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Abstract

As lunar exploration shifts from short-term missions to sustained surface operations, the
demand for reliable, risk-based quality systems becomes critical. This study introduces a
unified architectural model that extends Mission Assurance principles into the
manufacturing domain, forming the foundation of the Unified Lunar Quality Framework
(ULQF). The framework integrates NASA’s mission assurance standards with terrestrial
quality management systems such as ISO 9001, ISO 13485, and AS9100. Through layered
governance, risk analysis, and feedback loops, it provides a closed-cycle approach linking
hazard identification, FMEA, and design controls with verification and continual
improvement. The paper outlines an architecture that connects process controls, evidence
verification, and design re-assessment, ensuring that production on the lunar surface meets
mission-level reliability and safety objectives. The result is a scalable quality model suitable
for additive manufacturing, in-situ resource utilization, and regolith-based fabrication,
establishing a risk-driven pathway toward sustainable lunar industry operations.
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Introduction

Sustained lunar activity requires dependable production of structural elements, spares,
interfaces, seals, and consumable-handling hardware. Lunar regolith additive manufacturing
(AM) and ISRU promise mass savings and resilience, but they also introduce new categories
of risk: natural variability in regolith feedstocks, extreme thermal gradients, abrasive dust,
vacuum outgassing, and long communication delays that constrain inspection and oversight.

Traditional Mission Assurance (for spacecraft and payloads) does not fully address
manufacturing assurance: process control, in-process verification, operator competence in
reduced gravity, or data integrity when products are built far from Earth. This gap risks
defect escape and latent reliability failures in critical infrastructure.

We propose Lunar Manufacturing Assurance (LMA) as an operational discipline built on the
ULQPF, translating mission-assurance rigor into factory-level quality governance adapted to
lunar conditions. LMA introduces lunar-specific CTQs, verification logic, risk-weighted
control plans, and an integrated ethics layer that ensures transparency in autonomous
decision-support systems. For a comprehensive survey of lunar-based manufacturing and
construction, see Azami et al. (2024).

Background and Related Standards

Space quality and reliability practices rely on AS9100D, ECSS-Q-ST-40C, NASA NPR
8735.2C, and allied standards that emphasize flight hardware and mission operations. ISO
9001/9004 define management systems and sustained success; ISO 31000 defines enterprise
risk governance; ISO 14971 and ISO 13485, though medical device oriented, are exemplary
for traceable risk control and validation discipline when people’s safety is implicated.

However, off-world manufacturing raises constraints that these frameworks treat only
indirectly: heterogeneous raw materials, autonomous process adjustments, limited metrology,
and ethics of Al-assisted decisions. For autonomous system verification and validation, we
draw on the synthesis by Cardoso et al. (2021) for space robotics. LMA consolidates these
standards into a Hybrid Regolith Quality Stack (RQ-Stack) and supplements them with lunar
CTQs, ledgered evidence, and an OAAV-enabled improvement loop. The approach aims for
standards-compliant yet environment-specific governance that auditors can evaluate and
agencies can adopt.

The Lunar Manufacturing Assurance (LMA) Concept

Definition. LMA is the systematic management of risk, quality, verification, and ethical
accountability across lunar production processes, from raw regolith intake to product release
and post-deployment surveillance.

Obijectives.
1. Establish risk-proportional controls for regolith AM and ISRU.
2. Ensure traceable verification under environmental and communications constraints.
3. Embed ethics and transparency into data and Al-assisted decisions.
4. Deliver certifiable outputs compatible with inter-agency acceptance.



Three-Tier Model.

e Tier 1 — Design & Qualification Assurance. Hazard analysis, requirement flowdown,
and validation planning aligned with ISO 14971 and NPR 8735.2C; define
acceptance criteria for CTQs and material properties across expected lunar
conditions.

e Tier 2 — Process Control & Traceability. Documented methods, supplier quality
management for simulants/tools, autonomous in-process checks, and immutable
evidence written to the Evidence Vault with cryptographic hashes (AS9100D
backbone).

e Tier 3 — Product Integrity & Ethical Governance. Surveillance sampling, release
criteria, and ethics compliance (ECI, AVAR, TA) integrated with OAAV for decision
transparency and continual improvement.

The Hybrid Regolith Quality Stack (RQ-Stack)

The RQ-Stack fuses terrestrial and space standards into a clause-mappable stack:

e ISO 31000: risk context, appetite, and decision criteria for mission-level and factory-
level governance.

e ISO 9001/9004: quality management and sustained success, linking management
review to lunar KPlIs.

o ISO 14971/13485: formal risk control and design/validation evidence for life-critical
functions (e.g., seals, habitat interfaces).

e AS9100D: process documentation, configuration control, nonconformance and
CAPA discipline, supplier oversight.

e ECSS-Q-ST-40C / NASA NPR 8735.2C: reliability engineering, inspection rigot,

and mission assurance artifacts.

Lunar CTQs drive how clauses apply:

e Dust Resilience (DR): resistance to abrasive intrusion and adhesion.

e Thermal Fatigue Resistance (TFR): tolerance to rapid cycles from ~—170 °C to +120
°C.

e Autonomous Verification Fidelity (AVF): percent of verification tasks completed in
situ without Earth intervention.

e In-Situ Reproducibility Index (ISRI): capability index (e.g., Cpk) across repetitive
builds under lunar variability.

By declaring CTQs as first-class requirements, the RQ-Stack binds standards to measurable,
environment-specific acceptance criteria.



Strategic Governance & Mission Risk Context
I1SO 31000, 150 9004
Defines mission objectives, risk appetite, and governance policy.

Manufacturing Quality & Risk Control Layer
150 9001, 150 13485, 150 14971, A59100D
Integrates process control, validation, CAPA, and documentation.

Space Reliability and Verification Layer
ECS5-Q-5T-40C, NASA NPR 8735.2C
Ensures reliability, inspection rigor, and mission-assurance alignment.

Environmental & Contextual Adaptation
Lunar CTQs: Dust Resilience (DR), Thermal Fatigue Resistance (TFR), Autonomous Verification
Fidelity [AVF), In-Situ Reproducibility Index (ISRI)
Applies lunar environmental modifiers to all upper layers.

Figure 1 — Hybrid RQ-Stack Model

This diagram depicts the layered structure of the Hybrid Regolith Quality Stack (RQ-Stack),
which unites terrestrial, acrospace, and lunar quality standards into a single risk-based
governance model. ISO 31000 and ISO 9004 define mission-level risk and governance; ISO
9001, ISO 13485, ISO 14971, and AS9100D establish operational quality controls; ECSS-Q-
ST-40C and NASA NPR 8735.2C ensure space reliability and verification discipline. The
lowest tier integrates lunar Critical-to-Quality (CTQ) attributes such as dust resilience and
thermal fatigue resistance, adapting the entire system to lunar conditions.

Verification and Validation in the Lunar Manufacturing Environment

LMA extends V&V from hardware to manufacturing steps, introducing Verification Gates
(VG-1 to VG-6):

1. VG-1 Raw Material Receipt. Particle-size distribution, mineralogy screening,
volatiles/moisture checks; initial ledger record.

2. VG-2 Feedstock Conditioning. Vacuum bakeout, sieving/homogenization;
verification of target PSD and outgassing profile.

3. VG-3 Deposition/Sintering/ Extrusion. In-process thermal profiles, melt pool or
sinter front sensing, layer-wise porosity indicators.

4. VG-4 Post-Process Thermal Cycling. Accelerated thermal fatigue and microcrack
detection by acoustic or thermoelastic methods.

5. VG-5 Dimensional/Functional Checks. Metrology for tolerances, leak tests for seals,
electrical/thermal interface conformance.

6. VG-6 Release & Traceability. Certificate of Conformity (CoC), serialization, storage
of signed records in the Evidence Vault.



Each gate writes results to a tamper-evident ledger with hash-based integrity. When
inspection is constrained, Risk-Weighted Sampling Plans (RWSP) scale checks by hazard
class, environment volatility, historical capability, and mission risk posture.

Digital twins simulate porosity evolution, thermal gradients, and mechanical response to
predict defect modes. Twin-to-plant comparisons tune process parameters in real time, while
maintaining change-control records for auditability.
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Figure 2 — Verification Gate Sequence Flow

This figure illustrates the six sequential Verification Gates (VG-1 to VG-6) that structure
production oversight from raw material intake through final release. Each gate validates
specific parameters such as regolith composition, sintering quality, dimensional accuracy, and
traceability while recording results in the Evidence Vault for immutable verification. The
horizontal flow represents both progressive quality control and feedback to eatlier stages
when deviations or anomalies are detected.

Risk-Based Control Logic

LMA adopts an FMEA-derived construct with a lunar modifier:

e RPN-L = f{(Severity, Occurrence, Detection, Environment), where Environment
weights dust load, vacuum effects, radiation dose, thermal swing, and
communication latency.



Control rules.

e If RPN-L = threshold-1, increase in-process sensing frequency and elevate sampling
plan.

e If RPN-L = threshold-2, freeze release at VG-6, require re-verification and OAAV
review.

e If RPN-L = threshold-3, halt production, open CAPA, execute root cause and
process re-qualification.

Decision trees in the Command Center automate containment and escalation while logging
justifications for post-mission review. This keeps controls proportional to risk and traceable
to standards and mission objectives.

Ethics and Transparency Integration via OAAV

Autonomous analytics and remote governance raise legitimate ethics and trust concerns.
LMA uses the Ethics Dashboard (Annex AA—AB) to compute:

e Fthics Compliance Index (ECI)

e Al Validation Accuracy Rate (AVAR)
e Transparency Accuracy (TA)

e CAPA Cycle Time (CCT)

e Audit Replay Fidelity (ARF-E)

These are streamed to the Operational Analytics and Advancement Vehicle (OAAV), which
correlates ethical metrics with process performance (yield, DR, AVF, ISRI). Trigger
conditions such as ECI drops of at least 0.05, AVAR below 0.95, or CCT above 14 days
generate OAAV Event Records and escalate to the Global Ethical Oversight Board
(GEOB). In LMA, ethics is not a parallel process; it is an input variable to quality
improvement and risk decisions. The ethics metrics and governance layer follows the spirit
of the OECD Al policy principles (Organisation for Economic Co-operation and
Development, 2020)



Ethics Dashboard
Collects ECI, AVAR, TA, and CCT
metrics.

OAAV Core Engine
Analyzes ethical and quality data,
detects trends.

Quality System
Implements CAPA and process
improvements based on OAAY

feedback.

Global Ethical Oversight
Board (GEOB)

Monitors compliance and
transparency across missions.

Figure 3 — OAAYV Ethics Integration Loop

This diagram outlines how the Operational Analytics and Advancement Vehicle (OAAV)
integrates ethical and quality governance across the lunar manufacturing ecosystem. Metrics
from the Ethics Dashboard—FEthics Compliance Index (ECI), Al Validation Accuracy Rate
(AVAR), Transparency Accuracy (TA), and CAPA Cycle Time (CCT)—feed into the OAAV
Core Engine. The engine correlates ethics data with production quality outcomes, triggers
corrective actions within the Quality System, and provides oversight reports to the Global
Ethical Oversight Board (GEOB), completing a continuous transparency loop.

Implementation Roadmap

Phase I — Baseline Mapping. Document processes, hazards, and CTQs per production cell.
Establish the RQ-Stack mappings and data schemas for evidence and CTQ metrics.

Phase II — Testbeds and CTP Series. Commission lunar-analog rigs; execute CTP tests for
Verification Gates, Evidence Vault writes/reads, twin correlation, and RWSP calibration.
Capability Test Points (CTPs) are structured test series that exercise Verification Gates and
CTQ measurement schemes under controlled conditions.

Phase III - OAAV Integration. Stream ethics and process metrics; deploy predictive models
for drift and defect risk; validate alert thresholds and response automation.

Phase IV — Certification and Inter-Agency Recognition. Publish ULQF Annex AC as the
LMA technical standard; seek adoption via Inter-Mission Quality Network and Artemis
working groups; issue capability certificates for qualified cells.



Benefits and Implications

Operational reliability. Risk-proportional controls reduce defect escape under resource and
inspection constraints.

Auditability. Immutable evidence and replayable decision trails enable third-party
certification and forensics.

Scalability. CTQ and RWSP logic scale from pilot cells to multi-cell factories and cross-
mission clusters.

Ethical governance. Integrated ECI/AVAR/TA ensures that Al-assisted decisions remain
transparent and accountable.

Standards alignment. The RQ-Stack preserves traceability to ISO, AS9100D, ECSS, and
NASA requirements, improving agency trust and supplier onboarding.

Conclusion

Lunar Manufacturing Assurance fills a critical gap by extending mission assurance into the
manufacturing domain of the Moon. Through the ULQF, RQ-Stack, lunar CTQs,
Verification Gates with ledgered evidence, and the OAAV ethics-quality loop, LMA offers a
repeatable, certifiable, and ethically robust pathway for lunar production. We invite
collaboration with space agencies, standards bodies, and commercial partners to mature
LMA into a recognized international practice for off-world manufacturing.



Appendix A. Draft LMA Verification Gate Criteria (Excerpt)

e VG-1 Raw Material Receipt: Regolith PSD verification; XRD/FTIR mineralogy
checks; volatile content = threshold; hash-logged intake record.

e VG-2 Feedstock Conditioning: Vacuum bakeout at defined profile; sieving to target
PSD; moisture < spec; updated capability indices.

e VG-3 Deposition/Sintering/Extrusion: Thermal profile within control limits;
porosity proxy within control chart; layer defect alarms linked to auto-pause.

e VG-4 Post-Process Thermal Cycling: Accelerated cycle count matching 1-year lunar
exposure equivalent; microcrack NDE acceptance.

e VG-5 Dimensional/Functional Tests: CMM tolerances; leak-rate threshold;
electrical/thermal interface conformance.

e VG-6 Release & Traceability: CoC generated; serialization; Evidence Vault snapshot;
sign-off by mission QA and ethics reviewer for high-criticality items.

Appendix B. Example Regolith Critical-to-Quality Table (Excerpt)

CTQ Definition Measurement Acceptance
Example
Resistance to abrasive dust || Dust ingtess test; No functional
Dust Resilience (DR) . . rastve ad Usting > || degradation after
intrusion/adhesion wear rate
profile X
Thermal Fatigue Tolerance to rapid lunar —170 °C to E;;i?l;ngr O1\tx£1t1hn’ A
Resistance (TFR) thermal swings +120 °C cycles spec W
Autonomous Verified vs
Verification Fidelity % checks completed in situ ) 2 95 percent
attempted checks
(AVE)
In-Situ Reproducibility . . . Cpk across N <
Index (ISRD) Build-to-build capability builds Cpk =2 1.33

Author’s Note. The Unified Lunar Quality Framework (ULQF), the Hybrid Regolith
Quality Stack (RQ Stack), and the Operational Analytics and Advancement Vehicle
(OAAV) are proprietary conceptual models under development by the author. These

internal frameworks are referenced in the manuscript but are not external publications.
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