also maintaining the 
ability to reach back into LM when needed for 
specialized talent and expertise to deliver these 
services. 
 
Crescent will own and operate the Parsec® net-
work, a SmallSat-based lunar communications 
and navigation service beginning in 2026. Parsec 
offers end-to-end communication and navigation 
services to lunar surface and orbiting users from 
two dedicated interoperable relay satellites, 
providing 24/7 coverage to the South Pole and 
southern latitudes. Parsec is built on a modular 
SmallSat spacecraft product line known as Cu-
rio™, developed for a myriad of lunar and deep 
space missions. The satellite is equipped with 
both high-and low-rate communications relay pay-
loads with software-defined radios. A highly capa-
ble payload processor with a flexible software 
framework enables on-orbit configurability, and 
will allow the network to scale with additional 
nodes as the lunar ecosystem evolves. The sys-
tem is designed to service initial and future mis-
sion needs in a commercialized manner, enabling 
a new class of missions to the Moon. 
 

 
 
This presentation will start by walking through the 
Parsec users guide, which will allow the audience 
to gain an understanding of how to connect to and 
use the Parsec service. From there, we will invite 
the audience to a dialogue exploring mission use 
cases and performance needs in regards to com-
munication, navigation, and timing. We will use 
this dialogue to ensure these needs are met by 
the planned services, and to identify additional lu-
nar infrastructure that may be desired or required 
in this new marketplace.  
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Introduction:  Lunar sample return has only been 

achieved by three entities−each of those a national space 
program−from a handful of mid-latitude sites. The 
limited supply of lunar samples on Earth calls for an 
increased cadence of sample delivery from a greater 
diversity of sites to better foster scientific research and 
assessment of resources for future economic and 
exploration use. Spacecraft presently in preparation for 
missions supporting NASA’s Commercial Lunar 
Payload Services Program (CLPS), specifically 
Firefly’s Blue Ghost and Elytra platforms, provide the 
critical building blocks needed to obtain samples 
commercially at a higher cadence from diverse regions 
and at a lower cost. 

Elements:  Firefly’s Blue Ghost lander (CLPS 19D 
and CS-3) and Elytra orbiter (CLPS CS-3 pictured) 
platforms have nearly identical buses, with the key 
differences being structural. The Blue Ghost platform is 
mass-optimized to go to the lunar surface, while the 
Elytra structure is taken from Firefly’s Alpha launch 
vehicle in order to support substantive payloads. Both 
platforms are scheduled to have flight heritage in the 
next three years. 

 
Architecture: Because the Elytra platform uses the 

same structure and separation mechanism as a launch 
vehicle designed to carry much greater loads, it is an 
inherently stackable building block. Four vehicles can 
fit in a nominal Falcon 9 fairing. The resulting stack can 
therefore leverage staging to achieve sample return 
through multiple architectures. As a first example, the 

stages can expend themselves completely on the way to 
the lunar surface, delivering a nearly full Blue Ghost 
lander to the lunar surface. With a sufficient thrust-to-
weight ratio, this vehicle has the delta-V required to 
achieve an Earth re-entry trajectory. 

The preferred, though logistically more challenging 
method, is to follow in the footsteps of Apollo and 
Chang’e 5 missions. In this example, one Elytra stage 
remains in orbit while the topmost Elytra of the stack 
performs a portion of the breaking burn for the lander 
before being discarded to the lunar surface. The lander 
reaches the surface with sufficient propellant reserve to 
itself ascend to lunar orbit, or carries a smaller ascent 
stage as payload. The ascending vehicle performs 
rendezvous with the orbiting Elytra, which uses its 
remaining propellant to return any captured samples to 
Earth (pictured). 

 
Many of the key challenges of these architectures are 

already being proven on funded missions, not the least 
of which is landing. If Firefly were to forego 
commercial payloads, the Elytra stage flying as part of 
the CS-3 task order would complete its portion of the 
mission in an elliptical lunar frozen orbit with sufficient 
propellant reserve to return a sample to Earth. There is 
no architectural mandate that all Elytra’s launch on the 
same vehicle. The cadence of CLPS and commercial 
missions may well create alternative opportunities to 
extend the missions of orbiting assets. Key remaining 
challenges to be demonstrated include rendezvous 
(which has much overlap with landing capability) and 
re-entry survival. 

Summary:  Diverse 
sample return is achievable in 
the near-term using the 
building blocks prepared in 
support of the CLPS program. 
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Introduction: Surviving lunar winters is a challeng-
ing endeavor for long-duration surface exploration1.  
Several thermal protection technologies including ad-
vanced radio isotopes and advanced materials have 
been proposed to survive extreme conditions2. Estab-
lishing continuing presence requires surviving lunar 
nights effectively and elegantly. 

   In this talk, we will discuss the thermal manage-
ment of space vehicles using ductile and inorganic ther-
moelectric materials. Being solid-state with no moving 
parts, thermoelectric devices are extremely reliable, 
noise-free, and low-maintenance devices, which provide 
consistent cooling and heating. Flexibility, weight, and 
thermoelectric performance are key parameters in de-
veloping efficient thermal blanket for thermal manage-
ment solutions.  With the recent discovery of ductile and 
inorganic thermoelectric alloys, it opens the door for de-
veloping efficient and flexible thermal management so-
lutions3-5. Traditional approaches using organic thermo-
electric materials suffer from low materials figure-of-
merit (zT) thereby limiting their applications. Silver chal-
cogenide based ductile thermoelectric alloys have 
shown exceptional ductility and excellent thermoelectric 
performance. In our lab, we have successfully devel-
oped the ductile silver chalcogenide alloys and tested 
the mechanical properties. Not only, these materials are 
shown to exhibit excellent zT, they can handle more than 
50% strain without a crack. These materials can be 
made into a stand-alone thick film with thickness as 
small as 25 microns. These materials can be integrated 
into flexible and lightweight thermal blanket development 
(See Figures 1-2). The proposed thermal management 
solution is a transformational method for localized and 
conformal needs of electronics thermal management, 
which uses lightweight and flexible high-performance 
thermoelectric materials.. 
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a b

Figure 1. Room temperature strain–stress curves 
for (c) compressing tests and (d) bending tests of 
Ag2S1−xSex (x = 0, 0.5, and 0.75). The insets in 
(d) show the schematic illustration of three point 
bend test adopted in this work. 

Figure 2. Top figure shows the flexibility of the 25 
micron flim of the material and bottom figures 
summarize the thermoelectric properties. 
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Introduction: The In-Situ Resource Utilization 

(ISRU) Pilot Excavator (IPEx) is a robotic space-
craft funded through the Space Technology Mis-
sion Directorate (STMD) Game Changing Devel-
opment (GCD). IPEx is a forward-looking excava-
tion platform designed to precisely cut, transport, 
and deposit regolith on the lunar surface. Robust 
and versatile robotic lunar excavation systems 
such as IPEx will be important to early efforts in 
establishing permanent lunar surface infrastruc-
ture. The breadth of its functionality necessitates 
nearly full system autonomy within the bounds of a 
dedicated area of operation. This contained oper-
ational area greatly contrasts with previous plane-
tary autonomy approaches focused on vast tra-
versal, which presents new challenges in the do-
main of planetary robotics. Astrobotic, in partner-
ship with NASA Kennedy Space Center, is devel-
oping both avionics and autonomy for the IPEx 
platform, extending the capabilities of KSC’s origi-
nal Autodig development [1]. 

Concept of Operations: The Concept of Op-
erations (ConOps) targets regions within the High 
Lunar Southern Latitudes (>85°S). Following de-
ployment, the IPEx rover will perform checkout and 
calibration routines and then begin mission opera-
tions. The rover will first drive radially away from 
the lander and carefully traverse the edge of the 
operational zone, defined notionally as the circular 
region with lander-at-center and having a radius of 
~65m. During the initial traverse, a map of the ter-
rain and potential hazards is continually generated 
and refined. Viable dig and dump zones – areas 
where regolith will be cut and later deposited, re-
spectively – are selected by ground operators us-
ing data products from the rover. With mapping 
completed, IPEx autonomously navigates and 
traverses between waypoints, avoids hazards via 
path planning and online methods, and carries out 
regolith excavation, transport, and deposition 
phases.  

Autonomy Goals: The IPEx autonomy design 
supports lean, continuous operation of the rover to 
maximize mission performance objectives. The 
current development focus is the design of auton-
omous subsystems combining waypoint-guided 
traversal with Autodig excavation capabilities [1]. 
These subsystems incorporate robust perception, 
mapping, localization, and control algorithms that 

safely guide IPEx throughout the operating zone. 
To accomplish this level of sustained operation, 
autonomy subsystems will require precision and 
accuracy unprecedented in prior planetary robotic 
missions. In addition, the lunar south pole presents 
a unique challenge due to the extreme illumination 
conditions resulting from the low elevation angle of 
the sun against the local horizon. Finally, auton-
omy subsystems must remain functional within a 
landscape continually altered by excavation activi-
ties while also mitigating effects of regolith lofted 
upward through those same activities.  

 
Figure 1. Simulated IPEx regolith excavation rover 
autonomously traversing terrain 
 

Conclusion: NASA KSC and Astrobotic are 
presently working jointly to establish a system 
baseline for IPEx. This baseline will be a key data 
point for robotic lunar excavation and South Pole 
missions with high levels of autonomy required. 
Targeted testing in physical environments with 
simulated polar conditions will identify areas for fur-
ther refinement and development. The current de-
velopment stage culminates in a terrestrial demon-
stration spanning a full lunar day cycle to prove and 
evaluate system performance. Insights from data 
and testing will guide programmatic and technical 
iterations as IPEx advances and hones its capabil-
ities. 
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Introduction:  Micro Vehicle Technology™ 

LLC is developing the astronaut’s “Go-To” mobil-
ity vehicles for human and equipment transport on 
the Moon and Mars.  E-Powered Boots followed 
by an E-Powered Hands-Free Utility Cart, will 
prove to be an obvious choice for getting around, 
instead of, or in addition to, walking or driving a 
large 4-wheeled multi person lunar buggy.  
“Consider Ants. Ants convoy. They don’t carpool.” 

 
Micro Vehicle Technology™ LLC is seeking pa-
tent licensee and manufacturing partners to help 
develop and tailor Micro Vehicles™ to NASA’s Ar-
temis xEVA ConOps, as well as other SBIR/STTR 
topics of need.    

 
The Innovation: 
What are Powered Boots?  As electric motors, 

batteries, and electronics become smaller, lighter 
in weight, and more power dense, it becomes 
possible to package these components compactly 
within an envelope essentially the size of a pair of 
boots.  For stability and safety, the pair of boots 
includes a four-bar linkage connecting chassis 
and handlebars that allow carving through turns. 
The result is an easy to learn, yet rugged multi-
terrain Micro Vehicle™.[1]  

 
What is an E-Powered Hands-Free Utility 

Cart?  The E-Powered Hands-Free Utility Cart fol-
lows a person by voice commands and proximity 
sensing.  The E-Powered Hands-Free Utility Cart 
includes a standard base with propulsion and 
control unit, and a quickly changeable carrying bin 
for the many different uses that will be realized.[2] 

 
Benefits of Micro Vehicles: How do Micro 

Vehicles compare with the state of the art? 
• Launch weight may be much less for multiple 

personal Micro Vehicles™ compared to a single 
multi-passenger rover. 

• Multiple personal Micro Vehicles™ may be 
easier to package, distribute weight, and 
subsequently deploy from a surface lander or 
cargo vehicle compared to a single multi-
passenger rover. 

• Powered Boots Micro Vehicles™ reduce the 
need for astronauts to walk and sit, thus mitigate 
health and constricted spacesuit concerns.  

• Use of Powered Boots Micro Vehicles™ will cut 
out much time from the already planned Artemis 
III xEVA Con Ops walking range or may allow 
additional activity and greater exploration 
distances than currently planned. 

• Multi-passenger rovers can be equipped with 
Micro Vehicles™, therefore, in case of rover 
failure, mitigate a lengthy and physically 
exhausting walk back scenario.  

• With each astronaut using their own personal 
Micro Vehicle™ like ants, surface travel routes, 
colonization, and operations can be expedited 
and optimized for efficiency and fault tolerance. 

[1] Rudofsky K.M. (2021) United States Patent 
and Trademark Office, Application No. 17238202 - 
Powered Boots 

 
[2]  Rudofsky K.M. (2021) United States Patent 

and Trademark Office, Application No. 17241060 
Utility Cart, Electric Powered, Voice and Proximity 
Activated. 
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Introduction:  Establishing a sustained pres-

ence on the lunar surface demands a comprehen-
sive approach that addresses the intricate interplay 
between technical excellence, economic viability, 
and resiliency. The technical dimension involves 
the design, integration, and qualification of hard-
ware while integrating redundancy, adaptability, 
and contingency planning to ensure system ro-
bustness. Economic considerations require a me-
ticulous evaluation of cost-effectiveness, potential 
revenue streams, and sustainable financial mod-
els, all within the context of a resilient architecture. 
Resiliency pervades both technical and economic 
factors, encouraging adaptability to unexpected 
disruptions and the ability to recover without com-
promising mission continuity.   

In conjunction with the Lunnar Surface Innova-
tion innitative (LSII) and the consortim (LSIC), this 
work aims to delve into the critical task of defining 
the parameters and constraints necessary for an 
architecture that supports a prolonged lunar pres-
ence. Primarily focused on resiliency to the lunar 
environment, we present an integration framework 
for requirements definition of lunar surface sys-
tems. The framework integrates technical specifi-
cations, economic considerations, and resiliency 
principles to ensure mission success in the face of 
uncertainties  

A cornerstone of this framework lies in robust 
validation and verification strategies, ensuring that 
integrated requirements align with high-level ob-
jectives. These strategies enable the thorough 
testing and validation of systems under various 
scenarios, bolstering confidence in their ability to 
deliver on mission goals. Moreover, the framework 
places emphasis on integration and traceability, 
meticulously linking high-level objectives to stake-
holder needs and technical specifications. This in-
tegration fosters alignment across disciplines and 
ensures that each requirement contributes coher-
ently to the overarching mission objectives. 
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Introduction:  Under the Motors for Dusty and 

Extremely Cold Environments (MDECE) Project, 
NASA Glenn Research Center is developing a 
magnetically-geared actuator for extremely cold 
space environments to avoid the wiring and signif-
icant efficiency penalty associated with heating 
grease-lubricated actuators as well as the stringent 
life and loading constraints imposed by dry film lu-
bricated mechanical gears [1]. The heating penalty 
can be equivalent to up to a 90% efficiency reduc-
tion in permanently shadowed regions on the Moon 
[2]. This poster or presentation will summarize the 
progress made over the past 6-12 months on de-
signing the fully-functional actuator and building a 
proof-of-concept actuator and testing it in an ambi-
ent environment. 

Design Progress:  A critical design review was 
successfully completed at the end of June 2023. 
This presentation will touch on the key highlights 
from that review in the areas of electromagnetic 
design and optimization, bearing optimization, 
thermal analysis, structural analysis, and mechan-
ical design and manufacturing. The predicted tech-
nical performance measures of the actuator will be 
mentioned. The team is currently finishing some 
actions from the review and finalizing the drawing 
package in preparation for hardware procurement. 

Hardware Progress:  Despite some significant 
delays in receiving fabricated parts and magnetic 
subassemblies, progress was made in manufac-
turing and assembling a proof-of-concept version 
of both the actuator’s magnetically-geared motor 
(Fig. 1) and the actuator’s cycloidal-type output 
magnetic gear stage (Fig. 2) [3]. The presentation 
will mention key lessons learned to date from the 
fabrication, assembly, and testing of the proof of 
concept. 

 
Figure 1: Sun gear for the proof-of-concept actua-

tor's magnetically-geared motor. 

 
Figure 2: Assembled prototype cycloidal magnetic 

gear. 
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Design-Build-Test approaches for developing 

spaceflight hardware are prohibitively time and 
cost intensive and often lead to suboptimal mech-
anism designs. Approaches that couple machine 
learning and high-fidelity physics simulation could 
eliminate the need for hardware prototyping and 
dramatically accelerate the engineering design cy-
cle, ultimately reducing cost. This work presents a 
modular NASA-developed toolchain to optimize 
hardware mechanisms in a virtual environment us-
ing numerical optimization and multi-body physics 
simulation.  

The toolchain enables multi-objective optimi-
zation, generates parametric CAD files that can be 
further post-processed by an end user, and can be 
expanded to optimize full systems and non-me-
chanical parameters such as feedback control var-
iables.  

We demonstrate the toolchain through an in-
dependently verifiable design problem that opti-
mizes wheel radius to achieve a desired linear ve-
locity in a rigid-body physics environment when the 
wheel rotates at a constant angular speed, and 
then post-process the parametric CAD file of the 
optimal design generated by the tool before ulti-
mately manufacturing it via 3D printing.  

We end with a discussion of how the toolchain 
can incorporate other analysis tools, including fi-
nite element analysis, computational fluid dynam-
ics, and granular media simulations. 
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Introduction:  We present imaging systems for 

use in lunar rover exploration. A combined ther-
mal/visible multiband panoramic imaging system 
has evolved from the In-space Validation of Earth 
Science Technologies (INVEST) and Lunar Sur-
face Instrument and Technology Payloads (LSITP) 
programs, to be flown under the Payloads and Re-
search Investigations on the Surface of the Moon 
(PRISM) program. In addition, with funding from 
the Development and Advancement of Lunar In-
strumentation program, a high dynamic range 
camera is being developed to enhance science re-
turn in shadowed polar regions. 

Lunar-VISE:  The Lunar Vulkan Imaging and 
Spectroscopy Explorer (Lunar-VISE) determines 
the composition and rock type of the Gruithuisen 
domes, placing critical constraints on their for-
mation mechanism. The 10-day science investiga-
tion uses straightforward rover and lander opera-
tions to collect surface spectral and imaging meas-
urements at high spatial resolutions, for both pris-
tine regolith and exposed boulders on a dome 
summit. These provide a critical link to existing or-
bital data sets, extending what we learn at Gruithui-
sen to other non-mare silicic spots, building an un-
derstanding of late-stage silicic volcanism on the 
Moon. Mature instruments on both the lander and 
rover minimize development and schedule risk. Lu-
nar-VISE observations will be used, for the first 
time, to map composition and thermophysical sur-
face properties with orbital spectral signatures and 
make in-situ gamma ray and neutron spectroscopy 
(GRNS) measurements within the Procellarum 
KREEP Terrane (PKT).  

The Lunar-VISE Visible/Infrared Multiband 
Suite (LV-VIMS) combines two multispectral imag-
ing instruments in a single enclosure: the VNIR Im-
aging Camera (LV-VIC) and Lunar-VISE Compact 
Infrared Imaging System (LV-CIRiS). The LV-VIC 
and LV-CIRiS are co-boresighted, rotating to-
gether on a common rotation stage, pointed for-
ward, from the rover top. Images acquired by the 
two instruments at regular intervals during pano-
ramic scans are assembled on the ground into 
gapless superimages in all bands. A full 180° scan 
takes less than 4 hours, including periodic LV-
CIRiS calibration. Commands may also initiate 
scans over specified angular ranges for features of 

interest. The complete LV-VIMS image set spans 
7 Vis/NIR and 4 TIR bands, and a FOV extending 
over a wide spatial range (~19°x180°). 

Revelio High Dynamic Range Camera:  Rev-
elio is a high sensitivity VNIR camera that expands 
the range of imaging environments for landed or 
roving missions on the lunar surface. Shadowed 
regions appear in much greater contrast to sunlit 
regions on the lunar surface than on bodies with an 
atmosphere, an issue that is particularly problem-
atic given that many of the highest priority lunar 
landing sites for science, exploration, and technol-
ogy are in or near permanently shadowed regions 
(PSRs). Revelio helps solve this problem by mak-
ing it possible to acquire high-spatial resolution, 
high-science-content images over a range of am-
bient illuminations – i.e., a high sensor dynamic 
range (>15,000). This range enables characteriz-
ing volatile deposits, identifying potential re-
sources, measuring cratering rates, and carrying 
out other surface operations in scenes with shad-
owed regions without an external light source.  

Revelio combines a flight heritage sensor with 
Ball’s automatic gain and exposure control (AGEC) 
and pixel merging algorithms. A breadboard ver-
sion has been demonstrated in the laboratory, and 
a point design exists for a potential flight prototype. 
Revelio uses a CMOS sensor that sends out high- 
and low- gain images in parallel for every frame. 
This is supplemented by AGEC algorithms, ex-
tending the dynamic range achievable in a single 
image to maximize signal to noise ratios (SNRs) in 
direct sunlight and in shadow (intrascene dynamic 
range > 2x108). The sensor control electronics en-
able a low power, compact camera, and the elec-
tronics and packaging draw flight heritage from 
Ball’s Geostationary Earth Orbit (GEO) Space 
Camera (BGSC). Through Internal Research and 
Development (IR&D), the Revelio breadboard sys-
tem is at a Technology Readiness Level (TRL) of 
4 with a clear path to TRL 6 through demonstration 
of a brassboard with engineering grade (same 
form/fit/function as flight) electronics parts and 
packaging in a relevant environment. The LV-
VIMS instrument could be upgraded for polar mis-
sions to include Revelio instead of LV-VIC as the 
visible multiband imager for enhanced science re-
turn. 
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Introduction:  Electrical connectivity will be re-

quired between various devices on the lunar sur-
face.  Certain applications will require up to 20,000 
engagement and separation cycles, such as dock-
ing stations for charging of robots/rovers, and in-
terchangeable tools, batteries, and other devices.  
In the interest of minimizing size and weight while 
maximizing electrical conductivity, Amphenol has 
been developing and testing a lunar brush contact 
system which has been optimized to operate when 
contaminated with lunar dust.   

Figure 1: Amphenol 5 pole docking connectors 
mounted to remote-controlled vehicles.  

 
Testing: A test apparatus has been developed 

that provides an accurate measurement of contact 
resistance versus contact engagement for every 
durability engagement and separation cycle.  

  

 
Figure 2.  Amphenol’s lunar brush contact pro-

totypes and resistance vs engagement plot.  

 
Figure 3.  Amphenol’s lunar brush contact pro-

totype immersed in LSM-1 for cycles 25-100, and 
the cumulative resistance versus engagement plot 
for the 100 cycles. 

 
Lunar brush contact designs (patent pending) 

have been evaluated through 8,800 durability cy-
cles, with LSM-1 simulant applied directly to the 
contacts between every cycle.   

 

 
Figure 4.  Amphenol’s lunar brush contact pro-

totype after 2,500 durability cycles (patent pend-
ing). 

 

  
Figure 5.  Maximum change in contact re-

sistance versus the number of durability cycles.  
Spikes indicate single events that reset on subse-
quent durability cycles. 

 
Additional testing is underway towards achiev-

ing 20,000 durability cycles. 
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Introduction:  Moon offers minerals resources in-
cluding silicon and aluminum (Table. 1). Biomining, 
the process of using microorganisms to extract 
metals of economic interest from rocks and rego-
lith, offers an attractive method for making in situ 
resource utilization (ISRU) of Lunar minerals pos-
sible. As a part of microbial metabolism, microor-
ganisms produce organic acids, and these can be 
used to leach metals in the biomining process. Bi-
omining is currently being used, on Earth, in the 
mining industry to extract Cu, Al, Fe, and Au and 
obviate the requirement for toxic chemicals. 
 
Table 1. Composition of a lunar mare sample 
10017 [1]. 

Element Lunar Sample 10017, 
weight % 

Oxygen 40.7 
Silicon 19.6 
Aluminum 4.4 
Iron 14.6 
Calcium 8.2 
Magnesium 4.8 
Sodium 0.347 
Potassium 0.206 
Titanium 7 
Manganese 0.148 

 
European Space Agency (ESA)’s European 

Programme for LIfe and Physical Sciences in 
Space (ELIPS) project BioRock, investigated the 
behavior of microbes in contact with particles in al-
tered gravity regimens on the International Space 
Station (ISS) to evaluate if microbial-supported bi-
oproduction and life support systems can be effec-
tively performed in space. In BioRock, microorgan-
isms were dried on rock samples and then rehy-
drated once on the ISS. The microorganisms were 
then allowed to grow and extract elements from the 
rocks. BioRock found no significant differences in 
the microorganism growth between different grav-
ity regimes [2]. 

Considering the BioRock experimental results 
and the mineral resources available on the Lunar 
surface, we propose using biomining as a method 
for Lunar ISRU. 

Lunar Operational Scenario:  Biomining the 
Lunar surface would be a straightforward process, 
very similar to the procedures used on Earth. Reg-
olith would be mixed with microorganisms and nu-
trients, then allowed incubated for 1-5 days (de-
pending on the organism and culturing conditions) 
to provide time for the microorganisms to extract 
metals into solution. During this period, culturing 
conditions, such as pH, temperature, mixing, 
would need to be maintained. Metals would then 
be extracted from the solution using conventional 
methods (e.g., electrowinning or precipitate).  

Lunar Regolith Simulant Experiments: To in-
vestigate the bioleaching efficiencies of different 
stains and evaluate the production potential of alu-
minum extracted from Lunar regolith simulants, us-
ing microorganisms, the following experimentation 
is conducted.  

Aspergillus foetidus, species of fungus, and 
Acidithiobacillus ferrooxidans, an acidophilic and 
chemolithoautotrophic bacterium, were selected. 
Both organisms are known for effective metal sol-
ubilization. Cultures will be grown in media contain-
ing Lunar Highland Simulant (LHS-1). Over the cul-
turing duration, glucose consumption and organic 
acids (citric acid in Aspergillus foetidus cultures 
and sulfuric acid in Acidithiobacillus ferrooxidans 
cultures) production will be quantified using high 
performance liquid chromatography (HPLC) to in-
vestigate the corresponding bioleaching efficien-
cies. Inductively coupled plasma mass spectrome-
try (ICP-MS) will be used for Al analysis of culturing 
media over the duration of the experiments to de-
termine production rates. Scanning electron micro-
scope (SEM) images will also be taken to evaluate 
any changes in the morphology of the simulant.  

Conclusion:  From these experiments we will 
quantify the production rates of Al from Lunar sim-
ulate using microorganisms. These data will feed 
into an analysis of the feasibility of employing bio-
mining as a strategy for ISRU of Lunar materials.   

References: [1] Wänke, H., et al. (1970) Lunar 
and Planetary Science Conference Proceedings. 
Vol. 1. [2] Santomartino, R., et al. (2020) Frontiers 
in Microbiology 11: 579156. 
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Introduction:  Diatomic Space Incorporated 

(DSI) is developing a lunar in-situ resource utiliza-
tion (ISRU) system incorporating an ionic liquid-
based chemical reactor for metals and oxygen ex-
traction. The reactor will produce an estimated 
2,000 kg of oxygen and 1,000 kg of useful metals 
(iron, aluminum, titanium) per year in support of a 
permanent human presence on the lunar surface. 

Chemical Reactor:  DSI is developing an ionic 
liquid-based chemical process for extracting met-
als and oxygen from lunar regolith, extending initial 
work completed at NASA Marshall [1]. DSI’s work 
with choline-based ionic liquids have shown prom-
ising results, including the generation of gaseous 
oxygen and the plating of iron material from rego-
lith slurry. Work is now proceeding to further char-
acterize and scale this process for iron, investigate 
additional ionic liquids, and to extract additional tar-
get metals such as aluminum and titanium. This 
process is capable of processing both mare and 
highland regolith. 

Ionic Liquids:  Ionic liquids are a class of salts 
that are liquid below 100°C. Attractive properties of 
ionic liquids for spaceflight include low vapor pres-
sure, high electrochemical stability, and high ther-
mal stability. Ionic liquids are capable of digesting 
most metal oxides and silicates, including those 
found in lunar regolith, which facilitates in-situ oxy-
gen production and metal byproduct extraction. 
Ionic liquids are tunable for specific applications 
and can be tailored to extract specific target metals 
from lunar regolith. 

References:  
[1] E. T. Fox, et al. (2018) Ionic Liquid Facilitated 
Recovery of Metals and Oxygen from Regolith 

 
Figure 1: Carbon-based paper electrode 

plated with iron after 24 hours of electroplating 
from an ionic liquid-regolith slurry.  

 

 
Figure 2: Energy-dispersive spectroscopy 

(EDS) data from electroplated material after 24 
hours of electroplating from ionic liquid-regolith 

slurry. Data shows a high concentration of 
iron. 
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Introduction: Astrobotic has been developing 

the Nighttime Integrated Thermal any Electricity 
(NITE) system to allow scientific and commercial 
payloads to survive the lunar night. NITE will ena-
ble a new class of lunar night survival missions 
which are currently unserved by state-of-the-art 
battery and radioisotope heating solutions, with the 
goal of enabling rapid deployment of larger scale 
lunar infrastructure. 

 

 
Figure 1: NITE heating subsystem during SBIR 

Phase II development 

 Previous and Current Contracts: Under an 
SBIR Phase II contract, this technology has been 
demonstrated to NASA TRL 4, and is currently be-
ing developed under a NASA GCD Tipping Point 
contract for TRL 6 demonstration. The end goal of 
these development programs is a lunar demon-
stration mission in the late 2020’s to enable sup-
port for upcoming CLPS and Artemis missions [1]. 

 
Technology Development: NITE leverages 

an exothermic metal oxidation reaction to release 
thermal energy. The system recycles by-products 
from the oxidation and combines them with the 
stored oxidizer in a fuel cell to produce more heat 
and electricity. During efforts to simplify and lighten 
the fuel cell, a breakthrough was made in the func-
tionalization of direct liquid fuel cells. Fuel cells with 
liquid reactants have long been conceptualized [2] 
but this application has yielded actual power pro-
duction with realistic fuel/oxidizer combinations. 
Currently, NITE has a specific energy content more 
than 7 times greater than the latest battery technol-
ogy, but unlike radioactive heating solutions, has 
precise control over heat/energy production (fully 
throttleable) and no serious regulatory hurdles 
based on the fuel and oxidizer selection. 

 

  
Figure 2: Direct Liquid Fuel Cell development 

Applications: At its core, the goal of NITE is to 
enable lunar exploration missions for multiple lunar 
day-night cycles by providing the heat and power 
necessary to survive the lunar night. On first 
glance, a fuel/oxidizer based solution may seem 
counterintuitive for longer duration scientific, pro-
specting and observation missions. However, As-
trobotic is focusing on the development of NITE as 
a component within a broader lunar architecture 
and suite of technologies. By leveraging the rapid 
deployablity afforded by a self-contained lunar 
heat and power system, NITE can be used to sup-
port the rapid deployment of larger scale lunar in-
frastructure like solar installations, surface fission 
power, and communications equipment. Once a 
base is established with this longer term infrastruc-
ture, NITE may still be used as a ‘portable genera-
tor’ in the construction of future outposts outside 
the range of an existing lunar grid. 
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Introduction:  A passive thermal control sys-

tem has been developed in support of missions to 
the lunar surface. One such mission, NASA’s Vol-
atiles Investigating Polar Exploration Rover 
(VIPER), is a flagship mission planned to touch-
down on the lunar surface in late 2024. VIPER will 
evaluate the permanently shadowed regions/cra-
ters of the southern pole of the lunar surface in 
search of water ice that could eventually be har-
vested to sustain human exploration on the Moon, 
Mars and beyond. To enable the success of this 
mission and similar missions, a novel thermal man-
agement system – capable of dissipating a high 
heat load when roaming or conducting science and 
minimizing heat leak away from the rover when 
dormant or in a permanently shadowed region –  
has been developed by ACT. This was achieved 
by using heat transfer technologies/components 
like Constant Conductance Heat Pipes (CCHPs) 
embedded into honeycomb panel structures, ex-
ternally-mounted CCHPs, and Loop Heat Pipes 
(LHPs) with passive Thermal Control Valves 
(TCVs). This poster will seek to describe the utili-
zation and functional purpose of each technology 
employed. 

Constant Conductance Heat Pipes for High 
Effective Thermal Conductance:  CCHPs are 
widely renowned for their ability to reliably transfer 
significant amounts of thermal energy with low 
temperature rise penalty. To manage the signifi-
cant waste heat generated during roaming and sci-
ence phases of the mission, CCHPs are used in 
several critical locations/contexts: 

- Embedded in honeycomb structure: 
CCHPs are assembled within the hon-
eycomb panels that comprise the elec-
tronics enclosure. This is the enclo-
sure that houses and holds the many 
critical electronics required to com-
plete the ConOps of the mission. 
Waste heat from the various electron-
ics are gathered from disparate loca-
tions and carried to a single location 
for dissipation to the radiator panels. 
An image of heat pipe embedded heat 
spreaders is shown below. 

 
- Directly attached to several instru-

ments located outside the serenity of 
the electronics enclosure. These 
CCHPs carry the waste heat from the 
outboard instruments to the LHPs 
(with TCVs) that further transport the 
heat to the radiator panels for dissipa-
tion.   

Loop Heat Pipes with Thermal Control 
Valve: The LHP with integrated TCV was selected 
as the technology to be the thermal link between 
the warm box (with temperature-sensitive electron-
ics) and the radiator panels for waste heat dissipa-
tion. LHPs are commonly used in spaceflight ther-
mal control due to their ability to passively transport 
large amounts of waste heat over long distances 
with a minimum temperature difference. The oper-
ational set point of LHPs is typically controlled  by 
actively heating the cold biased compensation 
chamber. The current solution uses the novel ap-
proach of integrating a thermal control valve (TCV) 
that passively controls the vapor flow direction to 
either  the condenser or directly to the compensa-
tion chamber  or both. This novel approach elimi-
nates the heat load required by the classical heat-
ing of the compensation chamber, and, therefore, 
minimizes the survival power (energy required to 
maintain the minimum survival temperature of the 
payload). An image of a LHP with TCV is shown 
below. 
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Introduction: NASA’s Artemis Program is 
planning to land astronauts on the Moon for 
Artemis III and beyond. The astronauts will utilize 
a suite of new geology tools to conduct science on 
the lunar. Honeybee Robotics has been working 
with NASA JSC to develop a new Astronaut Lunar 
Drill (ALD) and new Vacuum Sealable Container 
(VSC) to enable sample return of sealed core 
samples from the lunar south pole.  
 
Vacuum Sealable Container: The VSC is 
designed for astronauts to hermetically seal a core 
sample on the lunar south pole for return to Earth. 
The Apollo missions to the Moon had several kinds 
of Sealable Containers which brought back lunar 
samples for analysis. These samples are still being 
analyzed, fifty years later. The VSC requirements 
are different than for the Apollo containers and as 
such, new development was required. One major 
difference between Artemis samples and those 
from Apollo is the desire to bring a higher content 
of volatiles which is expected to be part of the 
regolith on the lunar south pole. The VSC is 
designed to withstand a high-pressure differential 
caused by sublimating volatiles, as well as avoid 
sample contamination from careful material 
selection. The VSC design is the result of 
requirements derivation, trade studies, and 
breadboarding. Functional prototypes for the VSC 
were assembled and underwent human factors 
testing and helium leak rate testing in vacuum.   
 
Astronaut Lunar Drill: The ALD is designed to be 
a multi-functional platform for lunar sample 
acquisition. The system consists primarily of a 
rotary-percussive drill head, a linear stage, and drill 
stems, all designed for use by astronauts. The 
main functionality of the ALD is Deep Core 
Regolith Drilling, which can capture regolith cores 
up to 3 meters below the surface. Additional 
functionality includes Surface Rock Coring (SRC), 
which allows collection of shallow rock cores, and 
GeoTech Tools (GTT), which performs 
geotechnical measurements of the lunar surface 
with a static cone penetrometer and shear vane. 
The drill can also be used as a power tool for 
construction activities. Honeybee has developed a 
design for the ALD supported by requirements 
derivation, trade studies, and breadboarding.   

 
Figure 1. CAD images of Astronaut Lunar Drill 
and Vacuum Sealable Container (not to scale).  
 
The design builds on lessons learned from the 
Apollo Lunar Surface Drill (ALSD), as well as 
Honeybee’s long history of mechanized sample 
acquisition devices for space [1]. The drill head is 
designed to have decoupled rotary and percussion 
subsystems to allow for maximum battery life and 
reduced fatigue on the crewmember. The drill head 
mounts to a linear stage to improve drilling 
efficiency, simplify the drilling process for 
astronauts, and aid in the extraction of deep cores, 
which was a problem encountered during Apollo. 
The ALD is removable from the stand to allow 
crewmembers to collect surface rock cores from 
large boulders. This functionality utilizes 
Honeybee’s Eccentric Tube Core Breakoff 
technology to collect and retain rock core samples 
[2]. Bringing back rock cores samples instead of 
full rocks allows for a wider variety of samples to 
be returned to Earth and puts them in an 
engineered form factor for sealing and analysis.  
 
References: [1] Bar-Cohen and Zacny (2020), 
Advances in Terrestrial and Extraterrestrial 
Drilling, CRC Press. [2] Myrick (2003), Core Break-
off Mechanism. US Patent No. 6,550,549. 
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Introduction:  The return to the lunar surface 

and establishment of sustainable lunar infrastruc-
ture and commercial operations will require contin-
uous interaction with the lunar surface material: 
regolith. Lunar operations will require excavation, 
handling and processing the regolith into struc-
tures and processed materials. To properly design 
these required systems that will have to operate for 
long times without maintenance in the harsh lunar 
environment it is crucial to understand the regolith 
properties and behavior. Most testing occurs under 
atmospheric conditions since no vacuum compati-
ble test apparatus exists in regular soil mechanics 
labs. It is crucial to understand what (if any) differ-
ences there are in behavior when there is air in be-
tween the regolith simulant particles and when 
there is not. Michigan Technological University’s 
Planetary Surface Technology Development Lab 
has developed vacuum compatible test equipment 
for testing lunar simulant behavior in vacuum con-
ditions. Tests for direct shear, compaction, regolith 
transfer, hopper flow, (icy) regolith thermal testing 
and long term wear testing, were all conducted un-
der atmospheric and vacuum conditions to see the 
differences and understand the behavior. Other 
tests like triaxial testing and permeability testing 
were done under atmospheric conditions to deter-
mine other relevant properties such as permability. 

Direct Shear:  A direct shear device was de-
signed and built to test lunar simulant under vac-
uum conditions. A special sample preparation de-
vice is included which loads and prepares the sam-
ple in vacuum so no air is trapped in the pores. 
Tests were performed at different relative densities 
(40%-90%) to measure apparent cohesion and in-
ternal friction angle.   

Compaction:  Compaction of lunar regolith is 
required for construction. Various methods of com-
paction (vibration from top, with pins and with sur-
face pressure plate) were performed and up to 
90% relative density was achieved.   

Regolith Transfer:  Regolith transfer using a 
screw conveyor, piston conveyor and vibratory 
conveyor was compared and similar power levels 
were observed, but less dust contamination oc-
curred in vacuum conditions.    

Hopper Flow:  Various hopper geometries 
made with polycarbonate were tested and it was 
found that in vacuum, hopper flow was up to 17 
times faster than in atmosphere. This is being fur-
ther investigated but is suspected to be due to the 
fine particle motion resistance in air.   

Icy Regolith Thermal Testing:  A test setup 
was created to measure the thermal properties of 
cemented and discrete (icy) regolith simulant un-
der (cryogenic) vacuum conditions with various 
percentages of ice content. This allows more accu-
rate modeling of thermal behavior of dry and icy 
regolith simulant.  

Long Term Wear Testing:  An standard ASTM 
G65 abrasion test apparatus was developed for 
cryogenic vacuum testing. This allows simultane-
ous testing of three cryogenically cooled material 
samples to be abrasion tested with lunar simulant 
under vacuum conditions. In addition, a 15 day 
non-stop vacuum regolith transfer test was con-
ducted by positioning two screw conveyors in an X 
orientation so the regolith feeds from one into the 
other in an infinite loop. Wear was measured be-
fore and after as well as power during the test. A 
clear polishing and measurable wear gradient was 
measured on the screws from the bottom where 
regolith would enter and the top where coverage of 
regolith was much less. 

Triaxial and Permeability Testing:  Some 
properties could not be tested under vacuum con-
ditions such as permeability or the more complex 
triaxial test. Permeability was found to be less than 
silt and in the high clay range. The simulant used 
was MTU-LHT-1A which is an in-house created lu-
nar simulant consisting of a mixture of Anorthite in 
the form of Greenspar 90 and 250 as well as 
crushed basaltic scoria to create a particle size dis-
tribution matching the Apollo lunar highland data.   

Additional testing: CBR and cone penetrom-
eter testing was done in atmospheric testing to de-
termine bearing strength and get regolith geotech-
nical properties down to 1m depth. The CBR test-
ing will be repeated in the vacuum chamber in the 
future once the equipment is complete. 

 
 



84

Watts on the Moon and Break the Ice Lunar Challenge Experiences.  P. J. van Susante1, M.C. 
Guadagno1, B. Wiegand1, C. Carey1, R. Austerberry1, H. McGillivray, P. Bradshaw, and G. Johnson1,  
1Michigan Technological University Planetary Surface Technology Development Lab, 1400 Townsend Dr, 
Houghton, MI, 49931, (Contact: pjvansus@mtu.edu)  

 
 
Introduction:  The return to the lunar surface 

and establishment of sustainable lunar infrastruc-
ture and commercial operations will require contin-
uous interaction with the lunar surface material: 
regolith. Lunar operations will require power and 
any ISRU/processing will require excavation. An 
initial target for resource gathering is water ice that 
may be found in the lunar Permanently shaded cra-
ters (PSRs). Technologies to get power down into 
the PSRs and excavating the icy regolith is of great 
interest to NASA. To get many ideas for these top-
ics NASA has organized two Centennial Chal-
lenges, the Watts on the Moon Challenge (WotM) 
and the Break the Ice Lunar Challenge (BTIL). The 
Michigan Technological University Planetary Sur-
face Technology Development Lab (MTU PSTDL) 
is participating in both and has proceeded to Phase 
2, level 2 of the BTIL Challenge and final Phase 2, 
level 2 of the WotM Challenge. Technology perfor-
mance for both will be discussed. 

 
WoTM Challenge:  The goal for the WoTM 

Challenge is to deliver power to a NASA specified 
load totalling 5500 Wh with a given profile over 
time during a period of no power generation. Dur-
ing the 6-8 hour power generation, the NASA load 
needs to be supplied and the enery storage re-
charged. The technology proposed and tested by 
the MTU PSTDL consists of a super conducting 
tether, power conversion system and a battery. 
During sub-system testing, our superconducting 
cable, power converters, battery and thermal sys-
tems were all tested in a thermal vacuum chamber.  

 
BTIL Challenge:  The goal for the BTIL Chal-

lenge is to excavate 800k/day of a Controlled Low 
Strength Material (CLSM), which is a weak con-
crete, for 15 days straight for a total of 12,000 kg. 
Between excavation and delivery a distance of 
500m has to be driven over a lunar landscape. 
MTU PSTDL developed PRIMROSE (acronym), a 
332 kg robot that excavates the CLSM using a 
trencher and stores the up to 260 kg excavated 
material in a hopper. Once full, PRIMROSE 
traverses the 500m on its 4 independently steera-
ble wheels over a bed of lunar regolith simulant. 
Over the 15 day durability test with PRIMROSE in 
the test setup, many lessons were learned about 

the designed system. X maintenance events had 
to be carried out during the 15 day durability 
demonstration test. 3000 kg of CLSM was col-
lected (roughly 200 kg/day) and 30 km of distance 
was traversed on the regolith simulant. Since the 
regolith simulant bed was only xm long, 
PRIMROSE traversed the same section 3000 
times. After some time, drive ruts formed that 
needed filling in. To this end a small plow was con-
structed from spare material and some of the reg-
olith simulant in the center between the ruts was 
redistributed into the ruts and thus ‘road repair’ had 
taken place. On occasion, due to too heavy of a 
load, PRIMROSE would get stuck and the road re-
quired some careful driving to repair the holes that 
the wheels dug. An effective manner of doing so 
was driving close to the holes so they partially col-
lapsed and then doing the same on the other side 
and then carefully driving over the filled hole to 
compact the material so it would be safe for driving 
again. Occasionally, the ability of PRIMROSE to lift 
individual wheels would come in handy to get out 
of a stuck position or get over an obstacle, like a 
berm that was formed by driving, then stopping and 
driving again. Small amounts of regolith would pile 
up after each direction drive but over time this 
added up to a significant pile. The scraper blade / 
plow was used to redistribute some of that regolith 
simulant back to the ruts and partially refill them. 
Many lessons were learned and a list of improve-
ments for Phase 2, Level 3 has been prepared so 
that the system production rate would be increased 
to the maximum possible amount. Larger wheels 
will be implemented to easy traverses and mini-
mize getting stuck. 

.   

 
Figure 1: PRIMROSE after 30km driving on-

lunar simulant 
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Abstract:  The Westinghouse Electric Com-

pany LLC (Westinghouse) maintains its commit-
ment to developing the eVinciTM Micro Reactor, 
which embraces the application of alkali metal 
heat pipes. The eVinciTM Micro Reactor utilizes a 
large array of alkali metal heat pipes to transfer 
heat from the reactor to a power conversion sys-
tem. Westinghouse continues to reinforce the ver-
satility of heat pipe-based reactor technology by 
developing proprietary manufacturing heat pipes 
that undergo strict quality-controlled techniques 
while also enabling rapid development. The high-
quality manufacturing procedures entails fabrica-
tion in inert environments and requires stringent 
cleaning.  This leads to reliable long-term perfor-
mance of the heat pipes at high temperature envi-
ronments. Westinghouse promotes the success of 
these processes, and the heat pipe technology 
has set performance records during long-term 
testing.  

The heat pipe design employs high heat trans-
fer efficiency of liquid metal phase change and 
providing a high primary coolant system with no 
moving parts, ideal for space applications. The 
eVinciTM Micro Reactor heat pipe design benefits 
include, great simplification of the system,  opera-
tions with unparalleled reliability, eliminates signif-
icant and single point failure modes, eliminates 
risk from high system pressures, reduce mass, 
and enables prototypic life testing at operating 
temperatures. 

 
  Keywords: Heat Pipe, Micro Reactor, Design 

 
Introduction:   
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Abstract: Since 2015, the Westinghouse Elec-

tric Company LLC (Westinghouse) has been de-
veloping the heat pipe nuclear micro-reactor for 
terrestrial applications, and with the continuous 
growth into the space market. Westinghouse is 
committed to the development of heat pipe tech-
nology for commercial nuclear applications and 
has partnered with Los Alamos National Labora-
tory (LANL), which originated the heat pipes with 
their innovative programs: SNAP-10A, SP-100, 
kilo-power, and mega-power. The eVinciTM Micro 
Reactor is the viable commercial progression of 
the kilo-power and mega-power reactor designs.  

The Westinghouse eVinciTM Micro Reactor uses 
the same alkali metal heat pipe technology for pri-
mary heat transfer. Unlike Pressurized Water Re-
actor, the eVinciTM Micro-Reactor design leverages 
the heat pipe design as it takes the high heat trans-
fer efficiency of liquid metal phase change, to 
transfer the high primary coolant system to the 
power conversion system with no moving parts. 
Furthermore, the commercial sustainability of the 
eVinciTM Micro Reactor technology is attributed to 
its ideal size. The size of the system permits easy 
transportation and low mass deployment. The heat 
pipe technology also enables safe transient re-
sponse due to its isothermal behavior. 

 
Keywords: Micro Reactor, Heat Pipe, Design 

 
Introduction:   
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Introduction: NASA’s return to the Moon with 

the Artemis program and the emergence of com-
mercial lunar delivery are expected to increase the 
need for infrastructure to support larger and more 
frequent landings (and eventually launches) on the 
lunar surface. Landers and hoppers generate a 
rocket plume that can impinge on bare regolith, 
ejecting material at high velocity and excavating 
deep craters. Astrobotic is working to address 
these challenges by developing a unique in-situ 
construction material technology called RENEST 
(Refurbishment Enhanced Non-sintered Extruda-
ble Surface Technology), which uses a low-energy 
technique to construct improved surfaces using in-
situ resources. In addition to landing pads, 
RENEST can also be used to build roadways, foot-
paths, and vertical structures such as habitats.  It 
can also be used to repair damaged materials and 
perform routine refurbishment to ensure infrastruc-
ture performs as needed in the harsh lunar envi-
ronment. 

Material: RENEST is a novel binder-regolith 
composite that can be cured into a hardened ma-
terial in both vacuum and CO2 environments and 
is applied via an extrusion system. The curing pro-
cess does not require additional energy input, mak-
ing it highly desirable for use on the Moon, where 
power sources are limited. The composite is re-
sistant to high temperatures, making it a useful ma-
terial for landing pads. Additionally, the material 
can be used to fill joints between fabricated sur-
faces, and it can be used to refurbish sections that 
have been worn over time. 

 
Prior and Development: Astrobotic has part-

nered with the Pacific International Space Center 

for Exploration Sciences (PISCES) program at 
University of Hawaii-Hilo to develop the RENEST 
technology. The team completed an SBIR Phase I 
project and will be starting Phase II in Q3 of 2023. 
In the Phase I effort, PISCES fabricated multiple 
RENEST pavers that were tested under Astro-
botic’s plume-surface interaction (PSI) rocket test 
stand. 12 pavers were fabricated by placing a mix-
ture of the binder-regolith material into a mold that 
was then cured in a vacuum chamber. Conditions 
in the chamber were varied to replicate surface 
conditions for both the Moon and Mars. In addition 
to single pavers, grouted versions are also pro-
duced with two types of joint interfaces. 

Hot Fire Testing: The fabricated pavers were 
tested under a relevant rocket exhaust plume us-
ing a 100 pound-force engine running on gaseous 
methane and oxygen. Each test was conducted at 
full thrust for two seconds with the engine height 
set at 0.2 meters above the pavers. After the initial 
hot fires, four of the pavers were refurbished using 
the same binder-regolith mixture. The RENEST 
pavers remained intact beneath the plume, includ-
ing ones that were refurbished and tested multiple 
times. Structural testing also indicated that the pav-
ers could support the weight of a lander on the 
Moon or Mars. 

 
Upcoming Work: The Phase II SBIR effort will 

develop a full extruder system for RENEST, which 
will intake regolith and binder, mix the material in-
ternally, then extrude it directly onto the ground 
where it will cure. The system will be tested in a 
dirty thermal vacuum chamber in the HuskyWorks 
lab at Michigan Technological University, pro-
gressing development to TRL 5. 
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Introduction: This study is a pioneering effort 

to revolutionize Lunar Agriculture by harnessing 
cutting-edge techniques to elevate the potential of 
Heirloom-Cherry Tomatoes for cultivation and har-
vest on the lunar surface. Through the strategic ap-
plication of Response Surface Methodology 
(RSM), this research aims to optimize the growth 
conditions essential for maximizing yields in the 
unique lunar environment. The investigation fo-
cuses on pivotal factors influencing growth yield. 
Traditional lunar agriculture faces numerous chal-
lenges, including limited resources, extreme tem-
perature fluctuations, and a lack of nutrients. Our 
research addresses these challenges by investi-
gating the integration of halloysite nanotubes, and 
natural aluminosilicate clay nanotubes as a 
growth-promoting agent. These nanotubes pos-
sess a high aspect ratio, large surface area, and 
cation exchange capacity, making them ideal can-
didates for enhancing nutrient and water retention 
in the regolith. In this study, we conducted a series 
of controlled environment experiments with varying 
concentrations of halloysite nanotubes. Growth pa-
rameters such as germination success, root elon-
gation, shoot development, and nutrient uptake 
were meticulously analyzed. Our findings demon-
strate that the incorporation of halloysite nano-
tubes positively influences these growth parame-
ters, signifying their role in mitigating lunar agricul-
ture challenges. The outcomes of rigorous experi-
mentation unveil a precise set of optimal parame-
ter Magnesium-Halloysite Nanotubes (Mg-HNTs) 
Concentration calibrated to 100 mg/L. Particularly 
noteworthy is the profound influence of Mg-HNT 
concentration on the growth process. Achieving an 
extraordinary Germination Percentage Yield of 
98%, the study also assesses crucial physiological 
markers including Seedling Length (25.45 cm), 
Root/Shoot Ratio (2.71 cm), Seedling Vigor Index 
(SVI - 25.44%), Shoot Length Stress Tolerance In-
dex (SLSI% - 158.29), and Root Length Stress Tol-
erance Index (RLSI% - 157.33). The alignment be-
tween predicted values and experimental results 
reinforces the efficacy of the response surface 
model, affirming its potential as a reliable tool for 
forecasting Heirloom-Cherry Tomato growth yields  

in optimal lunar conditions. This study not only 
demonstrates the feasibility of cultivating high-
quality crops in space but also introduces a trans-
formative approach to Lunar Agriculture through 
the integration of Halloysite Nanotubes. The stra-
tegic incorporation of Magnesium (Mg) HNTs not 
only enhances germination rates and percentages 
but also amplifies seedling vigor, augments nutri-
ent assimilation efficiency, and bolsters stress tol-
erance levels. In conclusion, our study pioneers a 
novel approach to lunar agriculture by introducing 
halloysite nanotubes as growth-enhancing agents 
in lunar regolith. This research stands as a ground-
breaking contribution to the field of Lunar Agricul-
ture, showcasing the transformative impact of in-
novative methodologies and advanced materials 
like Halloysite Nanotubes. By pushing the bounda-
ries of extraterrestrial cultivation, this study not only 
opens doors to future agricultural sustainability in 
space but also enriches our comprehension of the 
potential for life beyond Earth [1-5]. 
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Introduction: As humanity turns its attention 

towards sustained lunar exploration and potential 
habitation, the issue of lunar regolith toxicity 
emerges as a paramount concern. Lunar regolith, 
comprising a complex matrix of materials, harbors 
compounds that could pose risks to both human 
health and technological infrastructure. This study 
introduces an innovative remediation strategy, 
centered around the utilization of Halloysite nano-
tubes (HNTs), to alleviate lunar regolith toxicity and 
facilitate safe lunar activities. HNTs, natural nano-
materials with inherent hollow tubular structures, 
exhibit remarkable physicochemical properties that 
make them attractive candidates for environmental 
applications. This study proposes the utilization of 
HNTs to sequester and neutralize toxic species 
within the lunar regolith, thereby rendering the soil 
safer for human contact and sustainable resource 
utilization. The proposed approach involves a com-
prehensive methodology encompassing HNT ex-
traction, characterization, modification, and inte-
gration into lunar regolith. Key objectives of this re-
search include assessing the efficacy of HNTs in 
adsorbing toxic elements from simulated lunar reg-
olith, evaluating the changes in physicochemical 
properties of lunar regolith after HNT treatment, 
and extrapolating the feasibility of large-scale im-
plementation of this approach on the lunar surface. 
Additionally, the potential impacts of HNT incorpo-
ration on the mechanical and thermal properties of 
the regolith will be investigated to ensure the via-
bility of proposed remediation techniques within 
the lunar environment. Successful implementation 
of the proposed approach could pave the way for 
the establishment of safe and habitable lunar ba-
ses, where regolith toxicity is effectively managed. 
In conclusion, this research offers a novel perspec-
tive on addressing the challenge of lunar regolith 
toxicity through the innovative use of HNTs. The 
findings and methodologies presented herein aim 
to stimulate discussions and collaborations within 
the lunar exploration community and contribute to 
the realization of long-term human presence on the 
Moon. 
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Introduction: Space Sustainability, just like on 

Earth, is a multi-pronged approach to development 
that involves design, logistics, technology, policy, 
economics, equity, resource efficiency, and many 
more factors. The overuse of the word “sustaina-
bility” has led to various and vastly different defini-
tions across the space industry, creating confusion 
and often clouding the broader picture. Through 
the lens of Space Sustainability, the space industry 
can ensure that future development on the lunar 
surface will be resource efficient, economically fea-
sible, and socially inclusive. 

With increasing sustainability discussions 
across many industries, there is mounting social 
and economic pressure for the government and 
private sector to change their processes and 
standard operating procedures to become more 
sustainable. The nascent plans for lunar surface 
development present a pivotal moment where sus-
tainable practices can be written directly into the 
fundamentals of policies, regulations, materials 
choices, systems, architectures, and logistics. 
These sustainability plans could include topics 
such as resource management, end-of-life, waste 
management, interoperability for architectures, 
and even accessibility plans. Proactively imple-
menting sustainable practices could prevent the 
costly rework needed to improve already-estab-
lished, and highly-unsustainable systems, in the 
future.  

NASA has already begun outlining the 63 Moon 
to Mars objectives [1], further pushing the need for 
sustainable measures in space. The industry must 
step up to help guide this process. 

 

        
Figure 1 [2] 

 

The three pillars of Sustainability: 
1) Environmental: The pillar most often asso-

ciated with “sustainability”, has to do with 
anything related to the environment and 
how humanity interacts with it. In order to 
minimize the environmental impacts of the 
space industry, resource efficiency is key. 
Consideration should also be given for any 
impacts the space economy might have on 
the lunar and terrestrial environments. 

2) Social: The norms that define interaction 
and governance between people- legally, 
ethically, and even culturally. This pillar is 
generally considered the least in sustaina-
bility discussions because of gray and sub-
jective areas that require broader inputs 
from a wide range of individuals. In addi-
tion, the current legal framework lacks 
mention of sustainability and responsible 
management of in-space resources. In or-
der to have a just and sustainable space 
industry, it will require that future space 
policy is inclusive of current and future par-
ticipants in space exploration and lunar 
surface development. 

3) Economic: This pillar considers the pro-
duction and consumption of goods. To be 
the most cost effective, there must be con-
sideration for the reusability of existing ma-
terials, creation of in-situ resources, and 
development of an in-space circular econ-
omy that makes use of by-products. 

Conclusion: Sustainability is intertwined in 
each part of our lives and should equally be at the 
intersection of each aspect of lunar surface devel-
opment, which will require input and cooperation 
from a diverse collection of groups across the in-
dustry. 

Whether it’s resource or operating efficiencies, 
ensuring a just and equitable space environment, 
or looking at the cost-effective future of space ex-
ploration; the space industry must consider how 
activities on the lunar surface will impact the space 
environment for decades to come. 

References: [1] Moon to Mars Objectives 
(2022) NASA, pp 1-13. [2] Sustainability Primer 
(2015) EPA, Version 9. 
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Center, Andover, MA 01810.  2Lucideon M+P, 2190 Technology Drive, Schenectaady, NY 12308.  3Even-
line Inc., 336 Mulberry Street, Rochester, NY 14620. 
(Contact: wainner@psicorp.com)  

Introduction:  Physical Sciences Inc. (PSI) and 
collaborators are developing a methodology for the 
production of robust and mass-efficient truss-based 
structures from melted and reformed regolith for 
space construction applications. The effort includes; 
1) the design of space-worthy hardware for produc-
ing the regolith glass primary building components
(rods and nodes); and 2) the design of process by
which the components may be assembled securely
and accurately into truss building blocks to be uti-
lized in larger constructions.

The project targets an end goal truss design of 
5m length with triangular cross-section and aspect 
ratio ~50. Length and straightness target accuracy 
metrics of 1x10-4m and 1.3mm/m lend themselves 
to the construction of large orbital structures with 
high precision. Similar straightness requirements 
are imposed on the glass rods that make up the as-
sembly. Truss strength objectives and strength of 
the regolith glass material dictates the allowable 
fineness of the rods that comprise it. However, var-
ying lunar or orbital construction applications can 
call for different strength and shape requirements. 
The method will be flexible for producing parts and 
building blocks of different character. 

The DARPA-funded project is still underway but 
close to completion by the LSIC Fall Meeting. The 
related poster or presentation will provide an up-
date on progress and results and will demonstrate 
one or more exemplar trusses of 2m length, con-
structed of regolith simulant glass rods that are 
welded together to produce the (essentially node-
free) construction. Molded regolith glass nodes are 
still anticipated, however, to enable the joining of 
multiple trusses together at their ends. 

Material Development/Analysis:  The project 
has entailed a deep dive into regolith (simulant) in-
trinsic properties, as well as produced glass prod-
uct-oriented properties. One example of intermedi-
ate properties is illustrated in Figure 1. Here, 4-
point flexural testing of drawn regolith rod stock 
has helped identify allowable anneal recipes and 
reveals a robust modulus of elasticity for the glass 
that is near 85 GPa (higher than borosilicate). 

Truss Design, Build, & Test:  Regolith glass 
strength data has helped inform an overall design 

to the truss for a mass-efficient design that em-
ploys producible (5mm) diameter rod stock. In ad-
dition, exploration of different rod-to-rod joining 
methods was explored and the glass welding ap-
proach was settled on as most promising (viable 
and mass-efficient). Machinery for the production 
of regolith ‘cane’ (rod stock) is still under develop-
ment, but assembly methods are being refind on 
conventional (5mm dia.) borosilicate glass rods. 
This includes weld methodology and jigging for as-
sembly. Figure 2 illustrates a welded 2m truss of 
borosilicate glass, as well as the jig employed to 
allow its precision construction.  

Figure 1. 4-point bend testing of regolith rod speci-
mens. Inset pictures show the test apparatus with 
regolith rod & deflectometer in place, and cross-sec-
tion of a sample at its failure surface. 

Figure 2. Photographs of the prototype 2m welded 
glass truss, buiit in borosilicate, with and without as-
sembly jig in place. 
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Developing a Large-Scale Lunar Regolith Test Bin with Gravity Offload Capabilities.  L. Weber1*, P. Easter1, 
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Introduction:  The increasing interest in Lunar sur-

face exploration is driving the development of new Lu-
nar rovers and hardware. The demand for mineralogi-
cally accurate Lunar test beds is increasing alongside 
this development. A test bed with features such as grav-
ity offload, drilling options, and different terrain varia-
tions would provide a resource for Lunar hardware test-
ing on Earth. To further the availability of regolith test 
beds, the Exolith Lab at the University of Central Flor-
ida is developing a 100m2 regolith bin offering the men-
tioned features and more.  

With NASA’s Artemis missions returning to the Lu-
nar South Pole, regolith bins matching the characteris-
tics of the Lunar Highlands are of increased importance. 
The Exolith Lab produces Lunar regolith simulants 
which approximate both the mineralogical and geotech-
nical characteristics of the Lunar Highlands (LHS-1) [1] 
and Lunar Mare (LMS-1) [2]. At Exolith, we believe it 
essential that both mineralogy and geotechnical charac-
teristics are represented within a simulant. A variant of 
this simulant, LHS-2E, will be used inside the regolith 
bin that consists of a larger particle size distribution [3]. 
A significant amount (10-20%) of the regolith bin sim-
ulant will be between 1-2mm whereas typical LHS-1 is 
less than 1mm.  

Design Considerations:  Exolith’s regolith bin will 
have a footprint of 10x10m and a depth of 1m providing 
ample room to perform drilling experiments. A 4ft tall 
retaining wall will be built to contain the ~130 tons of 
Lunar Highlands simulant. An essential design feature 
of the bin is the regolith simulant itself, which has an 
improved particle size distribution. The distribution of 
the new regolith simulant is more representative of the 
Lunar surface, with coarse Anorthosite and Basalt in-
cluded. A larger particle size range provides a more in-
clusive representation of Lunar simulant and will be 
beneficial to researchers testing hardware within the 
regolith bin. 

Located on a walkway bordering the regolith bin is 
the main personnel access point. This structure will act 
as a clean room, using negative pressure to keep any fine 
dust in the air from escaping the regolith bin. This clean 
room will also include space for donning personal pro-
tective equipment (PPE) before entering the bin. One 
side of the bin will also be turned into a roll-up door to 
allow large equipment to be inserted into the test bed. 

Testing Features:  A regolith bin with 100m2 of us-
able space presents the opportunity for features not 
available elsewhere. Gravity offload is one feature that 

will be provided, allowing vehicles being tested to of-
fload 5/6th of their Earth weight, mimicking lunar grav-
ity. This will be done through the overhead gantry crane 
keeping a constant lifting force on the vehicle through-
out its testing.  

With a 1m depth and 100m2 footprint, we will have 
the ability to set up hills within the bin that can be used 
for the testing of drills and other mining equipment. 
This will enable essential ISRU testing to be conducted 
within the regolith bin. Custom terraforming options 
will be available for customers, with the ability to create 
craters, hills, boulders, stratigraphy, and other struc-
tures. It will also be possible for us to create areas within 
the bin of different regolith simulant compositions.  

 

Figure 1. Perspective view of Exolith Lab’s 100m2 reg-
olith bin design 

 
Conclusions: A 100m3 Lunar Highlands regolith 

bin opens the opportunity for researchers to test Lunar 
vehicles in similar conditions to the Lunar surface while 
on Earth. This regolith bin contains a high-fidelity sim-
ulant with a particle size and minerology simulating po-
tential Artemis Lunar landing sites. High fidelity simu-
lant coupled with other features such as gravity offload 
and variable terrain make it possible to recreate many of 
the aspects of the Lunar surface needed for hardware 
testing and ISRU studies.  

More information about using Exolith Lab’s 100m2 
regolith bin is available by request through exolith-
lab@ucf.edu.  

References: [1] Exolith Lab, LHS-1 Spec Sheet 
(Dec. 2022). [2] Exolith Lab, LMS-1 Spec Sheet (Dec. 
2022). [3] LHS-2: A Novel Lunar Highlands Regolith 
Simulant for Exolith Lab’s Regolith Bin,  P. Easter et al. 
LSIC Spring Meeting 2023 
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Introduction:  DARPA’s recently-announced 
LunA-10 program underscores the importance of 
a sophisticated, resilient lunar economy for long-
term security and prosperity. One of the funda-
mental prerequsites for building a sustainable lu-
nar economy is being able to efficiently transport 
resources, instruments, and other diverse pay-
loads across the Moon’s surface. However, this 
capability is currently made difficult by high lift 
costs and unforgiving terrain. Against this back-
drop, Space Kinetic is developing the Lunar Quar-
terback (QB), an electromechanical 'throwing' 

technology that can launch 
diverse payloads across the 
lunar surface without requir-
ing consumable propellant or 
significant infrastructure. The 
QB platform can also non-de-
structively catch inbound 
payloads launched from 
other QB systems.  

Vision: Space Kinetic’s Lunar QB will be the first 
platform that enables low SWaP-C long haul lunar 
surface logistics. The QB will act as the connec-
tive tissue that enables distributed mining opera-
tions, scientific outposts, and bases to tap into an 
integrated, on-demand supply chain. A QB-based 
logistics architecture will eliminate the most chal-
lenging issues faced by other lunar mobility solu-
tions: the system will not be subjected to wear-
and-tear from traversing regolith, will not have to 
contend with navigating variable terrain, and will 
have an expansive service area while maintaining 
a low mass profile (150kg QB will have a 25km 
service area, though the QB can be scaled). 
The Platform:  The Lunar QB encompasses a mo-
tor system and electromechanical rotary arm that 
cradles a payload and spins up before releasing 

the payload towards its 
target, as well as a ki-
netic energy recovery 
system (KERS). The 
rotary arm includes 
both a release mecha-
nism and a “catcher’s 
mitt” to enable lanch-
and-catch operations. 

The KERS recaptures and stores energy after the 
launch process through a re-
generative braking maneu-
ver. Each payload launched 
by the QB will be enclosed 
in a spherical capsule. To 
ensure accuracy, we 

designed a fixed launch angle release mechanism 
to eliminate launch angle variability.  
Features: Space Kinetic’s Lunar QB platform is:  
- Modular: The QB can be towed and repositioned 
by a rover, deployed off a lander, or integrated 
into mining, excavation, or power gen. sites.   
- Versatile: The QB can support a broad mission 
set. By transporting batteries from different power 
generation sites, we can provide the power that 
enables operations throughout the south pole to 
survive the night; we can transport regolith from 
remote mining sites to a central refinery, and we 
can enable a distributed lunar base positioned far 
from lunar launchpads for dust mitigation pur-
poses to be integrated into the supply chain.  
- Scalable: The QB can scale at both the unit and 
architectural level. By making bigger QB systems, 
we can transport larger payloads 
across longer distances. By in-
creasing the number of QB’s 
in a given area, we can ena-
ble a multi-QB supply chain. 
- Nimble: By varying the QB’s 
launch angle, the QB can 
eliminate the challenges 
posed by variable terrain (e.g. we can launch over 
mountains and craters). 
- Sustainable: The electromechanical QB has no 
associated plume or dust flareup at launch. 
Development:  Over the past 12 months, Space 
Kinetic has made swift progress on the develop-
ment of the Lunar QB. We have secured a two-
year CRADA with Los Alamos National Laboratory, 
executed a DoD SBIR award, and are collaborat-
ing with Aerospace Corp. on a paper focused on 
the QB. We have designed and are currently as-
sembling our third prototype, enabling the QB sys-
tem to reach TRL-5 by Q1 2024.  We have also 
developed high-fidelity simulations showing how 
the QB 
system 
will oper-
ate 
across di-
verse use 
cases and 
ranges on 
the lunar 
surface. Space Kinetic will achieve TRL-6 in Q4 
2024 and will be ready for its first in-space demon-
stration by Q4 2025.  
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