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NASA ARTEMIS PROGRAMS

Crewed Moon Landing Faces Multiple Challenges

What GAO Found

The National Aeronautics and Space Administration (NASA) is preparing to land
humans on the moon for the first time since 1972 in a mission known as Artemis
[ll. Since GAO’s September 2022 report (GAO-22-105323), NASA and its
contractors have made progress, including completing several important
milestones, but they still face multiple challenges with development of the human
landing system and the space suits. As a result, GAO found that the Artemis Il
crewed lunar landing is unlikely to occur in 2025. In July 2023, NASA stated that
it is reviewing the Human Landing System schedule.

The current challenges that GAO identified include:

¢ An ambitious schedule: The Human Landing System program is aiming to
complete its development—from project start to launch—in 79 months, which
is 13 months shorter than the average for NASA major projects. The
complexity of human spaceflight suggests that it is unrealistic to expect the
program to complete development more than a year faster than the average
for NASA maijor projects, the majority of which are not human spaceflight
projects. GAO found that if development took as long as the average for
NASA maijor projects, the Artemis Ill mission would likely occur in early 2027.

o Delays to key events: As of September 2023, the Human Landing System
program had delayed eight of 13 key events by at least 6 months. Two of
these events have been delayed to 2025—the year the lander is planned to
launch. The delays were caused in part by the Orbital Flight Test, which was
intended to demonstrate certain features of the launch vehicle and lander
configuration in flight. The test was delayed by 7 months to April 2023. It was
then terminated early when the vehicle deviated from its expected trajectory
and began to tumble. Subsequent tests rely on successful completion of a
second Orbital Flight Test.

Notional Depiction of the Human Landing System

Source: SpaceX. | GAO-24-106256

e A large volume of remaining work: SpaceX must complete a significant
amount of complex technical work to support the Artemis Il lunar landing
mission, including developing the ability to store and transfer propellant while
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in orbit. A critical aspect of SpaceX’s plan for landing astronauts on the moon
for Artemis Ill is launching multiple tankers that will transfer propellant to a
depot in space before transferring that propellant to the human landing
system. NASA documentation states that SpaceX has made limited progress
maturing the technologies needed to support this aspect of its plan.

o Design challenges: Axiom is leveraging many aspects of NASA'’s prior work
to develop modernized space suits, but significant work remains to resolve
design challenges. For example, NASA'’s original design did not provide the
minimum amount of emergency life support needed for the Artemis
mission. As a result, Axiom representatives said they may redesign certain
aspects of the space suit, which could delay its delivery for the mission.

lllustration of Axiom’s Space Suit and Major System Components

Portable Life Support Subsystem
* Oxygen Tanks
’ * Regenerable CO, Scrubber
o -
Power Avionics Controls Subsystem .

Pressure Garment Subsystem

Source: GAO analysis of Axiom information and image. | GAO-24-106256

NASA plans to take multiple steps to determine whether SpaceX’s and Axiom’s
systems meet its mission needs and are safe for crew. For example, NASA
developed a supplemental process—one not required by its policies—to
determine whether the contractors’ systems meet requirements before the
mission. Also, NASA'’s contracting approach to acquire the human landing
system and space suits as services included insight clauses in the SpaceX and
Axiom contracts. Program officials stated these clauses ensure that NASA has
visibility into broad aspects of the contractors’ development work, including
anything that could affect the Artemis Il mission or crew safety. Officials stated
that this visibility extends to certain aspects of work SpaceX and Axiom are doing
for their commercial endeavors. For example, this included SpaceX’s activities
leading up to the Orbital Flight Test, which flew a commercial variant of the
human landing system.

United States Government Accountability Office



Contents

Letter 1
Background 3
2025 Crewed Lunar Landing Is Jeopardized by Delays and Scale
of Remaining Work 13
NASA Is Taking Steps to Ensure Systems Are Safe and Meet Its
Needs before Launch 26
Agency Comments 35
Appendix | Objectives, Scope, and Methodology 37
Appendix Il GAO Contact and Staff Acknowledgments 40
Related GAO Products 41
Tables
Table 1: Examples of Requirements Applicable to SpaceX and
Axiom, by GAO-Identified Type 27
Table 2: Scope of NASA'’s Insight into SpaceX and Axiom
Activities 32
Figures
Figure 1: Key NASA Programs Supporting Artemis Missions 5
Figure 2: SpaceX Mission Concept for Human Landing System
(HLS) 10
Figure 3: NASA'’s Life Cycle for Space Flight Projects 12

Figure 4: Human Landing System (HLS) Program Used a Greater
Schedule Percentage to Achieve Planned Key Reviews
than the Average for NASA Major Projects Launched

since 2010 15
Figure 5: Completed and Remaining Milestones to Develop Space

Suits for the Artemis Il Mission 20
Figure 6: lllustration of Axiom’s Space Suit and Major System

Components 21

Figure 7: NASA Processes to Determine Whether a Contractor’s
System Meets Requirements before Key Reviews to
Support Artemis Il Launch 29

Page i GAO-24-106256 NASA Artemis Programs



Abbreviations

ACD Artemis Campaign Development

ARGOS Active Response Gravity Offload System

CCP Commercial Crew Program

CDR critical design review

EGS Exploration Ground Systems

EHP Extravehicular Activity and Human Surface Mobility
Program

EVA Extravehicular Activity

FAR Federal Acquisition Regulation

HLS Human Landing System

ISS International Space Station

KDP key decision point

NASA National Aeronautics and Space Administration

Orion Orion Multi-Purpose Crew Vehicle

PDR preliminary design review

SLS Space Launch System

TRL technology readiness level

This is a work of the U.S. government and is not subject to copyright protection in the
United States. The published product may be reproduced and distributed in its entirety
without further permission from GAO. However, because this work may contain
copyrighted images or other material, permission from the copyright holder may be
necessary if you wish to reproduce this material separately.

Page ii GAO-24-106256 NASA Artemis Programs




GA@ U.S. GOVERNMENT ACCOUNTABILITY OFFICE

441 G St. N.W.
Washington, DC 20548

November 30, 2023

The Honorable Jeanne Shaheen

Chair

The Honorable Jerry Moran

Ranking Member

Subcommittee on Commerce, Justice, Science, and Related Agencies
Committee on Appropriations

United States Senate

The Honorable Hal Rogers

Chairman

The Honorable Matt Cartwright

Ranking Member

Subcommittee on Commerce, Justice, Science, and Related Agencies
Committee on Appropriations

House of Representatives

The National Aeronautics and Space Administration (NASA) plans to
return U.S. astronauts to the surface of the moon by the end of 2025. This
mission, known as Artemis Ill, will be the first time that crew will land on
the moon since the 1972 Apollo 17 mission, and the first time ever that
crew will land at the lunar south pole. The Artemis Il mission is the third
in a series of increasingly complex missions to maintain U.S. leadership
in space exploration, build a sustainable lunar presence over the next
decade, and ultimately travel to Mars.

In March 2019, the White House directed NASA to accelerate its plans for
a lunar landing from its original goal of 2028 to 2024, in part to create a
sense of urgency in returning American astronauts to the moon. In
November 2021, NASA announced that it was no longer working to its
goal of an Artemis Il lunar landing in 2024 and that the new date would
be no earlier than 2025. NASA officials attributed this change to a 7-
month delay in working on the human landing system, subsequent to a
bid protest and federal court complaint regarding the award of the
lander’s contract. In announcing the delay, senior NASA officials
acknowledged that the prior 2024 goal was unrealistic.

To accomplish the Artemis Il mission, NASA is partnering with industry to

develop two new systems: the human landing system (HLS)—to transport
crew to and from the lunar surface, and modernized space suits for lunar
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surface operations.! In the fiscal year 2024 President’s budget request,
NASA requested $12.4 billion over the next 5 fiscal years for the human
landing system and modernized space suits. In addition to developing
these systems, NASA will need to ensure that the human landing system
and space suits meet NASA'’s needs to operate in a deep space
environment, conduct scientific exploration, and ensure crew safety.

The House Report 117-395 accompanying the Commerce, Justice,
Science, and Related Agencies Appropriations bill, 2023 contains a
provision for GAO to continue conducting in-depth reviews of NASA'’s
lunar-focused programs. This is the fourth in a series of GAO reports
addressing NASA'’s Artemis enterprise.2 The focus of this report is on the
human landing system and space suits being developed for the Artemis
Il mission. This report describes the extent to which NASA (1) has made
progress in developing key systems needed to land humans on the moon
in 2025, and (2) has processes in place to ensure that its contractors are
developing systems that meet NASA mission needs and are safe for
crew.

To conduct this work, we reviewed and assessed NASA data,
documentation, and policy. For example, we reviewed program plans and
quarterly status reviews from the HLS and Extravehicular Activity and
Human Surface Mobility (EHP) programs, which are overseeing the
development of the human landing system and modernized space suits,
respectively. We reviewed these documents to identify program
milestones, critical technology demonstrations, and NASA’s progress. We
also analyzed contract documentation, contractor risk charts, and
technology maturation plans to determine the current risks facing the
programs. Additionally, we assessed contract and requirements
documentation, NASA agendas and presentation slides on lessons
learned, and mission integration documentation. We also interviewed a

INASA uses the term Exploration Extravehicular Activity system to encompass the
garments, interfaces with the human landing system, and tools for the scientific lunar
mission. For the purposes of this report, we will refer to the Exploration Extravehicular
Activity system as space suits and associated tools.

2GAOQ, NASA Lunar Programs: Improved Mission Guidance Needed as Artemis
Complexity Grows, GAO-22-105323 (Washington D.C.: Sept. 8, 2022); NASA Lunar
Programs: Significant Work Remains, Underscoring Challenges to Achieving Moon
Landing in 2024, GAO-21-330 (Washington, D.C.: May 26, 2021); GAO-21-105; and
NASA Lunar Programs: Opportunities Exist to Strengthen Analyses and Plans for Moon
Landing, GAO-20-68 (Washington, D.C.: Dec. 19, 2019). For more information, see our
related work at the end of this report.
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wide range of NASA and industry officials. See appendix | for more
information on our objectives, scope, and methodology.

We conducted this performance audit from September 2022 to November
2023 in accordance with generally accepted government auditing
standards. Those standards require that we plan and perform the audit to
obtain sufficient, appropriate evidence to provide a reasonable basis for
our findings and conclusions based on our audit objectives. We believe
that the evidence obtained provides a reasonable basis for our findings
and conclusions based on our audit objectives.

Background

NASA’'s Artemis Missions

The goal of NASA’s Artemis enterprise is to return U.S. astronauts to the
surface of the moon, establish a sustained lunar presence, and ultimately
achieve human exploration of Mars. To do so, NASA programs are
developing multiple highly complex and interdependent systems that will
need to be integrated to support individual Artemis missions.3

e The Artemis | and Il missions are the first uncrewed and crewed
demonstration missions, respectively, of the Space Launch System
(SLS) launch vehicle, Orion Multi-Purpose Crew Vehicle (Orion), and
associated ground systems, known as Exploration Ground Systems
(EGS).4 Artemis | successfully launched on November 16, 2022, with
the Orion capsule safely returning to Earth on December 11, 2022.

e The Artemis Ill mission incorporates new programs that are
developing the human landing system and space suits. The goal of
the Artemis IIl mission is to return U.S. astronauts to the surface of
the moon and conduct scientific exploration activities during a 6.5-day
stay at the lunar south pole. The characteristics of the lunar south
pole affect when and where crew can land. For example, the mission
must occur in a location that stays continuously lit, and the crew must
have direct-with-Earth communication.

3NASA distinguishes between programs and projects in its policies and guidance. A NASA
program has a dedicated funding profile and defined management structure and may
include several projects. Projects are specific investments under a program that have
defined requirements, life-cycle costs, schedules, and their own management structures.

4SLS is the vehicle NASA will use to launch the Orion Crew Capsule beyond low-Earth
orbit. Orion is the crew capsule to transport humans from the Earth to the HLS. EGS is the
infrastructure at Kennedy Space Center to support Artemis mission launches.
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o For Artemis IV and beyond, NASA is also developing a lunar orbiting
outpost known as the Gateway to act as a habitat and safe work
environment for astronauts and as a communications relay between
the lunar surface and Earth.

See figure 1 for the programs needed to accomplish the Artemis
missions.
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Figure 1: Key NASA Programs Supporting Artemis Missions
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Key NASA Program
Offices Supporting the
Artemis Ill Mission

Several key program offices have a role in supporting the Artemis Il
mission.

« The HLS program is responsible for managing the human landing
system development and certifying that the integrated lander systems
are ready for flight. The program management is located at Marshall
Space Flight Center, with key participation from Johnson Space
Center and Kennedy Space Center.

« EHP is responsible for working with industry to advance technologies
associated with human mobility and lunar surface infrastructure to
support the Artemis missions. The Extravehicular Activity (EVA)
Development Project within EHP manages the space suit
development for the Artemis missions and is located at the Johnson
Space Center.5

« In March 2023, NASA established the Moon to Mars program office to
oversee the programs contributing to the Artemis missions, including
SLS, Orion, EGS, HLS, space suits, and the Gateway. This new
program is responsible for end-to-end risk management and risk
acceptance for the entire exploration system. The new program office
resides within the Exploration Systems Development Mission
Directorate. Prior to establishing the Moon to Mars program and
during the course of our review, the Artemis Campaign Development
(ACD) Division was responsible for overseeing the Artemis Ill mission
integration. The Moon to Mars program is leveraging previous work
performed by ACD on integrating across the programs to support the
Artemis missions.

Contracting Approach for
Human Landing System
and Space Suit
Development

To support the Artemis Il mission, NASA awarded firm-fixed-price
indefinite delivery, indefinite quantity contracts to two companies, SpaceX
and Axiom Space. ¢ SpaceX is to develop and demonstrate the human
landing system, and Axiom Space is to develop the space suits. In July
2021, NASA exercised a $2.9 billion option on its contract with SpaceX to

5The EVA Development project also manages space suit development for the
International Space Station, which is outside the scope of this report. For the purposes of
this report, references to EHP and its officials encompass the EVA Development project.

6Under a firm-fixed-price-type contract, the government pays a fixed price regardless of
actual cost and places upon the contractor maximum risk and full responsibility for all
costs and resulting profit or loss. A firm-fixed-price contract provides for a price that is not
subject to any adjustment on the basis of the contractor’s cost experience in performing
the contract. It provides maximum incentive for the contractor to control costs and perform
effectively and imposes a minimum administration burden upon the contracting parties.
FAR 16.202-1.
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provide crew access to the lunar surface and demonstrate initial
capabilities required for deep space missions.” Subsequently, in May
2022, NASA awarded firm-fixed-price indefinite delivery, indefinite
quantity contracts to Axiom Space and Collins Aerospace. These
companies are to provide safe and reliable commercial extra vehicular
activity services in microgravity and partial gravity environments on the
International Space Station and the lunar surface for Artemis missions.8
In September 2022, NASA issued a $229 million order under Axiom’s
contract for the development and demonstration of a suit for lunar surface
activities. Axiom is required to provide space suits that will allow crew to
successfully perform exploration and science missions on the lunar
surface during the Artemis Ill mission.

NASA is acquiring the human landing system and space suits as
services, which represents a relatively new contracting approach for
NASA.? NASA'’s intent is to transition from the traditional government-
owned hardware model to a service model. Using this approach, the
programs set high-level requirements and rely on the contractor’'s
innovation to develop and deliver the system. Contractors only receive
payment after NASA determines that the contractor has successfully
achieved a milestone as defined in the contract. NASA is moving toward
using this service model contracting approach for some acquisitions on its
Artemis missions because the agency believes that it increases
competition, innovation, flexibility, speed, and affordability.

Previously, NASA used a service model contract approach for its
Commercial Crew Program (CCP). We reported in 2019 that NASA
awarded firm-fixed-price contracts to SpaceX and Boeing in 2014 to

"NASA first awarded the HLS contract to three providers in May 2020. In April 2021,
NASA announced the selection of SpaceX for the award of the contract to develop the
Artemis Ill human landing system. After the award, Blue Origin and Dynetics filed bid
protests with GAO, which GAO denied in July 2021. GAO, Blue Origin Federation, LLC;
Dynetics, Inc.-A Leidos Company, B-419783; B-419783.2; B-419783.3; B-419783.4, July
30, 2021, 2021 91 CPD 265 (Washington, D.C.: July 30, 2021). Subsequently, in August
2021, Blue Origin filed a complaint with the U.S. Federal Court of Claims. The court
dismissed this complaint in November 2021. Blue Origin Fed. LLC v. United States, Fed.
Cl., No. 21-1695C (Nov. 4, 2021).

8An indefinite delivery, indefinite quantity contract provides for an indefinite quantity, within
stated limits, of supplies or services during a fixed period. The government places orders
for individual requirements. FAR 16.504(a).

9The acquisition strategy for the HLS program involves procurement of initial landing
capabilities from each provider as Research and Development per FAR Part 35. Recurring
services per FAR Part 37 will be procured in later acquisitions.
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acquire human space flight transportation services to and from the 1SS for
CCP.10 Under the contracts, we reported NASA also evaluated whether
the contractors met its requirements and certified contractor final systems
for use. In 2020, NASA determined that one of the CCP contractors,
SpaceX, met the agency’s standards for human space flight and certified
it to conduct crewed missions to and from the ISS. As of May 2023, the
other contractor, Boeing, was still working toward certification.

Prior to awarding the contracts for the human landing system and space
suits, NASA took steps to reduce risk and increase industry participation
in the programs. For example,

e To inform the human landing system development, NASA conducted
risk reduction studies on topics including cryogenic fluid management
and landing systems. Through these studies, NASA worked with
several companies to get feedback on proposed human landing
system requirements, develop element designs, and identify key
technologies.

« NASA made its space suit design available to potential contractors
and published a technical library with details of the design on the
NASA website. NASA documentation states that the agency made
this information available to reduce cost, schedule, and technical risks
and contractor barriers to entry for providing a space suit for the
Artemis Il mission.

e The HLS program and EHP sought lessons learned from prior
commercial human space flight programs, including CCP, to inform
their acquisition strategies for the human landing system and space
suits. Between 2019 and 2022, multiple NASA centers and mission
directorates hosted knowledge-sharing events to facilitate the sharing
of lessons learned from programs that used commercial service-type
contracts. HLS and EHP officials attended these events.

Key Elements of the
Artemis Il Human Landing
System

The human landing system will provide crew access to the lunar surface
and demonstrate initial capabilities required for deep space missions.
SpaceX is currently developing a commercial Starship vehicle to transport
humans and cargo to low-Earth orbit, the moon, and Mars.

10GAQ, NASA Commercial Crew Program: Schedule Uncertainty Persists for Start of
Operational Missions to the International Space Station, GAO-19-504 (Washington, D.C.:
June 20, 2019).
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The HLS Starship system consists of the SpaceX Super Heavy booster
(launch vehicle) and HLS Starship (the vehicle that provides crew access
to the lunar surface). The HLS Starship is based on a common Starship
architecture and shares many of the same critical systems, including
propulsion, structures, and avionics, with the commercial Starship. The
Raptor engines—which require liquid methane and liquid oxygen
(collectively referred to as propellant)—power both the Super Heavy
booster and the HLS Starship. In addition to the HLS Starship, SpaceX is
developing a propellant tanker and on-orbit propellant depot—also
variants of the commercial Starship vehicle—for its lunar landing mission
concept.

SpaceX’s plan for landing NASA astronauts on the moon for Artemis I
includes multiple steps conducted sequentially. The order of these steps
is as follows:

1. The propellant depot will be launched to low-Earth orbit, followed by
multiple tankers that will rendezvous with, dock to, and transfer
propellant to the depot;

2. Once sufficient propellant is on-orbit, an uncrewed HLS Starship will
launch into low-Earth orbit, then rendezvous with and dock to the
depot. The depot will transfer its propellant to the HLS Starship. The
HLS Starship will then perform a rapid transfer into near-rectilinear
halo orbit, where it will loiter for up to 90 days to confirm vehicle health
and await the launch and arrival of Orion (the 90-day time frame is to
accommodate any potential Orion or SLS launch delays); "

3. Orion will then launch with crew on board and dock with the HLS
Starship;

4. Two astronauts will transfer from Orion into the HLS Starship, which
will descend to the lunar surface for a 6.5-day stay; and,

5. Once the lunar surface activities, including moonwalks, are complete,
the HLS Starship will ascend back to near-rectilinear halo orbit, where
the crew will transfer back to Orion for their return to Earth.

Figure 2 depicts SpaceX’s mission concept for the Artemis Il lunar
landing.

1"Near-rectilinear halo orbit is a 1-week lunar orbit balanced between the Earth’s and
moon’s gravity. This orbit enables global lunar access and promotes access to the lunar
poles.
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Figure 2: SpaceX Mission Concept for Human Landing System (HLS)
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Key Elements of the
Artemis Ill Space Suits

Modernized space suits and associated hardware will provide portable life
support, as well as tools for crew to use for lunar science and
maintenance tasks. In December 2021, after spending 14 years and $420
million on next generation space suit development, NASA determined it
would acquire modernized space suits from industry rather than develop
the space suit system in-house.2 NASA worked to mature several
aspects of its design and, as noted above, made that design available
publicly to help enable industry development of a space suit system.
NASA's design is known as the government reference design.

To deliver and demonstrate lunar surface space suits and associated
systems, Axiom is leveraging many aspects of NASA’s government
reference design. The space suit consists of a combination of a pressure
garment and life support components that together will provide capacity
for at least 8 hours of lunar surface activity. The in-space system will
consist of a variety of tools, flight support equipment, and other hardware
that enable lunar surface exploration activities.

Life Cycle of a NASA
Space Flight Project

NASA is using its life-cycle review process to oversee the contractors’
development of the human landing system and the space suits. This
process consists of two phases— (1) formulation, which takes a project
from concept development to preliminary design, and (2) implementation,
which includes activities like building, launching, and operating the
system. Major projects must get approval from senior NASA officials at
key decision points (KDP) before they can enter each new phase. Figure
3 depicts NASA'’s life cycle for space flight projects.

12NASA Office of Inspector General, NASA’s Development of Next-Generation
Spacesuits, 1G-21-025 (Washington, D.C.: Aug. 10, 2021).
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Figure 3: NASA’s Life Cycle for Space Flight Projects
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In phase A, a project team develops a range of cost and schedule
estimates for uses such as budget planning. During phase B, the project
team develops programmatic measures and technical leading indicators
that track various project metrics such as requirements changes, staffing
demands, and mass and power utilization. Near the end of formulation,
leading up to the preliminary design review (PDR), the project team
completes technology development and its preliminary design.

Formulation culminates in a review at KDP C, where senior leaders
approve the cost and schedule agency baseline commitments. After a
project holds KDP C, it begins implementation, consisting of phase C
where the project team holds a critical design review (CDR) to determine
whether the design performs as expected and is stable enough to support
proceeding with the final design and fabrication. As of July 2023, the HLS
program is approaching KDP C while the EVA Development project—i.e.,
the space suit project—is approaching PDR.
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2025 Crewed Lunar
Landing Is
Jeopardized by
Delays and Scale of
Remaining Work

NASA and SpaceX completed several important milestones for the
human landing system since our September 2022 report, but a variety of
factors make a lunar landing in 2025 unlikely. NASA officials are currently
reviewing the HLS schedule. Axiom is making progress on the space
suits, but it also has significant work to complete before the planned 2025
launch. At the same time, NASA and the HLS and Extravehicular Activity
and Human Surface Mobility (EHP) programs are addressing a wide
range of cross-program risks to landing humans on the moon in 2025.

Limited Lander Progress
Makes 2025 Launch
Unlikely Given Delays and
Remaining Work

Ambitious Schedule

SpaceX has made progress in designing and testing components of its
HLS Starship which, as discussed above, is the human landing system
that will provide crew access to the lunar surface. However, the contractor
is facing multiple issues that limit this progress and jeopardize its ability to
support an Artemis Il mission in 2025. These issues include an ambitious
schedule, delays to key events, an incomplete orbital flight test, and a
large volume of remaining technical work.

We found that if the HLS development takes as many months as NASA
major projects do, on average, the Artemis Ill mission would likely occur
in early 2027. Our analysis of past NASA projects that have launched
since 2010 found that the average development time from project start to
launch was 92 months. NASA has already delayed the Artemis Il mission
to December 2025, extending the HLS development time to 79 months.
However, this is still 13 months faster than the average development time
for NASA maijor projects. The complexity of human spaceflight suggests
that it is unrealistic to expect the HLS program to complete development
more than a year faster than the average for NASA major projects, the
majority of which are not human spaceflight projects.

While SpaceX and NASA are aiming to complete development more than
a year faster than the average for NASA major projects, they are
achieving key events at a slower pace. For example, we found that
SpaceX used more than 50 percent of its total schedule to reach PDR in
November 2022. On average, NASA maijor projects used about 35
percent of the total schedule to reach this milestone.

Furthermore, the HLS program is taking longer to reach KDP C—the next
key review after PDR—than average for the NASA major projects we
assessed. As a result, the HLS program is proceeding with development
without formal approval of a cost and schedule baseline. Specifically, the
HLS program plans to use nearly 14 percent more of its total schedule to
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proceed from PDR to KDP C while on average NASA major projects used
just 4.2 percent more of their schedule to achieve KDP C.13

Figure 4 illustrates the percent of total schedule used in achieving PDR
and the percent that will be used in achieving KDP C by the HLS

program, compared to the average for a NASA major project in our
dataset.

13For more information on how we completed this analysis, see appendix |.
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|
Figure 4: Human Landing System (HLS) Program Used a Greater Schedule

Percentage to Achieve Planned Key Reviews than the Average for NASA Major
Projects Launched since 2010
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aThis calculation assumes the KDP C review will occur in October 2023, as currently planned, but that
date was still in the future as of the writing of this report.

Delays to Key Events SpaceX has also delayed several future program events that further
compress the schedule. Since July 2022, the HLS program office and
SpaceX delayed multiple key events from 2023 to 2024, meaning that
many critical demonstrations and reviews will need to occur in the next 2
years to support an Artemis Ill mission as planned in 2025.
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Incomplete Orbital Flight Test

SpaceX and NASA continue to make progress on the human landing
system, including completing some work early. SpaceX representatives
reported completing 20 interim HLS milestones since June 2022 to
mature the human landing system design and reduce development risk.
NASA officials stated SpaceX submitted deliverables early for
approximately 74 percent of the Artemis Il contract payment milestones
that have been completed.

Overall, the HLS program and SpaceX delayed eight out of 13 key events
by between 6 and 13 months. Of those delayed events, at least two will
occur in 2025—the year the Artemis Ill mission is scheduled to take
place. Partially as a result of these delays, SpaceX plans to complete
eight key events between November 2023 and the planned date of the
Artemis Il mission.

Due to delays to several key events, NASA will have a relatively short
amount of time to ensure that the HLS complies with human spaceflight
safety requirements before the mission start. For example, NASA delayed
the HLS Design Certification Review, which is now closer to the Artemis
Il mission than originally planned. At this review, NASA will ensure that
the design complies with requirements and human spaceflight
certification. According to NASA documentation, this milestone should be
completed 9 months prior to launch. As of September 2023, NASA and
SpaceX also planned to complete Flight Readiness Reviews for the
depot, tanker, and lander versions of the Starship within the same 9-
month period before Artemis Ill. NASA and SpaceX will have less time to
address any issues identified during these reviews before the mission.
SpaceX representatives told us the three flight readiness reviews will
always occur within the same length of time to support the Artemis Ill
mission due to the nature and cadence of reviews. Any additional delays
to these key events will compound the schedule pressure on NASA and
SpaceX.

In April 2023, after a 7-month delay, SpaceX achieved liftoff of the
combined commercial Starship variant and Super Heavy booster during
the Orbital Flight Test. But, according to SpaceX representatives, the
flight test was not fully completed due to a fire inside the booster, which
ultimately led to a loss of control of the vehicle. Following the launch, the
Federal Aviation Administration—which issues commercial launch and re-
entry licenses—classified the commercial Starship launch as a mishap
and required SpaceX to conduct a mishap investigation. The Federal
Aviation Administration reviewed the August 2023 mishap report
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submitted by SpaceX and, as a result, cited 63 corrective actions for
SpaceX to implement before a second test.

SpaceX had planned this demonstration as the first test flight of the
booster stage, as well as the first test with the Starship riding on the
booster and the whole system experiencing stage separation.'4 However,
SpaceX representatives said their Autonomous Flight Safety System
initiated the vehicle self-destruct sequence and the vehicle began to
break up about 4 minutes into the flight after the vehicle deviated from the
expected trajectory, lost altitude, and began to tumble. HLS officials said
that while the flight test was terminated early, it still provided data for
several Starship technologies, including propellant loading, launch
operations, avionics, and propulsion behavior.

The incomplete Orbital Flight Test led NASA to delay many key test
events that are dependent on completion of that test. For example, NASA
officials said that the in-space propellant transfer test will be delayed
because it requires SpaceX to demonstrate that the Starship vehicle can
reach orbit. Likewise, HLS officials told us that the Starship tests are
sequentially linked, so future test flights, including the uncrewed flight
test, depend on SpaceX successfully completing both the Orbital Flight
and in-space propellant transfer tests.

A successful Orbital Flight Test is also needed to execute the technology
maturation plan for the human landing system. For example, according to
SpaceX representatives, the April 2023 Orbital Flight Test was key to
demonstrating and understanding many aspects of the launch operations
and ascent performance. SpaceX representatives said that they collected
early in-flight data on the Raptor engines, vehicle tanks and primary
structures, and pad and ground systems from the Orbital Flight Test.
However, HLS officials stated that SpaceX is still required to perform a
successful booster separation, ignite the Starship’s engines, and achieve
a suborbital altitude. HLS officials said that reaching orbit is essential for
Starship development and that they expect that SpaceX'’s pace of design
changes is likely to increase after a successful test flight, allowing them to
make progress on finalizing the design and building hardware. SpaceX

14Stage separation occurs when the Super Heavy booster (first stage) and HLS Starship
(second stage) disconnect after launch.
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Remaining Technical Work

documentation states it plans to fly a second test in the fourth quarter of
2023.15

Lastly, NASA program officials said it is unknown whether the HLS
Starship can be ready by the December 2025 launch date. The HLS
program schedule required adjustments after the incomplete Orbital Flight
Test and subsequent mishap investigation. In July 2023, NASA provided
documents stating that the HLS schedule, including the program’s ability
to support a December 2025 launch date, are under review.

The HLS program will need to complete a significant amount of complex
technical work on the engines and propellant transfer technology between
2023 and the end of 2025 to achieve the planned lunar landing goal. In a
May 2023 NASA document, NASA officials overseeing the Artemis I
mission integration stated that the HLS design maturity, with almost 3
years left before the planned launch, was insufficient. For example, they
cited on-orbit propellant transfer as a potential issue because significant
technical problems still need to be resolved.

The remaining technical work includes:

« Raptor engine development. SpaceX plans to use the Raptor
engine in both the lander and booster stages of the human landing
system and considers the technology to be relatively mature because
it incorporates many years of prior development. However, the HLS
Program Office identified engine development as a top risk to the
program. SpaceX representatives said that their design for the Raptor
engine follows an iterative approach, and as of September 2023,
SpaceX had assembled and tested hundreds of engines. In a
February 2023 interview, HLS officials said that if the Raptor engine
operates below performance levels needed to meet mission
requirements, thereby delaying engine certification, then it is possible
that the new main engine for the human landing system will not be
ready to support the planned mission in December 2025.

« On-orbit propellant transfer technology. SpaceX has remaining
technical work to develop its on-orbit propellant storage and transfer
technology. HLS program documentation states that propellant
storage and transfer technologies have not previously flown in an
integrated propulsion-like system. The documentation noted that, to

15SpaceX conducted the second Orbital Flight Test on November 18, 2023, and, this test
was outside the scope of our review.
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date, SpaceX has made limited progress in maturing those
technologies.

There are multiple key systems related to the propellant transfer
capability that SpaceX plans to develop for the human landing
system. Those systems include docking sensors and mechanisms (to
identify, locate, and then physically align the HLS Starship and the
tanker Starship for fluid transfer); propellant measurement (to gauge
the amount of propellant in the tanks and how much was transferred);
and storage capability to mitigate fuel loss in space.

SpaceX plans to conduct the in-space Propellant Storage and
Transfer test to further mature the technology, but the timing of this
test is dependent on successful completion of preceding flights.
SpaceX representatives said that the fundamental propellant transfer
technology is not new or unique but requires engineering time and
development effort to fully design and test for eventual use in the
Artemis Il mission. If the docking hardware does not perform as
expected during spaceflight testing, significant vehicle modifications
may be required, which could delay the mission. HLS officials said
that SpaceX must demonstrate these technologies prior to completing
the critical design review to promote confidence in the mission
concept of operations.

Axiom Is Making Progress
on Space Suits but
Significant Work Remains

Axiom made progress in developing the space suits by completing
several milestones, but it is still in the early phases of development. Since
NASA'’s EHP gave Axiom authorization to proceed in September 2022,
Axiom completed two NASA life-cycle milestones—Mission Concept
Review in December 2022 and Certification Baseline Review in March
2023.16

In December 2022, Axiom built the first engineering development suit,
derived from NASA’s government reference design, with Axiom-
constructed components. Axiom representatives said they use this
development suit to test and redesign different components. In
December, Axiom tested the suit at operational pressure in the lab using
employees as in-house subjects to go through mobility exercise tests.
Axiom also used the development suit to assess the sizing approach on
test subjects. EHP officials said that Axiom is on schedule to complete

16The Certification Baseline Review is the milestone when the contractor establishes the
design baseline, certification plan, life-cycle costs, and schedules for system certification.
This milestone occurs early in the development phase and prior to PDR.
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PDR in November 2023. Figure 5 shows Axiom’s completed and
remaining life-cycle milestones to deliver space suits to NASA for the
planned December 2025 launch.

Figure 5: Completed and Remaining Milestones to Develop Space Suits for the Artemis Ill Mission

CALENDAR 20 20 20 20 20
YEAR 22 28 24 25 26

Authorization to Proceed p@
Mission Concept Review @
Certification Baseline Review @
Preliminary Design Review O
Critical Design Review O
Demonstration & Design Certification Review O

Flight Test Readiness Review O

P> Planned completion date from September 2022 X
® Completed event Artemis Il O
O current planned date (as of August 2023)

Artemis Ill Milestones for Axiom

Source: GAO analysis of NASA and Axiom information. | GAO-24-106256

Axiom is also making progress on suit development by leveraging
NASA's prior work. Axiom representatives said they brought in relevant
experts and personnel who worked on the government reference design.
These representatives said their approach was to adopt the government
reference design and refine it to reduce costs to NASA.

At a February 2023 program review meeting with NASA, Axiom discussed
its planned modifications to the government reference design space suit
and its approach to mature several subsystem components in preparation
for PDR in November 2023. For example, Axiom is repackaging the life
support system to increase the size of the suits’ oxygen tanks and
building new components to improve NASA’s government reference
design. See figure 6 for an illustration of critical space suit subsystems
and components that Axiom must mature by the planned December 2025
mission.
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Figure 6: lllustration of Axiom’s Space Suit and Major System Components

Portable Life
Support
Subsystem

Oxygen Tanks
Regenerable
CO, Scrubber

Power Avionics
Controls
Subsystem

Pressure
Garment
Subsystem

Source: GAO analysis of Axiom information and image. | GAO-24-106256
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In addition, Axiom is modifying certain components of the government
reference design to meet challenging requirements and address parts
obsolescence issues.?

« Emergency life support requirements. NASA is requiring Axiom to
develop a suit that can provide 60 minutes of emergency life support,
more than any suit in history. Axiom representatives told us they may
redesign applicable portions of the suit because the NASA
government reference design did not satisfy the requirement to make
the suit capable of storing that amount of oxygen. Axiom staff plan to
decrease the size and rearrange components in the life support
system package design to accommodate larger tanks that can hold
more oxygen. However, if that is not possible, they plan to modify the
current life support system, which Axiom representatives told us will
take additional time.

« Parts obsolescence and improvements. Axiom representatives
said they plan to incorporate, design, and certify new technologies—
i.e., batteries, pumps, and electronic components—because
designing new components helps them address supply chain and
obsolescence issues. For example, Axiom is designing their space
suit to be modular so that new technologies can be incorporated to
address mission-specific requirements and allow incremental system
upgrades. Axiom’s remaining technical work on the space suits
include modifications to all three sub-systems (Power, Avionics, and
Controls; Pressure Garment System; and Life Support System).

Axiom is also making several improvements to the government
reference design, which may require additional testing to mature. For
example, Axiom considers one of the Axiom-designed life support
components, the heat exchanger, as less mature than other suit
components. However, Axiom representatives said their heat
exchanger is outperforming the government reference design based
on their testing. Additionally, NASA officials said Axiom is developing
and building its own evaporative fibers for the space suit water
membrane evaporator—a key system for cooling the suit’s
temperature. NASA officials said Axiom reported that modifications to
the evaporative fibers are performing similarly, if not better, than the
government reference design. NASA requested some of the new

17TEHP officials said that the government reference design had limitations and challenges
because it was not finished when NASA shifted strategies for providing space suits for the
Artemis Il mission. NASA officials said that the reference design suit had limitations
because it was only matured to the CDR stage. At CDR, the design is mature enough to
support full-scale fabrication, assembly, integration, and testing, but is still incomplete.
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fibers Axiom proposed for the design to perform its own assessment
but has not completed the assessment. As such, these component
modifications could require further testing to mature.

In addition to resolving design issues for the space suits, Axiom has
significant other remaining work to complete within the next 2 years:

« Mature critical technologies. Axiom plans to mature several critical
technologies to meet mission requirements. For example, in January
2023, NASA assessed two critical space suit systems, the Life
Support System and the Pressure Garment System, at a technology
readiness level (TRL) 4.8 Axiom’s technology assessment rated over
half of its critical technologies below TRL 6 and the lowest among
those items at a TRL 3. One of those components, the Regenerable
CO2 Scrubber, is a life support system subcomponent that removes
carbon dioxide from the suit environment. Axiom rated it at a low TRL
since Axiom is not using the government reference design for this
component.

NASA officials told us they expect critical technologies to be at a TRL
6, which is mature, by the August 2024 CDR. In May 2023, EHP
officials said neither the life support system nor the pressure garment
system had significantly changed since January 2023—when they
were both rated at a TRL 4—and those systems can only be matured
through major testing at CDR. Prior to the November 2023 PDR,
Axiom will complete the Crew Capability Assessment of the pressure
garment system to further mature that technology. For CDR, Axiom
will conduct human testing of the life support system in a NASA
vacuum chamber facility.

Axiom plans to produce and manufacture some components itself to
reduce supply chain risks. However, NASA officials said that using a
different source decreases the TRL for those components and, hence,
the TRL will need to be reassessed. This is due to the uncertainty of a
new manufacturer rather than a regression of the technology itself.
NASA officials said the components that have design changes are
also rated at a lower TRL and will need to be matured for use for the

18GAQ, Technology Readiness Assessment Guide: Best Practices for Evaluating the
Readiness of Technology for Use in Acquisition Programs and Projects, [Reissued with
revisions on Feb. 11, 2020], GAO-20-48G (Washington, D.C.: Jan. 7, 2020). TRLs are a
scale of nine levels used to measure a technology’s progress, starting with paper studies
of a basic concept (TRL 1) and ending with a technology that has proven itself in actual
usage in the product’s operational environment (TRL 9). A technology is considered
mature when it reaches TRL 6, which is when a model or prototype is demonstrated in a
relevant environment.
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Artemis Ill mission. To support technology maturation efforts, Axiom
personnel are developing multiple test rigs for different components of
the life support system.

e Procure suit components. Axiom’s remaining work to develop and

procure suit components risks potential delays, which would
compress Axiom’s window to less than 2 years for delivering suits to
NASA by September 2025. Prior to the Artemis Ill mission, the space
suits need to be delivered so they can be integrated into the human
landing system. Some of the parts that support critical systems for the
space suit—including the life support system—have long lead times
and could potentially take 12-18 months to procure from vendors. For
example, Axiom plans to outsource certain parts, such as the oxygen
regulators, because there are very few companies that make them to
the standard needed for space suits. EHP officials said that
procurement of components for the life support system is on Axiom’s
critical path for the schedule as some of these components are highly
complex and specialized. EHP officials said that upon delivery, Axiom
will have to conduct qualification and acceptance testing of those
parts. To alleviate supply chain issues, Axiom now produces 40 of 61
parts in-house which gives it more control over the design and
schedule for building the suit.

« Qualify the suit for flight. Axiom will qualify the space suits for flight
readiness before a crew can use them, but the necessary testing
facilities may not be available in time for the Artemis Il mission. To
certify the space suits for use, Axiom’s proposed certification process
requires the use of some NASA facilities. Axiom planned to conduct a
crew capability assessment at the NASA Johnson Space Center’s
Active Response Gravity Offload System (ARGOS) facility as part of
the PDR in November 2023. However, in August 2023, EHP officials
said there was an issue with the equipment at the ARGOS facility.
Axiom instead plans to test the space suits at the Partial Gravity
Simulator facility at NASA’s Johnson Space Center in October 2023,
ahead of PDR. They also said that they are developing the supporting
documentation so that the facility is prepared for Axiom to test the
space suits. Additionally, Axiom will complete a vacuum test of the
space suit at another NASA facility for CDR.

NASA Is Addressing
Multiple Cross-program
Risks That Affect Human
Landing System and
Space Suit Development

In addition to managing the remaining contractor work, NASA is also
addressing multiple cross-program risks related to integrating the lander
and space suits with systems needed for the Artemis Ill mission. Cross-
program risks involve more than one program and require the programs
to coordinate on the mitigation steps. These cross-program risks include,
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among other things, lander software and hardware integration and lunar
dust contamination.

« Lander software and hardware integration. The HLS program is
addressing a cross-program risk related to integrating the system’s
software and hardware with the Orion program. The HLS system uses
software located across multiple hardware systems and subsystems,
which makes it difficult to perform end-to-end software testing on
flight-like hardware in relevant mission environments. HLS risk
management officials said the program will need emulators and
simulators to conduct HLS-Orion joint verification testing.1® NASA
officials said the Orion and HLS programs have made agreements to
share four sets of emulator and simulator hardware and software and
agreed to the details and exchange dates for each. However, in July
2023, NASA documentation stated that the HLS development pace
does not align with Orion program integration milestones and could
hinder the planned December 2025 launch readiness date.

Integration of software developed for dissimilar hardware platforms,
using different operating systems, as well as use and integration of
heritage software, can be challenging and prone to introducing
defects.20 HLS risk documentation states that adequate test facilities
and test campaigns are required to avoid late discovery of critical
software defects because critical issues are often uncovered when
software is integrated and tested with flight hardware. Therefore,
without adequate testing, it is possible that critical software defects
are missed. This situation could result in cost and schedule effects, or
worse, potential loss of mission or crew.

The HLS program and SpaceX have discussed applicable lessons
learned from Boeing’s Starliner first Uncrewed Flight Test conducted
for CCP. This flight test failed to reach orbit due to software issues.
The lessons learned included the need to increase the resources
dedicated to software insight and oversight. The HLS program
incorporated these lessons learned into guidelines on how NASA

19Emulators and simulators are software tools used to test critical systems under
conditions and environments often unattainable in the lab or test bench. Simulators
provide realistic data as would be experienced in actual flight while an emulator is a
statistical approximation of the simulator.

20| egacy and heritage software are software products written specifically for one project
and then, without prior planning during their initial development, found to be useful for
other projects.
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NASA Is Taking Steps
to Ensure Systems

Are Safe and Meet Its
Needs before Launch

personnel should consider SpaceX-provided data on software
development to ensure defects are identified earlier in development.

¢ Lunar dust contamination. Lunar dust is abrasive and is hazardous
to the crew and equipment. For example, inhalation of lunar dust can
cause irritation of the respiratory system and contact with the dust can
cause irritation of the eyes. NASA'’s Artemis Ill program offices,
including HLS, EHP, and Orion, are working to resolve a potential risk
of lunar dust intruding into hardware and negatively affecting the
performance of those systems. If not adequately mitigated early in the
design process, it may cost more and take longer to retrofit the
hardware to safely address lunar dust contamination.

Each program is working on its own portion of limiting dust exposure.
For example, the HLS program is testing cleaning techniques for the
lander’s hatches and Axiom is developing tools to clean the space suit
following a moonwalk. EHP officials expressed concern about the
amount of dust that the space suits will pick up and bring into the
HLS. Even if each system adequately meets its dust contamination
requirement, there is still a risk that crew could become injured or ill
due to the dust. Before the Artemis Ill mission, Axiom plans to
demonstrate that it can limit the amount of dust on the exterior of the
suit that is brought into the lander’s cabin environment. SpaceX plans
to demonstrate that the HLS Starship is capable of limiting lunar dust
to a defined, acceptable level to safeguard crew health.

NASA’s Moon to Mars Program Office—currently responsible for
integrating all of the Artemis Il systems—is also addressing
performance and safety risks related to the known harm that lunar
dust could inflict on the hardware and crew. It is addressing these
risks across the HLS, space suits, and Orion programs based on
lessons learned from the Apollo mission and subsequent research.
Additionally, the HLS program coordinated with other NASA personnel
and programs to develop a long-term mitigation plan focused on
increasing their knowledge of south pole lunar dust and its properties.

NASA plans to take multiple steps to determine whether SpaceX'’s and
Axiom’s systems meet its mission needs and are safe for the crew. The
HLS and EHP programs will ultimately determine whether the contractors’
systems meet contract requirements. Then, NASA will conduct a to-be-
decided series of reviews to determine whether the agency is ready for
launch based on guidance it is currently developing. Further, NASA’s
contracts with SpaceX and Axiom grant NASA visibility into many areas of
contractor work while the companies complete their significant remaining
work.
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NASA Will Determine If
Contractors’ Systems
Meet Mission Needs,
Including Safety

Before NASA conducts the Artemis Ill mission, it plans to determine
whether SpaceX’s and Axiom’s systems meet requirements and are safe.
NASA'’s requirements documents include requirements that the human
landing system and space suits must meet. We have categorized these
requirements into two types: system (includes functional and
performance) and interface. System requirements include what functions
the system needs to perform to accomplish the objectives and how well
the system needs to perform the functions. Interface requirements
describe how the HLS Starship interfaces with other systems—such as
the Artemis space suits and Orion—so that each system will be able to
safely operate with the other, among other things. See table 1 for
examples of system and interface requirements.

Table 1: Examples of Requirements Applicable to SpaceX and Axiom, by GAO-ldentified Type

Human Landing System - SpaceX Space suit - Axiom
Examples of system Be capable of operating on the lunar surface for a Sustain the life of the crewmember for a minimum of 8
requirements minimum of 6.5 Earth days continuous hours of operation independent of vehicle-

In the event of an aborted attempt at a lunar landing, ~ Provided life support functions
have the capability to conduct a safe return and dock  Provide safe and accurate visual capability and head

to Orion in near-rectilinear halo orbit mobility to perform tasks in both daytime and nighttime
conditions
Examples of Provide oxygen to the space suit system at a The space suits shall provide an interface for the
interface temperature in the range of 40 to 90 degrees receiving of oxygen for space suit recharge, in-suit pre-
requirements Fahrenheit for space suit system recharge breath, and umbilical operations

Have a passageway providing for the transfer of crew
and cargo to and from Orion

Source: GAO analysis of SpaceX and Axiom contracts with the National Aeronautics and Space Administration (NASA). | GAO-24-106256

NASA'’s system requirements for the HLS Starship and space suits
include NASA-approved alternative technical standards that the systems
must meet:

e The HLS program allowed SpaceX to use alternative technical
standards in three areas as long as NASA determined that the
alternative standards met the intent of NASA’s technical standards.
These areas were safety and mission assurance, health and medical,
and engineering technical standards. NASA officials said that after
they completed the adjudication process with SpaceX, approximately
50 percent of SpaceX’s technical standards were alternative to
NASA’s.

« Similarly, NASA allowed Axiom to propose alternative or tailored
standards to NASA’s design and construction, safety, and human
health and medical standards in its initial proposal. EHP officials said
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they accepted nine tailored or alternative standards and determined
that none of the changes created additional risk to NASA.

NASA officials from both programs reviewed the alternative technical
standards early in system development. HLS officials said they completed
this work early based on lessons learned from CCP to promote a shared
understanding of technical standards and avoid late disagreements that
could cause delays. EHP officials said that undergoing this process early
in development was consistent with NASA policy and a good engineering
practice to avoid taking unknown risks.

The programs and contractors each have a role in determining whether
the HLS Starship and space suits meet NASA'’s requirements. SpaceX
and Axiom will conduct activities—such as analysis, test, demonstration,
or inspection—to verify that their systems meet NASA'’s requirements.
The contractors will submit their verification results to NASA for approval
or disapproval. For example, initial submissions are due at PDR for
Axiom.

While NASA policy allows but does not require design certification
reviews, SpaceX and Axiom are contractually required to undergo this
review before the Artemis Ill mission to ensure that their designs comply
with system and interface requirements.2! At these reviews, NASA will
review each contractor’s design and evidence to ensure that the
contractor’s system meets all system and interface requirements, among
other things.

NASA Is Formulating
Plans to Determine
Agency Readiness to
Launch

In December 2022, NASA’s Artemis Campaign Development Division
released an implementation plan for Artemis missions that provides a
high-level summary of NASA'’s planned approach to technical and
programmatic reviews, among other things.22 The implementation plan
states that after each of the programs’ design certification reviews, there
will be a design certification review of the integrated architecture
requirements for Artemis lll. This review will assess whether the five-
program integrated system—HLS, EHP, Orion, SLS, and EGS—can meet

21NASA Procedural Requirements (NPR) 7123.1C, NASA Systems Engineering
Processes and Requirements (Feb. 14, 2020).

22The Artemis Campaign Development Division Implementation Plan was released before
NASA announced that it established the Moon to Mars program office. A January 2023
NASA report on Moon to Mars program implementation stated that the program will
leverage the work done by the Artemis Campaign Development Division and will update
the existing implementation plan to reflect any necessary changes. This plan will generally
apply to the Artemis Ill mission and beyond and the applicable programs.
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requirements across all applicable configurations and environments,
among other things. Then NASA will undergo a to-be-determined
certification of flight readiness process to determine if these programs are
ready to execute the mission (see fig. 7).

|
Figure 7: NASA Processes to Determine Whether a Contractor’s System Meets
Requirements before Key Reviews to Support Artemis lll Launch
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To be determined
Certification of Flight Artemis lll mission

Readiness

Source: GAO analysis of NASA, SpaceX, and Axiom plans and contract documents, and interviews with NASA officials. | GAO-24-106256

NASA officials said they are currently developing general guidance for
implementing certification of flight readiness for future Artemis missions
as well as Artemis Ill mission-specific guidance.

NASA officials said the general Artemis certification of flight readiness
guidance will likely establish a framework for programs to develop
their own certification of flight readiness plans and define the reporting
structure for Artemis flight readiness, among other things. NASA plans
to obtain a formal, integrated human rating certification for the Artemis
Il mission and associated crewed space system architecture as part
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of the certification of flight readiness process. NASA policy states that
a human-rated system is required for crewed space systems to
control hazards, to manage safety risks associated with human
spaceflight, and safely recover crew.23

« Officials also said the Artemis Ill mission-specific certification of flight
readiness guidance will likely explain the timeline and sequence of
multiple flight readiness reviews that will take place to determine
readiness to launch.

The flight readiness review (1) examines tests, demonstrations,
analyses, and audits that determine if a system is ready for a safe and
successful flight or launch; and (2) ensures all flight and ground
hardware, software, personnel, and procedures are operationally
ready. Officials said they anticipate that the agency will hold at least
eight flight readiness reviews to determine readiness for Artemis lll:

« five program-level reviews (HLS, EHP, Orion, SLS, EGS),
« two Moon to Mars program-level reviews, and

e one agency-level review led by the Exploration Systems
Development Mission Directorate Associate Administrator, who is
responsible for assessing the flight readiness of programs and
projects within the mission directorate.

NASA officials said they are applying NASA guidance and best practices
from earlier human spaceflight efforts to their Artemis certification of flight
readiness plans. These earlier efforts include the Space Shuttle, CCP,
and ISS missions. For example, officials said that like ISS missions, the
Artemis Il certification of flight readiness process will begin around 3
months before launch. However, they said there are limitations with this
approach due to the complexity of integrating five systems for the Artemis
Il mission. There are multiple launches that will take place for the Artemis
Il mission, which will include the Starship depot and tankers, as well as
the HLS Starship and the crew on Orion. Officials said NASA will have to
determine the timing and spacing of the reviews for the Artemis IlI
mission, given the number of launches needed to execute the mission.

NASA officials said they plan to release both the general Artemis
certification of flight readiness plan and the Artemis Ill mission
supplement in 2024. They stated that they plan to release both plans 1

23NASA Procedural Requirement (NPR) 8705.2C, Human Rating Requirements for Space
Systems (July 10, 2017).
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year before launch to give them enough time to be implemented for
Artemis 111

NASA's Contracts Grant
Visibility into Technical
Progress and Safety
during Development

NASA included clauses in the contracts with SpaceX and Axiom to gain
visibility into contractor efforts under the firm-fixed-price contracts for
services. The SpaceX and Axiom contracts grant NASA visibility into
contractor efforts throughout development and at key milestones as
follows.

Approval authority. Both contracts require the contractors to submit
specific data deliverables at key milestones and identify which
deliverables must be approved by NASA. For example,

Both contracts require a system safety assessment report that
documents potential safety hazards and methods to control those
hazards. The contractors must submit these safety reports for NASA
review and approval at multiple milestone reviews to support program
and independent safety review panels at NASA.

Each month, both contractors are also required to submit an
integrated master schedule that documents planned work, and
resources necessary to accomplish that work. Axiom’s monthly
integrated master schedule submission must include a schedule risk
analysis.24 SpaceX must submit a schedule risk assessment and an
integrated master schedule, at the critical design review and design
certification review. SpaceX’s integrated master schedule does not
need to be approved by NASA, but it will be used to plan, manage,
and report work required in performance of the contract. In contrast,
NASA has a time-limited right to disapprove Axiom’s integrated
master schedule.

The HLS program manager said that while the program has yet to
experience delays due to needing time to review SpaceX data, program
staff recognize that timely review will be critical as SpaceX’s development
progresses. The program manager said that the program developed a
schedule for reviewing SpaceX data to provide its technical opinion on a
timely basis.

240ur schedule assessment guide defines schedule risk analysis as incorporating
program schedule risks into a statistical simulation to predict the level of confidence in
meeting a program’s completion date; to determine the contingency, or reserve of time,
needed for a level of confidence; and to identify high-priority risks. This analysis should be
performed before a baseline is set. GAO, GAO Schedule Assessment Guide: Best
Practices for Project Schedules, GAO-16-89G (Washington, D.C.: December 2015).
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Insight. The SpaceX and Axiom contracts grant NASA insight or access
into many areas of contractor efforts, including any changes that could
affect the mission or crew safety. SpaceX and Axiom provide NASA staff
insight through the use of recurring meetings, electronic systems, and
access to their facilities. Both contracts also grant NASA insight into
certain aspects of SpaceX’s and Axiom’s commercial variants of the
Starship and space suits, respectively. For example, HLS officials said
that insight allowed them to observe SpaceX’s activities leading up to the
Orbital Flight Test, which flew a commercial Starship variant. Both
contracts include a government insight clause that lays out the scope of
NASA'’s insight. See table 2.

|
Table 2: Scope of NASA'’s Insight into SpaceX and Axiom Activities

SpaceX contract Axiom contract

Areas of insight include: NASA has insight into Axiom, subcontractor, and partner entities’

. Any aspect of the design, development, analysis, testing, efforts that could affect Artemis requirements, interfaces,
schedules, performance metrics, risks, and management integration, operations, and crew safety. These include:
processes of the contractor's human landing system and o Design
individual vehicles, elements, integrated systems, . Development

subsystems, etc. According to NASA, this includes every

aspect of the integrated lander, all supporting spacecraft, +  Manufacturing

and if applicable, any Active-Active docking adapter. o Management
« Launch vehicles and launch site operations. According to e Mission integration
NASA, this includes, but is not limited to, spacecraft-to- «  Vehicle integration

launch vehicle integration, spacecraft handling procedures,

launch commit criteria, and range safety analysis supporting * Operations

the launch of the integrated lander elements, supporting «  Medical and health
spacecraft, and all payloads, including non-NASA payloads .«  Training and certification
or cargo.

. o . . ) o Hardware/software testing
- Flight and mission operations. According to NASA, this NASA has access to all Axiom activities associated with Artemis
includes preparations, flight plans, rules and procedures,

; o . X interface compatibility and safety certification.
trajectory and mission design, crew and flight control team . ) . )
training, real-time operations, space communications and NASA has access into any Axiom-initiated space suit changes

navigation networks, and any non-NASA services across its commercial endeavors or any changes that may affect
performed by the contractor. NASA missions.
« Any other contract performance activities or data identified

by NASA that are mission-critical or otherwise related to
safety in any manner.

Source: GAO analysis of SpaceX and Axiom contracts with the National Aeronautics and Space Administration (NASA). | GAO-24-106256

NASA officials said that the purpose of ensuring insight into contractor
efforts is to verify technical information, which should help ensure that
formal milestone reviews and deliverable submissions are successful. For
example:
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« HLS program officials said they were able to use insight clauses and
data deliverables to gain visibility into how SpaceX’s critical
technologies were maturing, even though SpaceX is not required to
provide TRL information. Further, they said that information
exchanged through insight opportunities helps SpaceX focus its own
design and documentation efforts, which should result in higher-
quality deliverables for formal reviews.

« EHP officials said that they included insight clauses in Axiom’s
contract to ensure that NASA has extensive insight into the
contractor’s design and interfaces, including changes to NASA's
government reference design. EHP officials said that insight into
contractor activities will be used between formal milestones to
maintain awareness of emerging issues on a timely basis. They
believe this awareness will reduce the likelihood that Axiom’s
milestone reviews are delayed or put NASA in a position to rush the
review.

As NASA and its contractors are learning to implement the insight
clauses, NASA officials said they were cognizant that insight activities
could pose a schedule risk to its contractors. For example:

e The HLS program manager said that conducting insight on a
schedule-driven, firm-fixed-price contract was a culture shift for NASA
staff who were used to conducting oversight on cost-reimbursement
contracts.25 By default, the HLS program is using its access granted
by the insight clauses to primarily monitor SpaceX'’s efforts, but it also
established processes to change the depth of its insight. For example,
the HLS program could conduct independent analyses to corroborate
its understanding of SpaceX’s progress. While the program allows for
insight levels to be changed based on an ongoing assessment of
risks, any change in the level of insight must be approved by the HLS
program manager. The program established this process in
recognition that deeper insight levels would require additional
resources from (1) the HLS program to conduct deeper insight, and
(2) SpaceX to address NASA's insight results. HLS officials said that
areas in which the program has deepened its insight to date include

25Cost-reimbursement types of contracts provide for payment of allowable incurred costs,
to the extent prescribed in the contract. These contracts establish an estimate of total cost
for the purpose of obligating funds and establishing a ceiling that the contractor may not
exceed (except at its own risk) without the approval of the contracting officer. FAR
16.301.1. Cost-reimbursement contracts require the government to maintain extensive
visibility into a contractor’s technical progress and financial performance. FAR 16.301-

3(a)(3)(4)-
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system safety, propulsion, software, flight mechanics, landing stability,
and contingencies.

According to both HLS officials and SpaceX representatives, SpaceX
gave NASA insight beyond what the contract requires by sharing
information about its work under other programs as well as its
Starship development. The program reported that its insight into
SpaceX’s early Starship development has been beneficial for NASA
and SpaceX as they solve problems and reduce risk. SpaceX
representatives explained that they were sharing information with
NASA because these early efforts will inform what is needed for the
HLS Starship. They also said they carried over “crew office hours” that
were used with CCP, where NASA astronauts can have detailed
discussions with the SpaceX team on topics such as mission
operations.

« EHP officials said that Axiom’s contract gives NASA the ability to dig
deep into any area that poses risk and there is no barrier for NASA to
seek access. Therefore, officials stated that insight activities represent
schedule risk to Axiom because the contractor does not know how
much time or how many staff will be needed to address or
accommodate NASA's insight activities. EHP officials also said that
they have already learned that insight processes were bottlenecked
by administrative processes, such as how quickly they were able to
share information, rather than by technical work.

It is too soon to determine how well the HLS and EHP programs will
balance their insight into the contractors’ efforts with the schedule
pressure to conduct the Artemis Ill mission as planned in 2025. We
previously reported that CCP’s insight into contractor efforts took more
time than the program or contractors anticipated.26 More recently, an
Aerospace Safety Advisory Panel report stated that NASA continues to
have a strong safety culture.2? Further, in May 2023, the panel chair told
us that she does not have any concerns about NASA losing focus on
safety, even as pressure to move faster to meet the Artemis Il date
increases.

Collaboration. NASA included clauses related to the use of government
resources in both contracts to formally define the availability of NASA
expertise to its contractors. However, the contracts differ in how

26GAO-17-137.

27The Aerospace Safety Advisory Panel was established by Congress to provide advice
and make recommendations to the NASA Administrator on safety matters. NASA,
Aerospace Safety Advisory Panel Annual Report 2022 (Washington, D.C.: January 2023).

Page 34 GAO-24-106256 NASA Artemis Programs


https://www.gao.gov/products/GAO-17-137

Agency Comments

collaboration relates to approval authority and insight. The Axiom contract
states that collaboration is the highest form of insight, which EHP officials
explained to mean that knowledge gained through collaboration can be
used to understand the system and its risks. In contrast, the HLS contract
states that collaboration and insight are distinct and governed by uniquely
applicable terms and conditions. Both contracts state that NASA has the
sole authority to determine the amount, type, or duration of support it
provides, and the support remains under the supervisory control of
NASA.28 HLS and EHP officials said the clauses were mutually beneficial
to NASA and the contractors because they allow the contractors to
leverage NASA'’s expertise while NASA experts get an opportunity to do
hands-on work.

Since contract award, both companies are leveraging or planning to
leverage NASA support. SpaceX can request up to 60 full-time NASA
employees or equivalent support contractor personnel, while Axiom can
request up to 25 full-time NASA employees during contract performance.
HLS officials said it has provided 36 equivalent personnel to SpaceX to
support specific tasks, such as preparation for the Orbital Flight Test.
They said SpaceX also requested collaboration in areas such as
micrometeoroid orbital debris, Raptor engine development,
characterization of lunar landing sites, and risk assessment of the
SpaceX-Starship Pad 39A at Kennedy Space Center. Axiom requested
collaboration support in 25 areas such as manufacturing, lighting, and
crew training.

We provided a copy of this report to NASA for review and comment.
NASA provided technical comments, which we incorporated as
appropriate.

28SpaceX’s contract also allows for NASA or the NASA support contractor to have
supervisory control of NASA staff during collaboration, as appropriate. Axiom’s contract
states that NASA staff remains employed by, and under supervisory control of, NASA staff
at all times during collaboration.
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We are sending copies of this report to the appropriate congressional
committees and the Administrator of NASA. In addition, this report is
available at no charge on the GAO website at http://www.gao.gov.

If you or your staff have any questions about this report, please contact
me at (202) 512-4841 or RussellW@gao.gov. Contact points for our
Offices of Congressional Relations and Public Affairs may be found on
the last page of this report. GAO staff who made major contributions to
this report are listed in appendix II.

S bl Sl

William Russell
Director, Contracting and National Security Acquisitions
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Appendix |: Objectives, Scope, and
Methodology

The objectives of our review were to describe (1) the extent to which the
National Aeronautics and Space Administration (NASA) has made
progress in developing key systems needed to land humans on the moon
in 2025, and (2) the steps NASA is taking to ensure that its lunar landing
systems contractors are developing systems that meet NASA mission
needs and are safe for crew. This is the latest in a series of GAO reports
addressing NASA'’s Artemis enterprise.! This report focuses on the
human landing system (HLS) initial capability, as well as the Artemis
Exploration Extravehicular Activity systems—referred to as space suits.2

To determine the extent to which NASA made progress in developing key
systems needed to land humans on the moon in 2025, we reviewed lunar
landing system programs’ plans, contract documentation, and quarterly
program status reviews to identify program milestones and critical
technology demonstrations. The HLS program, Extravehicular Activities
(EVA) and Human Surface Mobility program (EHP), and EVA
Development project are overseeing the contractor-led development of
these systems. For both the HLS and the space suits, we selected
milestones from contract and non-contract sources to track program
progress for developing these systems. To select milestones, we
identified test flight events and technology demonstrations from contract
documents, NASA policies on program life-cycle reviews and project
management, and schedule information collected from the HLS and EHP
programs. We compared actual and planned schedule milestones for
HLS as of June 2022, the earliest date that data were available, to July
2023 data. We compared actual and planned schedule milestones for the
EVA Development Project—i.e., the space suit project—as of the contract
award in September 2022 and compared them to the latest information
available as of September 2023.

1GAO, NASA Lunar Programs: Improved Mission Guidance Needed as Artemis
Complexity Grows, GAO-22-105323 (Washington, D.C.: Sept. 8, 2022); NASA Lunar
Programs: Significant Work Remains, Underscoring Challenges to Achieving Moon
Landing in 2024, GAO-21-330 (Washington, D.C.: May 26, 2021); NASA Human Space
Exploration: Significant Investments in Future Capabilities Require Strengthened
Management Oversight, GAO-21-105 (Washington, D.C.: Dec. 15, 2020); and NASA
Lunar Programs: Opportunities Exist to Strengthen Analyses and Plans for Moon Landing,
GAO-20-68 (Washington, D.C.: Dec. 19, 2019).

2|n this report, we focused on landing systems needed for Artemis llI, specifically the
human landing system initial capability and the Artemis space suits. NASA is also
pursuing a sustained lunar landing capability and modernized space suits for the ISS from
industry. However, we did not include these efforts because they are not included in the
Artemis |l mission.
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Appendix I: Objectives, Scope, and
Methodology

To examine the planned development time frames for the HLS program
relative to time frames for other major NASA projects, we calculated the
number of months from program start to completion for these programs
and compared the average number to HLS planned time frames. We
used cost and schedule data collected for our prior work assessing
selected major NASA projects and reviewed data reliability assessments
completed for that work. Based on our review of data reliability
assessments for that work, we determined the data are reliable for our
purposes as the relevant data, time frames, and analyses were the same.
We also calculated major projects’ percentage of schedule use for key
reviews, which included preliminary design review (PDR) and key
decision point (KDP) C for projects that were included in our assessment
of major project reports and launched between 2010 and 2022.3 In
addition to the HLS program, we analyzed 29 spaceflight projects in our
dataset, and excluded non-spaceflight projects completed within the
above time frame.

We determined the scope of remaining development work for both
programs to meet the planned Artemis Ill mission date in December 2025
by reviewing program and contractor schedule milestones, risk charts,
plans for mitigating risks, and technology maturation plans. Additionally,
we analyzed these documents to determine the current operational and
technical risks facing lunar landing system acquisitions and assess the
remaining work for the programs and contractors. We interviewed officials
from the HLS and EHP programs, as well as SpaceX and Axiom
personnel, to understand the status of the lunar landing systems
programs.

To determine what steps NASA has taken to ensure the contractors will
deliver systems that meet mission needs and ensure crew safety, we
assessed HLS and EHP program documentation and SpaceX and Axiom
contract and system requirements documentation. We collected and
reviewed contracts and associated attachments that outline statements of
work and requirements and contractor verification and validation plans, as
well as NASA policy on human spaceflight safety. We interviewed HLS
and EHP program officials, which included the EVA Development project
and the Commercial Crew and Cargo program officials. We also

3GAO, NASA: Assessments of Major Projects. GAO-23-106021 (Washington, D.C.: May
31, 2023); and NASA: Assessments of Major Projects, GAO-22-105212 (Washington,
D.C.: June 23, 2022). When NASA determines that a project has an estimated life-cycle
cost of over $250 million, we include that project in our annual review up through launch or
the project’s end of development.
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Appendix I: Objectives, Scope, and
Methodology

interviewed SpaceX and Axiom personnel. We reviewed SpaceX and
Axiom insight implementation plans and interviewed NASA and contractor
personnel regarding contract execution. We also reviewed NASA
agendas and presentation slides on lessons learned from using a service
contract approach, as well as mission integration documentation. We
interviewed NASA Artemis Campaign Division officials to understand their
certification of flight readiness plans for the Artemis Il mission.

We conducted this performance audit from September 2022 to November
2023 in accordance with generally accepted government auditing
standards. Those standards require that we plan and perform the audit to
obtain sufficient, appropriate evidence to provide a reasonable basis for
our findings and conclusions based on our audit objectives. We believe
that the evidence obtained provides a reasonable basis for our findings
and conclusions based on our audit objectives.
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