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Abstract
Establishing a sustainable human presence on the Moon allows NASA to develop and test new approaches, technologies, and systems that will enable us to function in other, more challenging environments. The Lunar Surface Innovation Initiative (LSII) was established in 2019 and has evolved into a key agency asset to spur technology development and provide risk reduction for lunar surface system development and flight demonstrations. LSII coordinates activities implemented through a combination of in-house activities, competitive programs, and public-private partnerships to create transformative technologies needed for lunar surface exploration. This paper will outline the LSII model used to develop a technology pipeline that will retire the primary technology hurdles in six capability areas. In-situ resource utilization technologies for collecting, processing, storing, and using material found or manufactured on the Moon. Surface power technologies that provide the capability for sustainable, continuous power throughout the day and night for lunar missions. Dust mitigation strategies that diminish lunar dust hazards on lunar surface systems such as cameras, solar panels, space suits, habitats, and instrumentation. Extreme environments technologies that enable systems to operate throughout the full range of lunar surface conditions, including lunar noon (up to 150 at the equator), night (down to - 180 at the equator), multiple day/night cycles, and in permanently shadowed regions (down to -250). Extreme access technologies that enable humans or robotic systems to access, navigate, and explore previously inaccessible lunar surface or subsurface areas. Excavation and construction technologies that will allow affordable, autonomous manufacturing or construction. We outline key results, including milestones and achievements related to the capability areas and outcomes from partnerships with the commercial sector. A key tenet of the LSII is the Lunar Surface Innovation Consortium (LSIC), a collaboration across industry, academia, and government to successfully develop the transformative capabilities for lunar surface exploration. LSIC provides a forum for NASA to communicate technological requirements, needs, and opportunities and for the community to share existing capabilities and identify critical gaps with NASA. By working side by side with commercial enterprises and our international partners, NASA is able to combine the knowledge and expertise needed to explore the lunar surface and make technical advances that will feed technological and economic growth. Since its inception, LSII has engaged over 600 organizations across the United States and 46 countries to shape the technologies and systems needed to explore the lunar surface and stimulate a lunar surface economy.
Keywords: (lunar, lunar surface, technology development, ISRU)
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1. Introduction
NASA’s rich history of human spaceflight provides the foundation for today’s exploration vision: to maintain U.S. leadership in space, establish a lasting presence on and around the Moon, and pave the way forward to Mars and beyond. This strategy begins with the Artemis, a series of missions that will land the first woman and the first person of color on the lunar surface, marking the first time in nearly 50 years that humans have landed on the Moon. 

Establishing a long-term human presence on the Moon will be among human history's most challenging technical enterprises. This era of human exploration will require innovative technologies and systems—some of which have not yet been demonstrated—to explore new and more challenging locations, like the lunar South Pole. Developing these capabilities will spur advancements in critical fields like medicine, energy, materials science, manufacturing, and climate science.[1]
1.1 Artemis
In December 2017, the President of the United States Announced Space Policy Directive-1. The policy calls for the NASA administrator to “lead an innovative and sustainable program of exploration with commercial and international partners to enable human expansion across the solar system and to bring back to Earth new knowledge and opportunities.” The directive more effectively organized government, private industry, and international efforts toward returning humans to the Moon and laid the foundation to enable human exploration of Mars eventually.2 Although it was signed in 2017, the directive would not be reflected in NASA’s Budget Request until 2019, leading NASA to begin planning what would become the Artemis Plan, released in September 2020. Through Artemis, NASA would build a coalition of partnerships with other government agencies, industry, academia, and foreign nations to return humans to the Moon for the first time in 50 years. On the surface, Astronauts would test a wide set of technologies focusing on supporting infrastructure development, including power, robotic exploration, radiation shielding, excavation, construction, and outfitting. 
1.2 Space Technology Mission Directorate
The Space Technology Mission Directorate (Space Tech) plays a key role in NASA’s Artemis plans by developing transformative, crosscutting technologies that enhance the capabilities and reduce the cost of NASA, commercial, and other Government missions. Through Space Tech, NASA invests in high-risk, high-reward activities across the technology development spectrum in collaboration with the Nation’s aerospace industry, academia, and small and large businesses. These technology investments leverages partnerships with other government agencies as well as commercial and international partners to support and stimulate a robust space economy. Space Tech’s investments keep NASA’s technology pipeline growing with emerging, innovative technologies that benefit a wide range of users, ensuring that the Nation realizes the full economic value and societal benefit of these innovations. Space Tech's portfolio includes broad technology applications addressing multiple stakeholder needs and actively engages them to identify opportunities of common interest to better leverage Government investments.[3]
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. Fig 1. NASA Space Tech Technology Pipeline
Space Tech’s portfolio spans the full spectrum of Technology Readiness Levels (TRL) from the beginning of scientific research of a potential technology through a flight demonstration of a technology or technology system. Low TRL projects, typically < TRL 3, fall into Space Tech’s Early Stage Innovations and Partnership Program (ESIP). The goal of ESIP is to accelerate the development of groundbreaking, high-risk/high-payoff space technologies to support the future space science and exploration needs of NASA, other government agencies, and the commercial space sector. Once projects reach a mid-TRL level (TRL 3-5/6), they may move into Technology Maturation, executed through NASA’s Game Changing Development (GCD) Program and the most promising ideas are matured through analytical modeling, ground-based testing, and spaceflight demonstrations of payloads and experiments. Finally, through Technology Demonstration Missions (TDM), Space Tech’s high TRL technologies (typically >6) are advanced through flight and ground demonstration projects for future science and human exploration missions for the Agency. 
Establishing a sustainable human presence on the Moon requires Space Tech to rapidly develop and test new approaches, technologies, and systems to enable humans to function in challenging environments. Investments for Artemis are being targeted at technologies that would vastly reduce the cost of deep space exploration, making even more ambitious missions to Mars possible. Shortly after Artemis was announced, Space Tech established the Lunar Surface Innovation Initiative (LSII) to expedite the technology development needed to meet the Artemis timeline and establish the foundational lunar surface infrastructure ultimately required for a sustained lunar presence.
2. Lunar Surface Innovation Initiative
In 2019, Space Tech established LSII to formulate and integrate the technology maturation needed for lunar surface exploration and to accelerate the TRL of key systems and components across all Space Tech investments and the entire TRL spectrum. In addition, LSII ensures an ambitious, cohesive, executable Agency strategy for developing and deploying key lunar surface technologies while supporting commercial expansion in space. Its activities are implemented through a combination of unique NASA work and public-private partnerships, leveraging innovative procurement mechanisms to expedite technology development.  
Since the Space Tech Programs are aligned along the TRL Pipeline (Early Stage, Technology Maturation, Technology Demonstration Missions), LSII works across all Programs to identify key gaps and ensure consistent and coordinated formulation activities for the key lunar surface capability areas. Once a task or project relative to LSII is formulated and approved, it is officially on-ramped and executed through the appropriate Space Tech program. While there are LSII-related activities underway across all of the Space Tech Programs, a majority of the technology development for lunar surface capabilities falls into the mid-TRL range. Thus, a high percentage of LSII activities are currently being executed through the GCD Program, but will transition or infuse into other programs and/or missions as the TRL increases.
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Fig. 2. LSII Capability Areas  
2.1 LSII Capability Areas
LSII focuses on six primary lunar infrastructure technology development areas, including:

· Surface power - provide the capability for sustainable, continuous power throughout the day and night for lunar missions.
· In-Situ Resource Utilization (ISRU) - Collecting, processing, storing, and using material found or manufactured on the Moon.
· Dust Mitigation - Strategies that diminish lunar dust hazards on lunar surface systems such as cameras, solar panels, space suits, habitats, and instrumentation.
· Extreme Access - Enable humans or robotic systems to access, navigate, and explore previously inaccessible lunar surface or subsurface areas.
· Extreme Environments - Enable systems to operate throughout the full range of lunar surface conditions, including lunar noon (up to 150 at the equator), night (down to - 180 at the equator), multiple day/night cycles, and in permanently shadowed regions (down to -250).
· Excavation and Construction – Technologies that lead to affordable, autonomous manufacturing or construction capabilities.
3. Lunar Surface Innovation Consortium 
A key tenet of LSII is to bring together the full range of stakeholders, including entrepreneurs, academia, small businesses, industry, and the NASA workforce, to accelerate the creation of new industries, products, and services that will fuel a lunar economy and yield a lasting benefit for decades to come. To accomplish this, LSII initiated a task through a University Affiliated Research Center, Johns Hopkins University Applied Physics Laboratory (JHUAPL), to establish the Lunar Surface Innovation Consortium (LSIC) and manage consortium operations. The LSIC The Lunar Surface Innovation Consortium (LSIC or “the Consortium”) is a nationwide alliance of universities, non-profit research institutions, commercial companies, NASA centers, and program offices, and other government agencies with a vested interest in the Artemis campaign to establish a sustained presence on the Moon. It is the first and only NASA consortium dedicated to technology development. 
LSIC serves as a forum for NASA to communicate technological requirements, needs, and opportunities and for the broader community to share existing capabilities and identify critical gaps in need of investment with NASA. Members share the common goal of helping NASA invest wisely in critical technology to establish a sustainable lunar presence, while also stimulating a commercial lunar economy. By working side-by-side with commercial enterprises and our international partners, NASA is able to combine the knowledge and expertise needed to explore the lunar surface and make technical advances that will feed technological and economic growth. The consortium assists NASA in:
· Identifying lunar surface technology needs and assessing the readiness of relative systems and components.
· Making recommendations for a strategy for developing and deploying the technologies required for successful lunar surface exploration.

· Providing a central resource for gathering information, analytical integration of lunar surface technology demonstration interfaces, and sharing results.
LSIC is also a community that encourages networking, partnering, and collaborations to amplify the results of individual efforts at technology development for lunar exploration. The Consortium couples emerging private enterprise in space with traditional space ventures, draws in non-space but relevant developments from other industries, and bridges the gap between government-funded space exploration and the near future of commercial development of the Moon.
3.1 LSIC Governance

JHUAPL manages LSIC and appoints a director with concurrence from JHUAPL LSII senior leadership and the NASA Space Tech Associate Administrator. The director is responsible for the management of the day-to-day operations of the Consortium and ensuring that it aligns with NASA Space Tech's goals. In addition, the director serves as the head of the LSIC Executive Committee. The Executive Committee ensures that the future direction of LSIC is in the best interest of member organizations while serving the United States Vision for sustained exploration of the Moon. The committee is designed to have representation from across all types of member organizations. The makeup includes two university representatives, two representatives from large corporations, two representatives from small companies, two representatives from research institutes, a representative from the Lunar Exploration Analysis Group (LEAG), and representation from NASA's Space Technology Mission Directorate, Science Mission Directorate, and Exploration Systems Development Mission Directorate.
The inaugural Executive Committee was selected by APL, in coordination with the NASA Space Technology Mission Directorate, from the member institutions and other relevant stakeholders to help broaden LSIC's reach in the community and rapidly initiate activities that integrate the breadth of expertise among Members and identify near-term goals.

3.2 LSIC Membership
LSIC Members are organizations, not individuals: Companies large and small, new and old; universities; research laboratories; NASA Directorates, offices, projects, and institutes; and other government offices. While each member organization can have an unlimited number of individuals attend, the organization must name a representative to LSIC, and that representative will manage their relationship with LSIC. While having a membership registration, LSIC aims to be inclusive with a low barrier to participation. Any individual who registers and agrees to abide by the code of conduct can receive the monthly newsletter, join in focus group discussions, attend workshops and meetings, and access the LSIC confluence online collaboration space. Registering as a member affords organizations the following benefits: 

· Preferential attendance at LSIC meetings with limited in-person attendance due to facility capacity or any present health restrictions.
· Consideration of the member institution's home locality/facility as a potential site for official LSIC events such as the Fall Meeting, workshops, etc.

· Inclusion and/or prioritization for site visits by LSII/LSIC personnel.

· Prioritized for features in LSIC's monthly newsletter "Member Spotlight."

· Eligibility to participate in LSIC's Mentorship program as a mentor or mentee for other emerging institutions and businesses.
· Recognition on LSIC's website as an institutional member.

· Consideration for participation in LSIC-sponsored outreach or events, including LSIC-sponsored booths at meetings, events, etc.
One month prior to each Executive Committee meeting, a list of candidate organizations under consideration for membership is reviewed and approved by LSIC Executive Committee vote. If the list is not approved as a whole Executive Committee members flag any institutions that require further discussion. The goal is to efficiently approve undisputed candidate members and identify those needing more vetting. Flagged potential members can be voted on separately after discussion and/or deferred until the next meeting to provide time to obtain additional information to determine membership status.
3.3 Meetings
The LSIC Kickoff Meeting was held on February 28, 2020, at the Johns Hopkins University Applied Physics Laboratory in Laurel, Maryland. The event was attended in person by 257 people, ~35% of whom were from industry, ~25% from universities, and the remainder from NASA, non-profit organizations, and other governmental departments. In addition, the event was live-streamed on several platforms. The meeting introduced the technology development community to the consortium and invited the community to provide feedback and suggestions for developing the LSIC structure and path forward. It also provided an opportunity for participants to engage in breakout sessions based on the six LSII capability areas, which served as the catalyst for monthly focus group meetings. The community response indicated a strong interest in participating in future meetings and felt focus group meetings would be a productive way to facilitate communication between members. In addition, the community is eager to share their work and communicate directly with NASA and/or LSIC leadership through site visits. Two-thirds of respondents would like to present their work at an upcoming focus group meeting, while nearly three-quarters would like to schedule site visits.
3.3.1 Semi-Annual Meetings
Semi-annual meetings with the entire LSIC community are held in the Spring and Fall. At least one meeting annually is held in person at alternating LSIC member sites. These meetings are live-streamed to the public and the broader community. The forum's first day contains updates of interest to the community, including updates on NASA's current plans and upcoming and open solicitations. Consortium members are invited to make presentations, participate in panel discussions, and participate in poster sessions and lightning talks. The Spring meeting breakout topics are more of broad interest to the entire community, while the Fall meeting has speakers on a specific LSII capability area. The semi-annual meetings aim to facilitate an open exchange of ideas and concerns and explore potential collaboration opportunities between consortium members and NASA. After each meeting, all presentations and the proceedings are published on the LSIC website, and a final meeting report, including outcomes of the meeting and breakout sessions, is provided to NASA.
3.3.2 Focus Group Meetings
JHUAPL facilitates unique capability focus groups comprised of members of the LSIC that are concentrated  on specific LSII key capability areas, including ISRU, Dust Mitigation, Extreme Environments, Extreme Access, Sustainable Power, and Excavation and Construction. Focus groups meet virtually every month to share the state of technology in the relevant area and to identify needs for future investment. Each focus group is coordinated by an APL focus group leader who helps ensure that progress for each group remains on schedule and facilitates communication between focus group members, consortium leadership, and NASA subject matter experts for their capability area. In addition, an online collaboration space is set up for each focus group to continue discussions between meetings, encourage networking, and host focus group meeting proceedings. These meetings average almost 100 people per meeting and have spurred off subgroups to allow for deeper discussions on areas of interest to the individual focus group community. Finally, while a focus group has a lead, members guide the direction and discussion of each group along with developing yearly goals for each group. 
While a focus group has a lead, members guide the direction and discussion of each group along with developing yearly goals for each group. The 2021-2022 annual focus group goals are listed in the table below.
Table 1. Focus Group Yearly Goals
	Extreme Environments Focus Group

Goal 1: Evaluate capabilities and gaps related to technology, observation / simulation, and testing / maturation for one or more prioritized lunar surface environments in a public white paper.
Goal 2: Publish a technology maturation guide relevant to one (or more) LSIC-Extreme Environments subgroups.

	Extreme Access Focus Group

Goal 1: Identify mission/system elements needed to explore challenging lunar environments, including identifying specific technology needs and gaps, prioritizing development timelines, and providing a general roadmap and recommendations for needed technology, testing, and demonstrations.

Goal 2: Build a community and develop collaborative relationships among members.


	Dust Mitigation Focus Group

Goal: In order to enable a sustainable exploration of the Moon, the focus group’s goals include identifying needs and gaps in dust mitigation, providing recommendations to foster development, and fielding that technology on future missions.

	Excavation and Construction Focus Group

Goal: In order to enable a sustainable exploration of the Moon, the focus group’s goals include identifying needs and gaps in dust mitigation, providing recommendations to foster development, and fielding that technology on future missions.

	Surface Power Focus Group 

Goal: To work towards this, we will focus on connecting power experts to their potential user base, framed by the economic and institutional drivers that set the scale of power demand. This will enable us to identify near-term needs for immediate prioritization and long-term goals that impact early architectural decisions. 

	In-Situ Resource Utilization Focus Group

Goal 1: Connect FG technology ideas with NASA through technology presentations at monthly meetings, participating in surveys and subgroups, including reports.
Goal 2: Provide NASA an assessment of the effectiveness of current funding approach to ISRU technology.

Goal 3: Affect a positive impact on community collaborations.


Section 4 will provide examples and details of the technologies and products developed in each LSII capability area. 
3.3.3 Working Group Meetings
While focus groups are organized around the six LSII capability areas, the consortium community identified areas of interest across all capability areas. For these two areas, LSIC set up working groups that meet on an as-needed basis for as long as deemed necessary by the community. Currently, there are two LSIC Working Groups, lunar simulants, and the implementation of a modular open systems approach for lunar exploration. 
The Lunar Simulants Working Group was formed to enhance communication between groups that evaluate and use lunar regolith simulants in the LSIC community. Simulants of lunar regolith are required to thoroughly test technologies under relevant lunar surface conditions and will be an integral part of our return to the Moon. Since the testing procedures developed by the community may have a range of desired simulation characteristics, a variety of lunar simulants are required to completely replicate various characteristics of the lunar regolith (e.g., geochemical, geophysical, geotechnical properties, etc.). The Lunar Simulant Working Group evaluates lunar simulants according to these various characteristics to inform the community's decisions in selecting lunar simulants for experiments and/or testing. This space exists to support and enhance the exchange of lunar simulant information, share appropriate references, and encourage conversations regarding the evaluation of lunar simulants. In addition, the lunar simulants working group has conducted an independent Lunar Simulant Assessment of available lunar simulants to analyze particle size–frequency distribution, particle morphology, and composition, and potential suitability for specific uses. The assessment is available on the working group's community collaboration site along with a Lunar Simulant Data Repository, Lunar Simulant Provider Profiles, and a Lunar Simulant Resource Library. 
The Modular Open Systems Approach (MOSA) for lunar exploration (MOSA) group is working to determine which lunar systems and techniques could benefit from MOSA. They are compiling existing interoperability efforts and identifying overlaps and gaps. Finally, they will perform system decompositions to find critical interfaces and what requirements are needed to ensure interoperability. Each consortium focus group has a MOSA working group point of contact who will inform their focus group of upcoming MOSA activities. This includes the MOSA activities within their focus group and in other focus groups in order to capture a system-wide perspective. The working group findings will be published in a report and available to the community.
The Lunar Surface Innovation Consortium (LSIC) has grown to over 1,500 participants from more than 600 organizations representing industry, academia, other government agencies, and non-profits from all 50 states and 46 countries. 
4. LSII Capability Areas

Through LSII, NASA’s Space Tech is developing and demonstrating capabilities to retire technology hurdles in the following areas: In-situ resource utilization, surface power, dust mitigation, extreme environment technologies, extreme access, and excavation and construction. In each of these capability areas Space Tec has Envisioned Futures that describes possible futures enabled by achieving the outcome.  
APL provides Technology Maturation Assessments for the six LSII capability areas as the LSII System Integrator. These assessments will incorporate key insights and feedback from the LSIC industry and university members. This ensures NASA's collaborative opportunities and solicitations result in accelerating the development of cutting-edge technologies, while providing the greatest value-proposition for commercial and academic partners across the United States.

LSII coordinates activities implemented through a combination of in-house activities, competitive programs, and public-private partnerships to create transformative technologies needed for lunar surface exploration. Additionally, LSII uses public prize competitions and crowdsourcing to procure novel ideas and solutions from the general public to solve technology development  challenges.
This section shares LSII highlights for each of the six LSII capability areas and the various implementation approaches used.
4.1 In-Situ Resource Utilization (ISRU) Technologies
In-situ resource utilization technologies will develop and demonstrate technologies to use the Moon’s resources to produce water, fuel, and other supplies. These activities will validate high-fidelity ISRU systems' mass, power, and volume data for incorporation into large-scale flight projects. Following the development and maturation of ISRU technologies at the component, subsystem, and scaled system levels, this effort will demonstrate the ability to produce propellants, other mission consumables, products, and infrastructure from regolith.
4.1.1 Polar Resources Ice Mining Experiment-1
Space Tech’s GCD Program has funded the development of the Polar Resources Ice Mining Experiment-1 (PRIME-1), which will be the first ISRU demonstration mission to drill for ice on the Moon under NASA’s Commercial Lunar Payload Services (CLPS) initiative on the Intuitive Machines-2 mission in 2023. The project includes a flight-ready instrumentation package that will robotically sample and analyze for ice from below the surface. PRIME-1 is a critical instrument suite that will be integrated on the Intuitive Machines commercial lunar lander to land at the lunar South Pole to assess the volatiles and determine water content. In addition, PRIME-1 will help provide the knowledge necessary to find critical resources to produce propellant, water, and oxygen for lunar missions.
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Fig. 3. PRIME-1 Drill  

The two components mounted to a commercial lunar lander make up PRIME-1. First, a lunar drill called The Regolith and Ice Drill for Exploring New Terrain (TRIDENT), designed by Honeybee Robotics, from Pasadena, California, through NASA’s Small Business Innovative Research (SBIR) program. It can core a hole roughly three feet deep on the lunar surface. The second component of the PRIME-1 technology suite is the modified mass spectrometer called MSolo. Mass spectrometers measure the composition or concentration of various elements in the atmosphere.
4.1.2 LSIC Supply and Demand Workshop
A major challenge identified by the LSIC ISRU Focus Group was that there were no plans on using ISRU products for lunar exploration because no one was committing to producing them. To better understand the potential top-level requirements for a lunar In-situ Resource Utilization (ISRU) production plant to support propellant needs by commercial spacecraft providers, LSIC’s ISRU Focus Group held a half-day virtual workshop. A dozen commercial speakers were split into Supply and Demand sessions to outline near-term goals for producing or utilizing lunar resources. Over 220 people from 110 unique organizations participated in the workshop. Key findings showed:
· There is a strong demand for in-situ derived propellant. 10s to 100s of metric tons of propellant a year within the decade. 

· There are two potential supply options: Water (O2 and H2) from ice and O2 directly from regolith.

· There were two identified supply challenges. The current low TRL of extraction equipment for ice. Insufficient knowledge of water as a reserve on the surface. 
4.2 Sustainable Surface Power Technologies
LSII is making critical advancements in power generation and energy storage technologies for exploration missions. These technology advancements will provide the capability for continuous power throughout day and night operations on the lunar surface. For example, solar array technology under development can generate energy in extreme environments, including low-light intensity and low temperature. In addition, LSII is developing and demonstrating a primary fuel cell system to support operations with long discharge times, including applications on rovers, powering habitats, in-situ resource utilization systems, and general energy storage.
[image: image4.jpg]



Fig. 4. Vertical Solar Array Technology  

4.2.1 Vertical Solar Array Technology
The GCD Vertical Solar Array Technology (VSAT) project is developing, through the release of multiple contracts with industry, lightweight solar arrays capable of autonomous vertical deployment on uneven terrain. Lunar VSAT explores vertical array deployment on masts of up to 10 m in length to minimize shadowing in order to capture near-continuous sunlight at the lunar South Pole. In 2021, LSII awarded five companies under VSAT to design and develop vertically deployable, relocatable solar array systems: Astrobotic, Honeybee Robotics, Maxar, Northrop Grumman, and Lockheed Martin. In September 2022, three of these companies (Astrobotic, Honeybee Robotics, and Lockheed Martin) were selected to build prototypes and perform environmental testing, with the goal of deploying one of these systems near the lunar South Pole on a future mission.  
Table 2. Lunar VSAT Design Parameters
	Lunar VSAT Design Parameters
	Project Goal


	Array Power
	10 kW BOL1

	Terrain Stability
	15o incline with 10m Mast

	Mast Height
	10m

	Autonomous Deployment and Retraction 
	10 Deployment/ Retraction Cycles (Vertically in Lunar Gravity)

	Array Electrical Design
	Adaptable to changes in illumination while maintaining power output

	Concept Flexibility
	Adaptable to multiple mission architectures


4.2.2 LSIC Power Beaming Workshop

The LSIC focus group identified that delivering power across the lunar surface is a significant challenge. However, the absence of infrastructure, operations in permanently shadowed regions, and unique aspects of the lunar environment provide a potential for lunar power beaming as a solution. The Power Beaming Workshop explored the potential role of wireless power transfer, or power beaming, to deliver power across the lunar surface to enable and enhance critical lunar activities such as prospecting and operating within permanently shadowed regions. Day one of the workshop was used to inform the lunar community of what is possible with power beaming, as well as provide power beaming experts an opportunity to engage with lunar experts for a wholistic understanding of the potential role of power beaming. Day two was spent on more profound technical talks and discussions, with a wide variety of plenary talks on power beaming technologies, especially those recently funded by NASA. Over 180 people participated in the two-day workshop. Key findings showed:

· Power beaming is a plausible solution, especially for Permanently Shadowed Regions (PSRs) prospecting and exploration. The marginal cost of extending the range is trivially small for laser power beaming. It could also be used to connect complementary regions. 
· Current power beaming hardware is not space-qualified but could be rapidly advanced.
· Power beaming offers different failure modes/complexity compared to cabled power for exploration.
· Thermal management will complicate design of high-power systems, but waste heat may be beneficial.
4.2.3 Watts on the Moon Centennial Challenge
Through the Centennial Challenges, NASA directly engages the public in the process of advanced technology development that is of value to NASA's missions and the aerospace community. It offers incentive prizes to generate revolutionary solutions to problems of interest to NASA and the nation. Competitors are not supported by government funding; awards are only made to successful teams when the challenges are met. Under LSII, the Watts on the Moon Challenge seeks energy distribution, management, and/or storage solutions that address NASA technology gaps and can be further developed for space flight and future operation on the lunar surface. Winning teams will receive a total of $4.5M. Watts on the Moon is seeking full system prototypes for testing in a simulated lunar environment that:
· Draw power from an intermittent NASA Power Source and deliver power continuously to a NASA Load Bank.
· Operate in simulated lunar temperatures and vacuum.
· Operate continuously without any additional power generation.
· Demonstrate a capability to deliver power over a distance of 3 km.
· Optimize total system mass and total system efficiency.
4.3 Dust Mitigation

Lunar dust is one of the principal issues that NASA must address before returning to the surface of the Moon. It has the potential to affect every lunar architecture system. LSII will develop and demonstrate technologies and concepts to mitigate lunar dust hazards, enabling affordable, sustained operations on the lunar surface and with transfers to and from the Lunar Gateway or other orbital platforms. Dust mitigation includes active, passive, and operational strategies that diminish lunar dust hazards on lunar surface systems such as cameras, solar panels, space suits, habitats, and instrumentation.
LSII is developing Classifications and Standards for Testing with Dust that will identify sources of lunar dust, both natural and induced, particulate size range, surface loading, volumetric loading, and dust velocity. In addition, it will define testing types, simulants, and facilities and include detailed test plans (e.g., protocols for abrasion testing). The integrated test plans will span surface operations, landing vehicles, and orbital assets.
4.3.1 Electrodynamic Dust Shield
The Electrodynamic Dust Shield (EDS) is an active dust mitigation technology demonstration that uses electric fields to move dust from surfaces and prevent surface accumulation. Potential applications include thermal radiators, spacesuit fabrics, visors, camera lenses, solar panels, and many other technologies. An EDS flight demonstration is scheduled for the Firefly CLSP 19D mission in 2024.
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Fig. 5. Electrodynamic Dust Shield  
4.3.2 LSIC Dust Mitigation Workshop
The LSIC Dust Mitigation Focus Group held a one-day virtual workshop to bring together lunar architecture systems developers, dust mitigation technology developers, and lunar scientists to discuss unique challenges and knowledge gaps in dust mitigation, identify technology solutions that are already available, and define areas that require future investment. In addition, nine invited presentations provided an update on the current state of knowledge of lunar dust, NASA’s dust mitigation strategy, and NASA’s lunar architecture elements. Over 340 attendees from over 200 institutions attended the workshop and identified the following high needs and challenges:
· Establishing a set of tolerances allowing systems to operate “dirty.”

· Acquisition of ground truth dust properties and plume/ejecta data from precursor missions to validate modeling tools and designs.
· Develop and standardize simulants and testing conditions to better capture real dust problems instead of approximations.
· Pathways and mechanisms for integrating dust tolerant/mitigation technologies into lunar systems and architecture.
· Technology demonstrations on CLPS landers to test in real-world conditions.

4.3.3 Dust Mitigation Technology Searches
LSII utilizes technology scouting to obtain the current terrestrial state of the art for technologies applicable to the six LSII capability areas to help inform potential collaborations and investments. NASA uses open and distributed innovation methodologies to improve missions through the Center of Excellence for Collaborative Innovation (CoECI). One service provided by CoECI is a technology scout service that provides a broad external network of experts as potential collaborators based on the identified need. 
Through a market/technology research project with yet2, NASA researchers at Kennedy Space Center and Johnson Space Center sought to understand the landscape of terrestrial dust mitigation technologies and dust-related standards. A number of terrestrial industries, such as industrial plants processing cosmetics, powdered sugar, and pharmaceuticals, have developed solutions to mitigate dust. Targets were chosen based on the following guidelines/constraints:

Required:

· Able to manage and mitigate abrasive dust

· Able to mitigate small particles (~50 – 0.1 μm)

· Minimal barriers to NASA adoption (e.g., low mass, small size, low power, etc.)

· Non-flammable

· Able to work in harsh environments
Desired:

· Suitable for space (e.g., radiation hardened)

· Non-toxic
Solutions fell within three categories: Active Technologies, Passive Technologies, and Standards/Testing. Within these categories, yet2 reviewed 84 potential solutions and presented 36 to NASA. Twelve of those presented were of high interest to NASA.
In a second search, they were looking to identify technologies that can remove a wide range of particle sizes with minimal intervention for maintenance. Compact and robust filter and particle separation technologies with high loading capacity, tolerance to the lunar dust properties, requiring little to no maintenance, and the ability to remove a wide size range of particles (submicron to 100’s of microns) will be required to support Artemis missions. yet2 reviewed 53 potential solution providers and presented 26 to NASA across various topics and industries, including aerospace, mining, manufacturing, homecare, pollution monitoring, pharmaceutical, and automotive. Of the 26 leads presented to NASA, one of “High Interest” was identified. Many technology providers were eager to work with NASA and design technologies to suit the application. Still, they felt they were unable to comment on the feasibility of their technology due to the unfamiliarity with the space environment and lack of comparison to existing environments. 

4.4 Extreme Environments
LSII advances rovers, manipulators, and other systems that can operate throughout the full range of lunar surface conditions, including lunar noon (up to 150 degrees Celsius), lunar night (down to -180 degrees Celsius), multiple day/night cycles, and permanently shadowed regions (down to -240 degrees Celsius). 
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Fig. 6. Probe being dropped in a PSR
4.4.1 Cold Operable Lunar Deployable Arm with Bulk Metallic Glass Gear
Cold Operable Lunar Deployable Arm (COLDArm) will significantly improve the utility for lunar landers by providing autonomous manipulation capabilities during the lunar night. In addition, it will expand the science capabilities of lunar robotic missions, including deploying instruments, payloads, and sampling. Bulk Metallic Glass Gears are being incorporated into COLDArm to improve mobility performance at low temperatures by creating alloys made of "metallic glass," eliminating the need for gear lubricant and associated heaters. This project will deliver planetary gears and strain wave gears that will enable surface missions where temperatures drop below the freezing point of typical lubricants.
4.4.1 Planetary and Lunar Environment Thermal Toolbox Elements 
The Planetary and Lunar Environment Thermal Toolbox Elements (PALETTE) project was initiated in 2020 to develop passive thermal management tools necessary to enable future instrument/system operation in those extreme environments. The overarching goal is to ensure that suite of “thermal toolbox” elements are available at TRL 6 or higher, enabling engineers to create passive, ultra-isolative thermal designs for a variety of applications destined for lunar (and planetary) extreme environments. A key challenge is to reduce, if not eliminate, the dependence on radioisotope heaters historically relied upon to meet these thermally challenging environments. The PALETTE projects advanced several technical capabilities to realize a holistic approach to thermal design. The four technology tasks in the PALETTE project are: 1) dual thermal switch instrument enclosures; 2) parabolic reflector radiators (PRR); 3) ultra-low emissivity "Spacerless" MLI (e* << 0.01); and 4) ultra-low conductance thermal isolators (G << 0.001 W/K). Collectively, these technologies enable systems to sustain internal temperature (0 to 25 C) with a modest 3-6W/m2 supplemental heating while external temperatures are down -170 C.
4.4.3 LSIC Designing for Extremes Workshop
As the LSIC focus groups matured, the focus group leads identified areas to work together for joint workshops. The Designing to the Extremes Workshop invited participants to discuss the many challenges associated with regolith excavation and transport. The Robotics Lunar Surface Operations 2 study was used to discuss access challenges and how environmental effects will affect the hardware design to implement the architecture. Participants identified data needed to set design requirements and determine whether additional data is necessary. Over 129 attendees from 67 institutions attended the workshop and identified the following key takeaways:  
· There are many open questions around material properties and performance at cryogenic temperatures and how those affect engineering design.
· In situ testing is needed to validate the simulation tools and provide an avenue to accurate terrestrial based testing.

4.4.4 Extreme Terrain Access for Mobility Platforms BIG Idea Challenge

LSII engages in high-impact collaborative activities that foster innovation while engaging students across the United States. The 2022 Extreme Terrain Access for Mobility Platforms Breakthrough, Innovative, and Game-changing (BIG) Idea Challenge provides undergraduate and graduate students the opportunity to design, develop, and demonstrate robotic systems with alternative rover locomotion modalities for use in off-world extreme lunar terrain applications. This competition is intended to be an open innovation 
challenge with minimal constraints so that proposing teams can genuinely create and develop out-of-the-box solutions. Teams presented designs for robots with new mobility solutions in operating scenarios that require access to extreme terrain categories, such as, but not limited to:

· Fluffy/high-porosity regolith expected at the lunar poles
· Steep, rugged slopes (state of the art for a wheeled rover is ~30 degrees)
· Uneven terrain with possible ice content at the bottom of deep-shadowed craters
· Subterranean features, such as caves, lava tubes, and pits
Teams present their designs at a Challenge Forum to a judging panel of NASA and industry experts who evaluate and score all the competition deliverables.
4.5 Extreme Access Technologies
LSII demonstrates extreme access technologies that enable humans or robotic systems, particularly autonomous systems, to efficiently access, navigate, and explore previously inaccessible lunar or planetary surface or subsurface areas.

4.5.1 Hopper and 4G Lunar Communications
Space Tech uses Public-Private Partnerships to advance “Tipping Point” technologies. Tipping Points contracts are designed to stimulate the commercial space industry while leveraging those same capabilities through partnerships to deliver technologies and capabilities needed for future NASA, other government agencies, and commercial missions. For example, two NASA Tipping Point Awardees will launch along with PRIME-1 in December of 2023 aboard the Intuitive Machines-2 CLPS Mission: the Deployable Lunar Hopper and the Nokia 4G/LTE Proximity Communications payload.

Inspired by terrestrial technology, Nokia will deploy the first 4G/LTE communication system on the lunar surface. The system aims to support lunar surface communications at greater distances and increased speeds and to provide more reliability than current standards. In addition, intuitive Machines will develop a small, deployable hopper lander capable of carrying a 2.2-pound payload of more than 1.5 miles. This hopper will access lunar craters and enable high-resolution surveying of the lunar surface over a short distance..

[image: image7.jpg]



Fig. 7. CADRE rover
4.5.2 LSIC Lunar Mapping for Precision Landing Workshop
The LSIC Extreme Access Focus Group identified Precision landing and hazard avoidance systems as critical to enabling access across the lunar surface. A three-day workshop was held to share knowledge between lunar geologists, data scientists, and navigation engineers that work on Terrain Relative Navigation (TRN) Systems for lunar missions. The workshop provided participants with an overview of available lunar orbital imagery data to the current high lunar Digital Elevation Models. In addition, it provided an avenue to collect community input about the need for developing robust TRN systems for lunar missions. The TRN workshop has been the most well-attended workshop, with 367 attendees from over 138 unique organizations attending the workshop, identifying the following high-priority challenges and needs:

· TRN systems need lunar maps with unique characteristics.

· Industrial partners and navigation engineers are not fully utilizing existing lunar data.

· Standard data sets and controlled maps would be beneficial for testing algorithms.

· Current flight processor capability may be insufficient for advanced TRN algorithms and map processing.

· Targeted new missions and instrumentation would fill gaps in data needed for TRN systems.

· Standardized rendering tools, data verification, validation metrics, and metadata are desired.
4.5.3 Honey I Shrunk the Payload Challenge
Two LSII demonstration platforms currently manifested on CLPS landers can accommodate small secondary payloads, less than 400g (i.e., a little larger than a bar of soap). COLDArm and Cooperative Autonomous Distributed Robotic Exploration (CADRE), which will incorporate technology developed by Pop Up Flat Folding Exploration Robot and demonstrate collaborative autonomous exploration of 3 rovers on the lunar surface by navigating, communicating, computing, perceiving, and decision-making without human interaction. LSII conducted two open innovation competitions to identify novel ideas for small secondary payloads that could be accommodated on CADRE or COLDArm. The Honey I Shrunk the Payload (HISTP) Challenge was open to anyone 18 or older participating as an individual or a team. Individual competitors and teams may originate from any country, as long as United States federal sanctions do not prohibit participation and total prizes in the amount of $1M were awarded. 

The challenge was conducted in two phases. Phase I was an ideation challenge seeking payloads across two categories defined by two of NASA’s strategic knowledge gaps. The proposed miniaturized payloads were required to have a TRL of 3 or greater. Key payload guidance included:
· Ability to manage external temperatures ranging from -120° to +100°C

· Maximum exterior enclosed dimensions of 100mm x 100mm x 50mm

· Maximum mass of 0.4Kg

Table 3. HISTP Categories
	Lunar resource potential
· Regolith resources - identification of volatiles, minerals, and elements, as well as measurements of their quality, quantity, and distribution
· Polar Resources - understand the regolith densities with depth, cohesiveness, grain sizes, slopes, and blockiness.
· ISRU production and/or testing

	Lunar environment
· Solar activity - solar event prediction and warning
· Radiation environment at the lunar surface


The ideation challenge received 132 submissions from 29 countries. It awarded $160,000 total in prizes to 14 teams.
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Fig. 8. HISTP prototypes delivered to JPL.
Phase II of HISTP offered the 14 winners of Phase I the opportunity to vie for up to $800,000 in development funds and prizes. After submitting a project development plan, four teams were awarded $675,000 to develop prototypes (one flight unit, two qualification units) at a TRL 5 or higher. Three teams delivered working prototypes to JPL for testing and evaluation. Sun Slicer is a miniaturized x-ray spectrometer that measures X-ray flux using the Sun’s X-rays as a source. Puli Water Snooper measures ionizing cosmic ray and gamma particle flux and secondary albedo neutron fluxes (thermal and epithermal) emerging from the regolith. From these measurements, the quantity and distribution of hydrogen resources in regolith may be determined. µRAD measures radiation of interest to human explorers, similar to RAD on Curiosity but much cheaper and more compact. It delivers particle counting, dosimetry, and particle spectrometry.
This challenge is an example of one of the innovative approaches that the Lunar Surface Innovation Initiative uses to expedite the development of lunar surface technologies. For a total cost of $1.3M, NASA received three fully operational instruments from diverse teams. The uRad instrument was developed by two grad students from the Massachusetts Institute of Technology for under $100K.
4.6 Excavation and Construction Technologies

LSII is developing and demonstrating technologies that enable affordable, autonomous manufacturing and construction (e.g., of a landing pad, berm, or shielding) using lunar surface materials. Critical to NASA's ISRU Sub-Scale Demo Plant is the ability to excavate regolith under lunar environmental conditions, which include lunar dust, extreme temperatures, and minimal gravity. They include the excavation of hard regolith/ice, long duration, reliable operations, long-distance travel and traverse, and material and construction standards.  
4.6.1 Moon to Mars Planetary Autonomous Construction Technology project
The Moon to Mars Planetary Autonomous Construction Technology (MMPACT) project aims to develop, deliver, and demonstrate on-demand capabilities to protect astronauts and create infrastructure on the lunar surface via construction of landing pads, habitats, shelters, roadways, and more using lunar regolith-based materials. These structures will protect of crewmembers, hardware, and electronics while on the surface of an extraterrestrial body to enable sustained surface exploration. Partners include ICON, Space Exploration Architecture (SEArch+), the Department of Defense Innovation Unit, and the United States Air Force.
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Fig. 9. ISRU Pilot Excavator and regolith-based construction
4.6.2 LSIC Excavation and Construction Workshops
The Excavation and Construction Focus Group held two workshops. The first workshop was a two-hour workshop on high-TRL excavation and construction tools and methods to support the initial development of the lunar surface. In addition, the workshop covered the NASA Roadmap for Excavation and Construction, allowing participants the opportunity to respond to questions regarding the capability needs and technology gaps. The workshop was also used to obtain input on the topic areas where the community wanted more discussion and guidance. The topics were:
1. Requirement specification/standardization

2. Tech/capability gap identification

3. Material specification

4. Power requirements

5. Maintenance/long-term plans
The participants also expressed an interest in learning more about upcoming NASA CLPS missions aligned with Excavation and Construction and how the data collected from the missions would inform the timeline for lunar excavation and construction. In addition, the community recommended that NASA leverage technologies developed by the emerging autonomous construction industry for high-TRL technologies that could be leveraged. Finally, the community conveyed that they wanted more guidance on mechanisms in place for industry to get more involved with NASA, how industry can attract investors, and how much new spending may be necessary from industry to meet the roadmap timeline.

A second workshop was done in collaboration with the ISRU Focus group. The "Regolith to Rebar" Metals Workshop focused on the supply and demand side of in-situ derived metals and metalloids derived from O2 extraction technologies. The workshop's goal was to develop a common and mutual understanding of what is possible for metal ISRU in the near-term (next 5-10 years). The ISRU Focus Group participants represented the supply side, and the Excavation and Construction Focus Group represented the demand side in an attempt to link the in-situ production, the processing, and the use/consumption of metals and metal-like by-products that result from O2 production technologies on the lunar surface. Over 230 attendees from over 180 institutions attended the workshop and identified the following key takeaways:  
· A “Lunar Proving Grounds” facility, where deployment and operation of systems can be rapidly tested and demonstrated, would enable a streamlined “test as you build” development approach.

· Industry from the ISRU (supply side) and the construction (demand side) need help developing business plans for their lunar activities both with and independent of NASA.

· A future workshop is needed on defining needs/requirements and linking with construction: “Rebar to Roadway.”

· There is the potential for significant terrestrial spin-offs from lunar ISRU and construction activities.
4.6.3 ISRU Pilot Excavator Bucket Drum Challenge
The ISRU Pilot Excavator will demonstrate a 30-kilogram excavator capable of supplying the full feedstock to an ISRU pilot plant, first in a ground demonstration followed by a lunar surface demonstration. The amount of regolith the excavator can hold in a bucket drum is one of the most significant factors for an excavator's performance. When making hundreds to thousands of trips, bringing back even 10% more each trip will significantly impact the excavator's lifecycle.
LSII used a Grab CAD Challenge to obtain the public's help to design a more efficient bucket drum for the ISRU Pilot Excavator, the portion of the robot that captures the regolith and keeps it from falling out. The regolith can then be transported to a designated location where the reverse rotation of the drum allows it to fall back out. At the end of the competition, the design entries were judged by NASA subject matter experts on a set of criteria, including specific fill ratio, the width of the scoops, bucket drum mass, diameter and length, and volume of regolith captured. NASA received 352 entries, and the ten finalists included a balance of innovative concepts that could hold more regolith but with higher technical risk and others that are simpler and more reliable but still offer a potential improvement over NASA's current design. With the concepts and inspiration from the four-week, $10K challenge, NASA could expect a 20% increase in the excavator’s performance, possibly up to 40%, if the more innovative designs pan out.
4.6.4 Australian Space Agency/NASA Artemis Rover Agreement

International and commercial partnerships are a critical component of NASA’s long-term plans on and around the Moon under the Artemis program. In October 2021, NASA signed an agreement with the Australian Space Agency that will further support human and robotic lunar operations for both countries. 

As part of the agreement, a consortium of Australian businesses and research organizations will develop a small rover that can operate on the lunar surface. The rover would have the ability to pick up and transfer lunar regolith (broken rock and dust) to a NASA-operated (ISRU system on a commercial lunar lander. 

Australia is particularly focused on field robotic systems and sensing, resource technologies, and planetary science that could provide a long-term contribution to future space exploration activities. For NASA, the Australian rover provides a complementary capability. While the lander that delivers the rover will include a mechanism for collecting lunar soil and depositing it into NASA’s ISRU system, the rover offers a second means of collection and increases the overall chances of a successful demonstration.[6]
5. Results 
LSII has enabled lunar surface activities to thrive across Space Tech programs through planning, implementation, and budgeting needs. LSII has ensured that NASA has an ambitious, cohesive, executable strategy for developing and deploying the technologies required for successful lunar surface exploration. In addition, it has successfully integrated a broad spectrum of stakeholders to utilize novel acquisition strategies that efficiently facilitates robust collaborations and partnerships with industry and academia. In addition to the in-house work done by NASA field centers, LSII has awarded over $265M through STMD Programs to establish collaborations across industry and academia. 

In ESIP, LSII has made over $66M in investments in the SBIR program, which supports scientific excellence and technological innovation through the investment of federal research funds to stimulate technological innovation in the private sector; strengthening the role of small businesses in meeting federal research and development needs; increasing the commercial application of federally supported research results; and fostering and encouraging participation by socially and economically disadvantaged and women-owned small businesses. Additional low TRL investments have been made through the  Space Technology Research Grants (STRG) Program, which features a technology portfolio of groundbreaking research in advanced space technology. STRG challenges the spectrum of academic researchers, from graduate students to tenured faculty members, to examine the theoretical feasibility of ideas and approaches critical to making science, space travel, and exploration more effective, affordable, and sustainable.[7] In 2020, the STRG Lunar Surface Technology (LuSTR) Opportunities were introduced to support the goals of LSII and seek U.S. universities’ ideas to advance technologies needed for sustainable operations on the Moon. Since its inception, three awards have been made in the areas of ISRU and sustainable power, two awards related to excavation and construction, and one award in the area of extreme environments. 
At mid-TRL, a key aspect of NASA’s strategy is to stimulate the commercial space industry while leveraging those same commercial capabilities through partnerships to mature technologies and capabilities needed for future NASA, other government agencies, and commercial missions. Through 10 NASA Tipping Points (TP) and 5 Announcement of Collaborative Opportunity (ACO) selected in 2020, LSII has awarded $127M to industry to enable partnerships to expand capabilities and opportunities on the lunar surface. With TP, NASA seeks commercial space technologies that are at a “tipping point” in their development. TP awards are negotiated based on industry’s investment and can span 1-4 years.  An ACO results in no funds transferred agreements that seek potential partnerships that will focus on advancing commercially-developed technologies (through use of NASA’s unique resources on a no-exchange-of-funds basis) that can benefit both the commercial and government use of space. In addition, NASA seeks to provide technical expertise, test facilities, hardware, and software from across NASA Centers to accelerate the development and availability of these technologies and reduce costs associated with their implementation and use. An ACO is typically 12-24 months in duration.
The most promising technologies that progress through the LSII TRL pipeline result in technology demonstration missions which can be ground or flight demonstrations.  LSII utilizes NASA’s CLPS initiative to conduct lunar surface demonstrations to mature key capabilities. LSII has the following near-team (between 2022-2024) lunar technology demonstrations.
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Fig. 10. LSII Near-term Lunar Technology Demonstrations

· The Astrobotic Terrain Relative Navigation (ATRN) will launch on the Astrobotic Peregrin-1 Mission.  ATRN is a TP award with Astrobotic for the development of a low-cost, reliable, high-performance, stand-alone Terrain Relative Navigation and Visual Velocimetry sensor and an accompanying Mission technology suite to precisely deliver robotic landers to planetary surfaces, enabling high-impact science and commercial missions.
· Two NASA TP awardees will launch along with PRIME-1 aboard the Intuitive Machines-2 CLPS Mission: the Deployable Lunar Hopper and the Nokia 4G/LTE Proximity Communications payload.
· The EDS flight demonstration is scheduled for the Firefly CLPS 19D mission.

· CADRE is scheduled to fly on CLPS Intuitive Machines CP11 mission. 
Through the LSIC, LSII has set up an efficient mechanism to collaborate with agency stakeholders, other government agencies, universities, and industry, to align better the agency’s investments relative to lunar surface demonstrations with the needs of commercial partners. Facilitated by JHUAPL, LSIC has established a nationwide alliance of almost 700 organizations with a vested interest in establishing a sustained presence on the Moon. 
Table 4. LSIC Organizational Demographics
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Over 2,000 people have attended the five bi-annual meetings, and 1,600 have participated in seven thematic workshops on topics driven by member interest. Key takeaways and recommendations are provided to LSII in Workshop Outcome Reports, which are used to inform future work. 

Table 4. LSIC Workshops

	Date
	Workshop
	Attend

	17 Sept 2020
	ISRU Supply and Demand 
	220

	4 Feb 2021
	Dust Mitigation
	344

	2-4 Mar 2021
	Lunar Mapping for Precision Landing
	367

	22-23 July 2021
	Power Beaming
	184

	20 Aug 2021
	Excavation and Construction
	136

	23 Feb 2022
	Regolith to Rebar
	239

	28 July 2022
	Low-Temperature, Sub-kW Power and Energy Storage
	129


While the majority of LSIC participation is by U.S. entities, participants from 46 countries have attended LSIC activities, and that number is steadily growing.  
6. Conclusions 
Since its inception, LSII has awarded over $265M through Space Tech Programs to establish collaborations across industry and academia. Approximately 50 percent of the Technology Maturation portfolio is comprised of LSII projects. With the success of LSIC, NASA is By working side by side with commercial enterprises and international partners, combining knowledge and expertise to fully explore the lunar surface, many technical advances and breakthroughs will be made that will feed technological and economic growth on Earth [3]. 
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