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Abstract

A galactic civilization cannot launch its bones from Earth. It must learn to grow structure
where structure is needed. StructureForge is a proposed architecture for autonomous in-space
assembly and industrialization: robotic yards, standard interfaces, digital twins, process certifi-
cation, orbital warehouses, lunar extraction nodes, autonomous inspection, and self-expanding
industrial grammars. The grounded claim is that in-space servicing, assembly, and manufacturing
must be treated as an auditable production system with typed parts, typed processes, robotic
guilds, fault ledgers, and local assurance. The speculative claim is that the mature off-world
factory becomes a constructor algebra: a machine society that writes new machines into matter
while preserving formal evidence that the construction is safe. This paper defines capability
closure, forge graphs, assembly policies, risk-priced autonomy, and a phased route from ground
demonstrators to orbital hubs, lunar foundries, asteroid foundries, and directed-energy logistics.
The practical spine is fission/fusion baseload power, cryogenic and high-current superconduct-
ing infrastructure, quantum gravimetry for resource maps and construction metrology, and
directed-energy sails for high-energy supply chains.
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1 01 / Problem

The first space age was heroic logistics. Humans learned to place exquisitely engineered artifacts
into orbit and keep a few of them alive. The next age cannot be heroic logistics. A galactic
civilization requires industrial recursion: factories that build more factories, yards that assemble
kilometer-scale structures, robots that inspect and repair each other, resource chains that turn
regolith and metal-rich bodies into power, shielding, habitats, optics, propellant, and computational
substrate.

Earth launch is a miraculous bottleneck. It can seed civilization, but it cannot be civilization.
If every radiator, truss, mirror, pressure vessel, shield tile, power cable, antenna, cryogenic line,
magnetic loop, and habitat rib must climb out of Earth’s gravity well, then the architecture remains
colonial cargo rather than local life.

Recent work in autonomous orbital inspection, mobile maintenance robots, in-orbit factories, and
reinforcement-learning free-flyer tests points toward the right direction [12, 13, 14]. The missing
piece is an operating and assurance architecture that makes autonomous construction legible enough
to trust.

Claim 1 (Industrial recursion claim). A space civilization begins when off-world infrastructure
produces more mission capability than it consumes from Earth over a bounded planning horizon.

2 02 / Model

StructureForge models off-world industrialization as a typed transformation system. Let
F=(P,M,R,AE Q), (2.1)

where P is the part library, M the material catalog, R the robot population, A the assembly actions,
£ the environment model, and Q the assurance system.

Definition 1 (Forge graph). A forge graph is a directed typed hypergraph
Or = (Vstocka VpartSa Vioolss VproductSa Hpr006887 7'), (2-2)

where a hyperedge consumes stocks, parts, tools, energy, time, and assurance evidence to produce
new parts, repaired tools, waste streams, or mission products. The type map 7 records geometry,
material, interface, load path, environment rating, and certification state.

Definition 2 (Capability closure ratio). For a planning horizon T, define

value (capability produced and qualified off world over T')

pr(T) = (2.3)

value (capability launched from Earth over T') +n
The industrial phase transition begins when pp(7") > 1 for a nontrivial capability family: truss,
shielding, tanks, mirrors, radiators, antennas, propellant, habitats, or robotic repair.

The assembly planner solves a risk-priced policy problem:

H
7 = argmin E Z[OzAUk + BEL + Yti + 0Mconsumed,k
mell =0

+ ARk - quualiﬁed,k:]

st. Spy1 = F(sp, ap,wi), ar = m(o<k),
Pr[catastrophic interaction] < e,

(2.4)

(evidence (pk) > Qmin-
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3 03 / Architecture

3.1 Typed matter

The first principle is that matter must become programmable without becoming abstract. Every
structural element carries a digital passport:

e geometry and tolerance;

o material history;

o radiation and thermal exposure;
¢ load history;

o interface standard;

o inspection records;

o allowed transformations;

o retirement and recycling path.

3.2 Robotic guilds

StructureForge does not assume a single omnipotent robot. It defines guilds:

Guild Function

Surveyors Map geometry, thermal state, radiation, dust, inventory, and
hazards.

Handlers Move parts, dock modules, stabilize loads, manage tethers, and
perform logistics.

Joiners Weld, bolt, latch, bond, weave, sinter, print, clamp, and tension.

Inspectors Perform metrology, non-destructive testing, thermal inspection,
and digital passport updates.

Healers Repair cracks, replace nodes, re-route power, apply patches, and
isolate damage.

Miners Excavate, sort, crush, heat, chemically process, and feed stock to
yards.

Teachers Turn human-reviewed corrections into verified policies, simula-

tions, and training curricula.

3.3 Standard interfaces

Industrial recursion requires ruthless interface discipline. The standard interface family should
include mechanical capture, power, thermal, data, fluids, structural load paths, fiducials, and
repair access. A part that cannot be inspected or repaired by the local robot population is not
civilization-grade.
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3.4 Digital process twin

Every production run occurs in two places: matter and model. The digital twin tracks geometry,
control decisions, environment, tolerances, anomalies, and evidence. It must be adversarial: if
the real process diverges from the twin, the twin must lose confidence rather than silently absorb
contradiction.

ﬁtwin = Z ||yt - h(§t)||§:;1 + )\cCconstraint(gt) + )\aAunexplained (t) (31)
7 t

3.5 Local assurance

The site architecture for JMPOX1B requires claims and evidence to be auditable [1, 5]. StructureForge
adopts the same principle for manufactured parts. A truss segment is not accepted because a robot
says it is complete. It is accepted because its evidence package satisfies the relevant assurance
compiler.

4 04 / The non-negotiable practical spine

Spine Role in the research program

Fission/fusion baseload Provides mission-scale energy for dark sites, industrial heat, closed-
loop habitats, high-duty robotics, and high-field experiments.
Cryogenic and HTS Moves high current through modular infrastructure while keeping

power routing quench protection, thermal accounting, and magnetic cleanliness
visible.

Quantum  gravimetry Turns gravity gradients, inertial drift, and subtle environmental

and sensors fields into calibrated infrastructure data rather than anecdote.

Directed-energy logis- Uses beams, sails, optical links, and high-energy supply gradients

tics to reduce dependence on chemical cargo chains.

Evidence pipeline Converts every build, test, null, anomaly, and revision into signed

artifacts that can be audited and reproduced.

In StructureForge, the spine becomes industrial rather than merely supportive.

¢ Directed-energy sails are not just probes; they are supply-chain primitives. Beam arrays can
deliver gram-to-kilogram precision cargo, momentum packets, emergency spares, and courier
nodes. A mature beam array is both launcher and lighthouse.

« HTS magnetic infrastructure turns factories into electromagnetic organisms: mass drivers,
magnetic bearings, plasma torches, high-current induction heating, magnetic dust traps, radiation
shields, and superconducting energy storage.

¢ Cryogenic power buses allow large yards to route current safely through modular cold
corridors, with quench-aware isolation inherited from the CryoBus direction [3].

¢ Quantum gravimetry maps buried ice, lava tubes, voids, ore gradients, subsurface hazards,
and mass distribution of large structures [17].
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« Fission/fusion power supplies dark-site baseload, industrial heat, high-duty robotics, propellant
plants, and eventually high-field experiments. Lunar ISRU fission co-generation concepts already
point to direct coupling between reactor heat and industrial chemistry [20].

5 05 / Claims

Claim 2 (Typed interface supremacy). Autonomy scales only when mechanical, electrical, thermal,
fluidic, and data interfaces are typed tightly enough for robots to reason about them.

Claim 3 (Assurance bottleneck). For in-space industrialization, verification and evidence packaging
will be as limiting as robotic dexterity.

Claim 4 (Bootstrap threshold). A settlement becomes industrial when its local forge graph contains
at least one positive feedback cycle that increases qualified production capacity without requiring
proportionally larger imports from Earth.

Claim 5 (Repair before expansion). No off-world factory should be scaled before it can inspect,

maintain, and partially repair its own critical tools.

6 06 / Evidence program

6.1 Phase A: ground forge cell

Build a small autonomous forge cell in a terrestrial laboratory. The cell receives standardized beams,
nodes, fasteners, cables, and sensors; assembles a load-bearing lattice; inspects it; repairs a seeded
defect; and releases a signed part passport.

6.2 Phase B: hostile-environment analog

Move the forge cell into thermal-vacuum, dust, lighting, communication-delay, and degraded-sensor
conditions. The target is not flawless autonomy; it is graceful degradation with a complete failure
ledger.

6.3 Phase C: orbital warehouse demonstrator

A small orbital hub stores modular elements, hosts mobile inspectors, and performs simple assembly
and repair tasks. The exit criterion is a qualified structure assembled from at least three independently
launched modules with local inspection and signed assurance.

6.4 Phase D: lunar yard

A lunar yard adds regolith handling, abrasive dust, day-night thermal extremes, local power
constraints, and excavation. The first useful outputs should be boring: berms, pads, thermal shields,
cable trays, spare brackets, and radiation mass. Civilization is made of boring things that do not
fail.
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6.5 Phase E: asteroid and free-space industrialization

Asteroids shift the architecture from surface construction to free-space material flow. Here Struc-
tureForge becomes an orbital ecology of miners, smelters, foundries, assembly yards, propellant
depots, optics, mirrors, habitats, and beam arrays.

7 07 / Constructor algebra

Speculative extension. The future galactic factory is not an assembly line. It is a grammar that
compiles intention into matter. In its mature form, StructureForge becomes a constructor algebra: a
formal system whose terms are machines and whose reductions are safe physical transformations.

Let C be a category whose objects are certified material states and whose morphisms are qualified
transformations:

f:A— B, f € Home¢ (A, B). (7.1)

Composition g o f is allowed only when physical interfaces, energy budgets, uncertainty, and
assurance obligations compose:

cert(go f) = cert(g) ® cert(f) @ certinterface(A, B, C). (7.2)

A factory is then a theorem prover in matter: it proves that a desired object is reachable from
available stocks under allowed transformations.

Define the industrial spell as a tuple
X =(D,S8T,E,W,A), (7.3)

where D is desire or design intent, S stock, T tools, £ energy, W world constraints, and A
assurance. The mystical word spell is useful only if it remains operational: a spell is a reproducible
transformation with known preconditions, known costs, and a signed trail.

Hypothesis 1 (Self-reciting factory hypothesis). A mature autonomous yard can store its own
production grammar in the objects it produces, so that damaged or isolated fragments of the
industrial network can reconstruct local capability from physical inscriptions, fiducials, and part
passports.

This is not magic. It is a resilient encoding problem. The bridge to myth is that civilization has

always hidden memory in objects: temples, tools, books, seeds, machines. StructureForge makes
that memory executable.

8 08 / Technology roadmap

Horizon Milestone Exit criterion

0-12 months Forge graph simulator Typed process graph with risk-priced assembly
planning and simulated assurance packages.

12—-24 months Ground robotic cell Assembly, inspection, defect seeding, repair,
and passport emission for simple lattice struc-
tures.

Page 7 of 10



JMPOX1B Research Paper 037 / Application 014

24-48 months Thermal-vacuum/dust ~ Demonstrated degraded autonomy under hos-

cell tile analog conditions with failure ledger.

48-72 months Orbital warehouse demo  Multi-module assembly with local metrology
and signed qualification.

72-120 months Lunar yard pilot Regolith-handling and locally useful construc-
tion products with measured import displace-
ment.

120+ months Positive closure loop pr(T) > 1 for at least one critical infrastruc-

ture family.

9 09 / Failure modes

¢ Interface sprawl. Too many standards destroy robotic generality.

e Autonomy theater. A human-in-the-loop system is marketed as autonomous without delay-
tolerant safety.

e Evidence gap. Parts are built but not qualified, making them unusable for critical infrastructure.
¢ Dust and abrasion. Lunar and asteroid materials break seals, bearings, optics, and connectors.
e« Thermal truth. Structures assembled in benign conditions fail under actual thermal cycling.

e Bootstrap illusion. Local manufacturing consumes more imported tooling and consumables
than it displaces.

10 10 / Release

The first release should include this source, PDF, bibliography, a forge-graph schema, a simple
robotic assembly simulator, an example part passport, and an assurance checklist. StructureForge
should be developed beside Orbis Edge-style latency-tolerant autonomy and artifact synchronization

[4].
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