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e Science
— Lunar science — in situ
— Lunar observatory
— Laboratory experiments
Proving Ground - Test bed  Commercial Opportunities
— Technology validation
— Operations demonstration
 Resources

— Fuel

— Life support

 Premise: Continued program
of solar system exploration
with humans and a presence
In cislunar space = Mars.



Lunar Science — Recent Missions
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Lunar Science - Observatories




Moon — Proving Ground - Test Bed

Surface or Cislunar Space

Deep space environment
Deep space radiation environment (at least part time)

Low gravity (1.622 vs. 3.771 m/sec/sec)
Fine-grained, granular surface material (magnetic)
Proximity — communication, safety, risk reduction



NASA - The Proving Ground




Et Al. — The Proving Ground

—— Apollo 17 (7.4 km)
— Apollo 16 (4.5 km)

— Apollo 15 (4.9 ke,




Locate Resrouces
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Lunar Resources

Ishimatsu et al., 2013, AIAA SPACE 2013



Lunar Resources

Oxygen and hydrogen are valuable commodities
Oxygen - human consumption and oxidizer
Hydrogen (H,O) - life support, radiation shielding, propellant, fuel cells

Present on the Moon - small amounts (H,) or tightly bound to metals (O)
Significant amounts of time and energy to extract, purify, and store

Heat regolith to 700° C to drive off solar wind H,, higher temperatures
to crack oxygen

Movement and handling of large amounts of regolith

Lunar polar ice is a concentrated, easily usable form of hydrogen and oxygen
Remove water by heating to 100° C
Might be possible to extract in situ
Electrolyze water into component H, and O,, liquefy and store

Relatively simple processing compared to solid-gas or liquid-gas
reactions



Lunar Resources

Define the resource
Understand how to extract it
Calculated the costs

Make a decision

Drives the outpost site selection process
Distance to ore

Power for production
Transport of resource




Lunar Resources

Demonstrate
Excavation and transport
Recovery of volatiles
Cryogenic storage and transfer

Requires advanced power, mobility,
large landed payload capacity




Long Duration Space Flight

Systems
Human Endurance
Spacecraft Operations



Long Duration Space Flight




Surface Ops Mobility Systems

Surface Operations
Dust
Crew - Habitat
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Humans and Robots



Humans and Robots - Robots

Pro

Expendable — risky situations
Excellent at boring, repetitious tasks — listening to me

Environmentally robust — operate in extreme
environments

Continuous to near-continuous duty cycle — don’ t

sleep
Con
Limited intellectual capability — they only do what they
are asked, usually | 72 T~ -
Slow - data rate, power constrained -

Limited payload
Expensive

o ¢

| ‘'m sorry Clive, | 'm afraid |
can 't do that.



Humans and Robots - Humans

Pro
Intellectually flexible — orange soil at Apollo 17

Adaptable to different situations

Communicate ideas not just data

Mechanically flexible — Hubble, ALSEP

Ability to handle difficult terrain — rock strewn ejecta
Ability to distinguish critical data from mass of

of irrelevant information

Con
Require life support
Need to sleep, eat, and ...




Visible Milestones




Public Engagement




Inspiration



Inspiration




National Security
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