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Introduction:  There is international impetus to
return to the Moon initially robotically, but eventually
with humans. The Lunar Exploration Analysis Group
(LEAG) developed the Lunar Exploration Roadmap
(LER) [1]. Lunar resources will be critical for the next
phase of lunar and Solar System exploration, not only
for reduction of launch mass from Earth but also for
developing commercial “on ramps” for private sector
involvement. A sustained human presence on the
Moon offers the most secure and likely path to develop
technologies to realize NASA’s ultimate goal of human
Mars exploration.

LEAG has tasked this Specific Action Team (SAT)
with creating a Lunar Capabilities Roadmap (LCR) to
highlight the initial technological investments that need
to be made to support the LER as well as the Global
Exploration Roadmap (GER) [2] and the LEAG LER
[1]. Identifying the capabilities needed to achieve this
goal is guided by the need to close Strategic Knowledge
Gaps (SKGs), as identified in [3], especially Theme 3:
Understand how to work and live on the lunar surface.

Scope: The LCR will be a strategic document for
guiding a path forward in preparing and returning
humans to the Moon for both short and long duration
missions. Success in executing a human return to the
Moon and to Mars requires new capabilities, which arise
from the development of novel, cutting-edge
technologies. In addition to identifying and defining the
necessary capabilities, the LCR will highlight the top
technologies common across the LER, GER, and LEAG
Implementation documents, crossed with the NASA
Technology Roadmaps [4] that would enable a realistic
path forward in lunar exploration and science. Identified
technologies will be those that would benefit from
collaborative development with SMD, HEOMD, and
STMD. The LCR will be particularly focused on
technology and technological development over the next
30 years that promote human space exploration and
enable commercial “on-ramps”.

The LCR will be cutting edge, while remaining
realistic and feasible. As such, the LCR must describe a
viable strategy for human and robotic interaction on the
lunar surface. Therefore, this SAT is composed of space
and planetary scientists and engineers, and individuals
active in cutting edge robotics and artificial intelligence
(AI) research.

Lunar Exploration Capabilities: There are several
aspects of the lunar environment that are critical dangers
to humans and equipment. This dictates the development

of new technologies that have the fundamental capability of
protect from and/or robustness in this environment.

Radiation: Improvements in the area of space radiation
technologies are critical to the success of long duration
missions. The goal is to improve current technologies while
simultaneously developing new technologies.

Lacking the protection of an atmosphere and magnetic
field, assets on the lunar surface are in danger of damage
by solar wind ions, cosmic rays, and micrometeorites. Long
term exposure to radiation and dust is problematic for
humans as well as spacecraft mechanics, electronics, and
software. Habitats and space suits must be capable of
protection from the hazards listed above as well as from the
vacuum of space – and include fail safes.

Further technology development is needed in the area
of spacecraft charging as a result of solar events. Testing
and simulation of surface and radiation-induced charging is
needed. Also needed are in-situ measurements of surface
charging and development of mitigation techniques.

Thermal Protection and Energy Systems: Nights that
last two weeks and limited illumination at the lunar poles
require improvements in energy systems, and storage, and
technologies that are capable of withstanding dramatic
thermal variations. Solar panel technology must become
significantly more efficient or energy must rely on
radioisotopes or in situ resources.  Although most spots on
the Moon are sunlit half the time, the very long night
means that solar energy schemes need gigantic energy
storage systems to endure all night without having to shut
down. Thermal protection systems are critical technologies
that are low-to-no-fault tolerant. The development of high-
temperature sensors and electronics are critical for reliable
health monitoring and system performance data during
missions.

Resource Prospecting and Outpost Construction
Equipment and Technology: Any program to extend human
presence and operations on extraterrestrial bodies requires
that we learn how to locate, harness, and utilize resources
(both naturally occurring and waste material) at the site of
exploration to create products and services for subsequent
use. Potential lunar resources include water/ice, solar wind
implanted volatiles (hydrogen, helium, etc.), metals and
minerals, solar energy, regions of permanent light and
darkness, trash and waste from human crew, and discarded
hardware that has completed its primary purpose. Products
obtained from these resources can then be used to reduce
the mass and cost of robotic and human exploration, reduce
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risk by enabling self-sufficiency, and increase
performance or enable new mission concepts compared
to bringing everything from Earth.

Autonomous Systems and Artificial Intelligence:
Progress in Solar System exploration will inevitably take
humans into locations where they must operate
independently of ground control. Autonomous systems
will be needed to enable astronauts and their vehicles to
function effectively and efficiently. Autonomy is
increasingly being facilitated by AI techniques, which
enable systems to reason and act in a rational manner to
achieve specified goals. Autonomy is critical for
improving the performance and reducing the risks for
human and robotic exploration.

An autonomous system must not only be capable of
delicate human interaction, monitoring and executing a
complicated matrix of procedures, it must also be
capable of varying its level of autonomy. Some assets,
such as rovers and habitat systems, may be on their own
part of the time, operated from Earth part of the time,
remotely operated by astronauts in orbit or in a habitat
part of the time, and operated by an astronaut with their
hands on the controls part of the time. Those machines
have to work under all those circumstances, and be able
to switch from one regime to another easily. 

Concluding Remarks: The LCR would highlight
technical capabilities critical for science and exploration
of the Moon as well as their potential for science and
exploration beyond the Moon. Specific examples of
appropriate instrumentation and technologies will be
included to demonstrate feasibility and highlight
potential targets for future investment. It must be
emphasized, however, that the LCR is not intended to
prescribe a specific architecture, nor does it mandate
specific technologies. Instead, it will focus mainly on
capabilities with examples of specific technologies to
satisfy these needs. The assumptions and instrumentation
are intended to be broad and not meant to be
prescriptive.

The LCR-SAT will deliver the first draft report to the
LEAG Executive Committee at this conference.
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