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SYSTEMS AND METHODS FOR MANUFACTURING IN
SPACE ENVIRONMENTS

INCORPORATION BY REFERENCE TO ANY PRIORITY APPLICATIONS
[0001] This application is based upon and claims the benefit of priority from
United States Provisional Patent Application No. 63/260,913 filed on September 3, 2021.
Moreover, any and all applications for which a foreign or domestic priority claim is
identified in the Application Data Sheet as filed with the present application are hereby
incorporated by reference under 37 CFR 1.57. The entire contents of each of the above-
listed items is hereby incorporated into this document by reference and made a part of this

specification for all purposes, for all that each contains.
BACKGROUND

Field

[0002] Materials and structural members for constructing large orbiting space
platforms can be fabricated on orbit. Feedstock materials can be processed from asteroid
and lunar regolith sources. Solar energy, hard vacuum, and low temperature of deep

space can be used in manufacturing processes.

SUMMARY

[0003] It is desirable to construct large structures in near-earth space by using
readily available energy and materials that can be found in space. Previously, all man-
made space structures have been assembled on Earth and boosted to earth orbit by means
of large rockets. It is costly to bring finished structures up from the gravity well of Earth.
Space-based manufacturing on an industrial scale can dramatically lower costs for large
Space structures.

[0004] Methods of space manufacturing differ substantially from earth-based
methods. Furthermore, finished products when manufactured in space are not required to
survive the harsh conditions during transport by earth-launched rockets. There are no
requirements that products be folded or compactly arranged to fit inside the confines of a
missile nose cone. Space manufactured products do not need to unfold or be assembled
after separation from a booster rocket. They do not need to survive the large launch
accelerations and vibrations required of ground launched products. Space manufactured

products may be optimized to function in an environment of low mechanical stresses.
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Therefore, space manufactured products may be much larger or may incorporate much
less mass than equivalent products launched from earth.

[0005] To capture the economic benefits of space-based manufacturing, it is
desirable to make use of resources abundantly available in space. These can include:
continuous uninterrupted solar energy, the intense cold of deep space, hard vacuum,
microgravity and abundant small asteroids which frequently pass near the Earth. The raw
material for most space manufacturing can come from the large variety of minerals,
metals and volatile fluids found in asteroids. Additional sources are materials found on or
near the surface of the Moon and other low gravity bodies.

[0006] The manufacturing process begins by separating and refining the purity
of these materials into feedstocks suitable for subsequent fabrication steps. Multiple
systems and methods may be employed that have little in common with earth-based
manufacturing,

[0007] One aspect is an orbiting factory in space, comprising: a containment
vessel configured to contain feedstock material obtained from an asteroid or lunar
regolith; and one or more optical components configured to collect solar energy from the
Sun, concentrate the collected solar energy, and direct the concentrated solar energy to
impinge upon a surface of the feedstock materials.

[0008] In some embodiments, the orbiting factory further comprises: a
structural frame, wherein the one or more optical components comprise one or more
collection mirrors rigidly affixed to the structural frame.

[0009] In some embodiments, the orbiting factory further comprises: one or
more counter-rotating structures configured to maneuver the orbiting factory so as to keep
the one or more collection mirrors pointed at the distant Sun.

[0010] In some embodiments, the orbiting factory further comprises: an
adjustable shutter configured to control an intensity of concentrated solar energy via
partially or completely blocking an optical path of the concentrated solar energy.

[0011] In some embodiments, the orbiting factory further comprises: a
plurality of rotating structures configured to be oriented with axes of rotation that are
aligned perpendicularly to an orbital plane of the orbiting factory.

[0012] In some embodiments, the one or more optical components are further
configured to direct the concentrated solar energy to pass across a physical vacuum gap

before entering the containment vessel.
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[0013] In some embodiments, the one or more optical components are further
configured to concentrate the solar energy to a power level sufficient to evaporate volatile
gases and to cause spalling and fracturing of the feedstock material.

[0014] In some embodiments, the orbiting factory further comprises: a
plurality of condensation chambers configured to receive the evaporated gasses, the
condensation chambers further configured to rotate around an axis of rotation.

[0015] In some embodiments, two or more of the condensation chambers are
interconnected and are controlled to maintain differing temperatures in order to separate
solid, gaseous, and liquid fractions, at least some of the fractions being collect in different
condensation vessels.

[0016] In some embodiments, each of the condensation chambers comprises a
plurality of internal metal plates spaced apart to increase surface area available within the
condensation chambers for condensation of liquid fractions.

[0017] In some embodiments, a fraction of the spalled feedstock materials
includes unconsolidated solid particles which are ground into a powder, the orbiting
factory further comprising: a shaped container configured to compact the powder and
sinter the compacted powder into shaped ceramics.

[0018] In some embodiments, the one or more optical components are further
configured to direct the concentrated solar energy to heat the powder to a defined range of
temperatures in a preplanned and time-controlled sequence, and wherein the one or more
optical components comprise an adjustable shutter in an optical path of the concentrated
solar energy configured to control the heating of the powders, the orbiting factory further
comprising: a vice configured to apply a uniaxial pressure to the powder in the shaped
container.

[0019] In some embodiments, the shaped ceramics comprise tile-shaped
ceramics configured to be employed as sacrificial heat shields for reentry vehicles.

[0020] In some embodiments, the shaped ceramics comprise block-shaped
ceramics configured to be employed in constructing protective radiation shields for
human habitats.

[0021] In some embodiments, a fraction of the spalled feedstock materials
includes unconsolidated solid particles, the orbiting factory further comprising: a
refractory container configured to receive the solid particles in a vacuum environment,
wherein the one or more optical components are further configured to direct the

concentrated solar energy to head the refractory container to a temperature sufficient to

-3-
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melt the solid particles; and a piston configured to apply a pressure to the melt to extrude
the melt through a shaped orifice in the refractory container.

[0022] In some embodiments, the orifice is shaped to produce extrusions of
useful engineering shapes including one or more of: round rods, flat sided rods of three or
more sides, I-beams, T-beams, U-channels, and rods with curved cross sections.

[0023] In some embodiments, the orbiting factory further comprises: one or
more chambers configured to anneal the extrusions for a period of time by holding the
extrusions at temperatures below the melting and softening temperature of the extrusions
in order to reduce brittleness.

[0024] In some embodiments, the orifice comprises one or more orifices, each
having a diameter of less than 1 millimeter configured to produce one or more small
diameter extrusions.

[0025] In some embodiments, the orbiting factory further comprises: a
rotating heated drum configured to collect the one or more extrusions, wherein the drum
is configured to be heated to a temperature sufficient to anneal the extrusions over a
period of time, thereby reducing the brittleness and increasing the flexibility of the
extrusions.

[0026] In some embodiments, the drum is further configured to rotate at a
speed controlled to stretch the extrusions into smaller diameter fibers before the fibers are
collected on the rotating drum.

[0027] In some embodiments, the fibers are configured to be removed from
the drum, twisted together in a textile spinning method, and further combined into larger
cords or cables or nets or fabrics.

[0028] In some embodiments, the orbiting factory further comprises: a
crucible configured to hold processed feedstock; a form enclosing the crucible and having
a shape of a structure to be fabricated.

[0029] In some embodiments, the one or more optical components are further
configured to direct the concentrated solar energy to the processed feedstock to vaporize
the processed feedstock.

[0030] In some embodiments, the crucible comprise pores dimensioned to
allow the vaporized feedstock to pass through the pores and deposit onto walls of the

form.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0031] Figure 1 is a schematic representation of concentrated solar energy
acting on a captured asteroid or lunar regolith.

[0032] Figure 2 illustrates details of a fractional distillation method operating
in micro gravity.

[0033] Figure 3 illustrates the fabrication of ceramic tiles and blocks by
sintering.

[0034] Figure 4 illustrates the fabrication of structural rods and channel
beams by melt extrusion.

[0035] Figure 5 illustrates the fabrication of mineral fibers used in fabrics and
tension cables.

[0036] Figure 6 illustrates smelting of metal-bearing asteroid ores in a
microgravity factory.

[0037] Figure 7 illustrates an orbiting factory in space—e.g., for forming
structures using vapor phase deposition (VPD).

[0038] Figure 8 illustrates a VPD system of the orbiting factory for forming
structures using vapor phase deposition (VPD).

[0039] Figure 9 illustrates an asteroid distillation process and feedstock

utilization from asteroids, the moon, and the Earth.

DETAILED DESCRIPTION

[0040] The present systems and methods are now described in detail with
reference to the drawings. Like reference numerals are generally used to refer to like
elements.

[0041] Aspects of this disclosure relate to systems and techniques for
extracting raw materials and fabricating the extracted materials into useful components.
In particular, aspects of this disclosure relate to systems designed for the space
environment which can use raw solar thermal power as an energy source. Further aspects
of this disclosure incorporate thin-film inflatable solar reflectors, thin-film, and/or foil
inflatable forms in the shape of the structures to be fabricated, imaging and non-imaging
optics, and/or high temperature crucibles.

[0042] Aspects of this disclosure relate to techniques for building a solar
thermal powered factory in space to turn asteroids and lunar materials into massive space

settlements, enabling millions of people to live and work in space. In particular, aspects
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of this disclosure solve certain challenges to large scale human settlements and

industrialization of space.

Preparing raw materials.

[0043] Figure 1 illustrates a space factory that can concentrate solar energy
onto a captured asteroid or lunar regolith for use in space manufacturing in accordance
with aspects of this disclosure. The space factory includes a mirror 2, a secondary mirror
3, an adjustable shutter 3a, a light conduit 4, an additional mirror 5, a structure 6 (also
referred to as a structural frame), a transparent pressure-tight window 8, raw material 10,
a containment vessel 11, one or more pipes 13, a plurality of condensation chambers 14,
15, and 16, and one or more electric motors 17 and 18. In some implementations, a space
factory may include a plurality of the structures illustrated in Figure 1 such that the
processing of multiple raw materials can be performed in parallel.

[0044] In some embodiments, the mirrors 2, 3, and 5, the adjustable shutter
3a, and the light conduit 4 can form a solar energy collection and concentration system.
Aspects of this disclosure are not limited to the particular embodiments of solar collection
and concentration systems illustrated in the figures. For example, other optical
components (e.g., lenses, reflective materials, prims, etc.) can be used to collect and
concentrate solar energy for use in processing and manufacturing materials.

[0045] Referring to Figure 1, one step in space manufacturing is to process
raw materials into useful feedstocks. Incoming solar energy 1 from the Sun is collected
and focused (e.g., by the large, curved mirror 2). The mirror 2 may not be drawn to scale.
The mirror 2 and similar collecting mirrors throughout the factory can be sized to collect
sufficient energy for their intended processes. For example, if the mirror 2 is circular and
35 meters in diameter, it will collect approximately 1 MW of continuous solar-thermal
power when the factory is orbiting at Earth’s distance from the sun. At the orbit of Mars,
the same mirror 2 would collect about 1/4 as much thermal power.

[0046] In certain implementations, the mirror 2 is pointed directly at the
distant Sun and does not rotate independently of the space factory structure 6. The mirror
2 can be attached (e.g., rigidly attached) to the structure 6 of the space factory. The entire
space factory can slowly rotate as it moves along its orbit 7 around the Earth or around
the Sun in order to keep the space factory’s multiple collector mirrors 2 pointed directly

toward the Sun.



WO 2023/034883 PCT/US2022/075792

[0047] Referring again to the example system of Figure 1, the incoming solar
energy 1 is collected by the mirror 2 and focused toward the secondary mirror 3. In some
embodiments, the mirror 2 and/or the secondary mirror 3 may include thin-film inflatable
solar concentrators, thin-films, or foil inflatable forms. Attached to the secondary mirror 3
is an adjustable shutter 3a. It can partially or completely block the secondary mirror 3 to
provide control of the total solar energy input to the space factory, and it can have shape
that complements or otherwise corresponds to the curvature of the secondary mirror 3.
The secondary mirror 3 further focuses the incoming energy and directs the solar energy
toward a destination and/or other optical elements. For example, it can direct energy into
an enclosed light conduit 4. At the end of the light conduit 4, a final mirror 5 can turn the
light beam at approximately 90 degrees from the direction to the Sun. However, this is
merely one embodiment. Thus, alternative solar energy collection and direction systems
are contemplated. For example, the mirror 5 can redirect the light beam at different
angles or the mirror 5 can be removed from the factory in embodiments where redirection
of the light beam is not required. Solar energy converging from the mirror 5 passes
through the transparent pressure-tight window 8 into the containment vessel 11. The
solar energy finally converges in a highly concentrated spot 9 on the surface of the raw
material 10 which may have come from an asteroid or from regolith on the surface of the
moon.

[0048] When solar energy is concentrated as described herein, the solar
energy can heat the surface of solid materials to temperatures which exceed the melting
point of most known materials, for example to temperatures higher than 2500 C. At or
below such temperatures, any volatile components within the raw material 10, such as
water or entrained gases such as methane or CO2 will be rapidly boiled out of the raw
material 10 and turned to vapor, thereby causing a rise of gas pressure in containment
vessel 11.

[0049] When intense heat is applied in a localized spot (e.g., the concentrated
spot 9) to the surface of a heterogeneous solid material such as rocky asteroids or regolith,
a strong thermal gradient is formed as the temperature varies greatly between a spot 9 and
other portions of the solid material. The diverse minerals contained within the matrix
forming that heterogenous material expand at different rates. The result is the raw
material 10 can crack and spall into numerous smaller pieces 12. For example,

sufficiently intense light can drill holes in concrete.
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[0050] As a result of this process, the unconsolidated spalled pieces 12 are
typically thoroughly degassed. The spalled pieces 12 can be collected and used in further
processing steps described below. Any remaining large pieces may be subsequently
crushed by mechanical or electrical processes into additional unconsolidated smaller
pieces. For purposes of this discussion, all such unconsolidated small pieces will be
collectively referred to as “unconsolidated feedstock™.

[0051] In some embodiments, a physical gap is provided between the mirror 5
and the window 8. The containment vessel 11 is thus free to rotate independently of the
mirrors 2, 3, and 5, the light conduit 4, and of the space factory structure 6. By slowly
rotating the containment vessel 11, centrifugal forces can be used to collect and
concentrate the spalled pieces 12 against the inner surface near the rotational equator of
containment vessel 11. Despite the gap, alignment between the mirror 5 and the window
8 can be maintained by other supporting structures (e.g., such as the space factory
structure 6). Freedom of rotation can also facilitate persistent (or opportunistic)
alignment of solar collection components (e.g., collector mirrors 2) with incoming solar
energy, even while a factory or related vessels are rotated. In some embodiments, a solar
energy beam can be turned on using alignment or tumed off using misalignment or
deployment of a shutter.

[0052] The pressurizing volatile gases can be allowed to pass out of the
containment vessel 11. Using a pressure gradient, the gases can be passed through pipes
13 and then through a series of condensation chambers 14, 15, and 16, or as many
chambers as may be needed. The condensation chambers 14-16 can be maintained at
successively lower temperatures to separately condense the various volatile products.
The condensation chambers 14-16 may rotate like (e.g., at the same rate as) the collection

chamber 11.

Controlling unwanted gyroscopic forces.

[0053] It is desirable to carefully control the angular momentum of all rotating
structures within a space factory. The rotation rates of internal structures in the example
of Figure 1 can be controlled by electric motors 17 and/or 18 (or similar additional
motors) that can be rigidly connected to the space factory structure 6.

[0054] The rotating structures may have masses exceeding hundreds of metric
tons. In the embodiment of Figure 1, the directional axis of rotation 20 is shown by a

vertical broken line and broken curved arrow. In some implementations, all rotating
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structures within the factory can be designed to have their rotation axes 20 perpendicular
to the plane of orbit 7. It is equivalent to state that the rotation axes 20 of structures
within the factory are designed to be parallel to the rotation axis of the orbit 7. Changes
in angular momentum of the factory structures along the rotation axis 20 can cause the
space factory to re-orient (e.g., slowly turn left or right away from pointing directly at the
Sun, which can be always in the plane of the orbit 7). The space factory can further
include one or more counter-rotating structures used to correct pointing drift by adjusting
the rotation rate of the one or more counter-rotating structures. When the total angular
momentum is properly adjusted the space factory can tum slowly and always point
directly at the Sun as the space factory follows its orbit 7 without requiring further
mechanical input energy. The individual rotating structures (which can weigh multiple
tons, when on earth) can nevertheless, when in space, rest gently in their motor bearings
with minimal forces and minimal wear to the bearings.

[0055] Conversely, it is undesirable to point the axis of rotation in other
directions, for example along or partially along the direction toward the Sun. In those
cases, gyroscopic forces due to the curvature of the orbit 7 can cause the individual
rotating structures to precess and twist against their motor bearings and connected piping.
For rotating structures with masses of hundreds of metric tons, the undesirable gyroscopic
precession forces may become dangerously large and could lead to catastrophic damage.
Precession forces can furthermore cause the entire space factory to tum away from the
Sun in up and down directions (above or below the plane of the orbit 7). Such
undesirable motions can be corrected by adding additional rotating structures along
additional axes of rotation. Other emergency orientation rockets or other maneuvering
and orienting devices can be added for safety and to provide additional options in case of
unforeseen events like meteor strikes, sabotage by hostile actors, or space junk

encounters.

Fractional Distillation.

[0056] Figure 2 shows an expanded view of the condensing chambers 14, 15,
and 16. Certain methods of using a series of condensing chambers at progressively
decreasing temperature can also be used in terrestrial applications and can be described as
“fractional distillation™.

[0057] According to aspects of this disclosure, each of the chambers 14-16

encloses an alternating interleaved stack of metal plates 21. The plates 21 can be cooled
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by being in thermal contact with walls of the temperature-controlled chamber 14-16. For
terrestrial industrial applications such as crude oil processing, the condensed fluid may be
caused to flow by gravity across and around multiple stacked plates contained in tall
vertical fractional distillation columns. For space applications (e.g., in micro gravity
environments), centrifugal forces and temperature gradients can be substituted for the
lack of gravity.

[0058] The plates 21 provide a large surface area on which vapors can
condense. Rotation of the chambers 14-16 causes the condensed liquids to flow toward
the walls of chambers 14-16 by centrifugal force. By this method, the central area of the
plates 21 near the rotation axis is continually cleared of standing condensed fluid. The
process of condensing additional vapor is beneficially enhanced on the plates 21 with thin

or no standing fluid films.

Fabricating Engineered Materials from Asteroid and Lunar Regolith Feedstocks.

[0059] For economy of words in the following discussion, the phrase “asteroid
and lunar regolith feedstock™ will be replaced by the phrase “asteroid feedstock™. Unless
otherwise clear from the context, the larger meaning is always intended when using the
phrase “asteroid feedstock.”

[0060] For the present discussion, the term “low-performance engineered
material” refers to a large class of terrestrially manufactured products which are derived
from commonly available resources and processed with commonly available tools and
heating and cooling methods. Some examples include: adobe bricks, terra cotta
ceramics, asphalt and gravel pavements, and soda-lime-silica glass. They may actually
perform at a high level in certain environments.

[0061] “High-performance engineered materials” generally require high-
purity feed stocks, many processing steps, and combinations of dissimilar materials.
Examples include: stainless steel alloys, graded-index glass fibers for communication
cables, photovoltaic and other semiconductor materials, and steel-reinforced concrete.

[0062] Both high-performance and low-performance engineered materials
may be fabricated in the space-based orbiting factories described herein. While it may be
possible to simply reproduce terrestrial methods in a space factory, there are certain
abundant resources available in space that are difficult to obtain on Earth. These

resources include: almost unlimited solar energy, hard vacuum, cryogenic temperatures of
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the surrounding deep space, etc. Space resources may be used to advantageously
fabricate products by methods that would be impractical on Earth.

[0063] Figure 3 illustrates a system for the fabrication of ceramic tiles and
blocks by sintering in accordance with aspects of this disclosure. The system includes a
mirror 2, a secondary mirror 3, an adjustable shutter 3a, a light conduit 4, a structure 6,
jaws 23, 24a, and 24b, an electrically powered vice 26 including a heated pusher plate 25,
a photoelectric solar panel 27, and an electrical controller 28.

[0064] Referring to Figure 3, low-performance ceramic tiles and blocks can
be fabricated by sintering. Spalled pieces 12 of asteroid feedstock from Figure 1 (also
termed unconsolidated feedstock) can be ground to a fine powder 22. The loose powder
22 can fill a shaped volume between the jaws 23, 24a, and 24b and heated by the pusher
plate 25 of the electrically powered vice 26. The pusher plate 25 can be heated by
concentrated solar energy in a method similar to that described in connection with Figure
1. The powder 22 and all other mechanical components may be exposed to the vacuum of
orbital space.

[0065] The vice 26 can apply a uniaxial compression to the powder 22 while
heated with concentrated solar energy. The concentrated solar energy entering through
enclosed light conduit 4 impinges on the heated pusher plate 25, heating the pusher plate
25 in a predetermined temperature cycle suitable for sintering the loose powder 22. The
maximum heating temperature depends on the properties of the powder 22 but is typically
near 800 C.

[0066] Heating can be controlled. Control methods include changing an
impingement angle, reconfiguring optical elements, etc. For example, adjustment of the
intensity of incoming solar energy 1 can be accomplished using the adjustable shutter 3a.
The electrically powered vice 26 can be energized by the photoelectric solar panel 27
acting through the electrical controller 28. For simplicity, various temperature sensors
and computer control methods are not shown. This vacuum sintering process would be
difficult to reproduce on Earth. It is a convenient process in a space-based factory.

[0067] There are many desirable applications for sintered ceramic tiles and
blocks in space constructions. For example, tiles may be used as sacrificial heat shields
for reentry vehicles. Shaped blocks may be used to construct protective radiation shields
for human habitats. It would be undesirably expensive to launch these relative massive
and low performance products from Earth. Fabrication from asteroid feedstocks in

orbiting factories can have good economic value.
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Fabrication of Low-Performance Engineered Structural Elements

[0068] Figure 4 illustrates a system for fabricating structural rods and channel
beams by melt extrusion in accordance with aspects of this disclosure. The system
includes a mirror 2, a secondary mirror 3, an adjustable shutter 3a, a light conduit 4, a
structure 6, a hollow cylinder 31, a piston 32, an electric motor 33, a shaped exit orifice
34, and one or more guides 36.

[0069] In particular, Figure 4 illustrates the fabrication of low-performance
structural rods and channel beams by melt extrusion. Unconsolidated asteroid feedstock
30 can be placed into the hollow cylinder 31 to fill the internal space of the cylinder 31.
Concentrated solar energy entering through the enclosed light conduit 4 impinges on the
cylinder 31 heating the cylinder 31 to a temperature sufficient to melt the feedstock 30
into a viscous liquid similar to molten volcanic lava. The temperature required to melt
the feedstock is much higher than the temperature required for sintering. The melting
temperature may be as high as 1800 C or higher. This temperature and substantially
higher are well within the capability of concentrated solar energy.

[0070] As the feedstock 30 melts, the feedstock 30 may consolidate into a
smaller volume. In a microgravity environment, liquids in an oversized container tend to
float around as small globules. The piston 32 can be continually advanced by the electric
motor 33 to maintain a moderate pressure on the feedstock 30 and keep the feedstock 30
consolidated during the melting process. In vacuum heating, there is no air in the
unconsolidated feedstock 30 and therefore no bubbles will be captured in the melt.

[0071] When melting is complete, the piston 32 is advanced with a higher
pressure to force the melt through the shaped exit orifice 34. The extruded shape 35
slowly cools and hardens into a glass-like material. The guides 36, which may be
optional thermally insulated, constrain the cooling shape from bending. The guides 36
can further assure that the cooling is not too rapid. Solidifying glass objects may
generally benefit from a period of annealing at an intermediate temperature before final
cooling to reduce brittleness.

[0072] Low performance structural rods and channel beams made by this
process may not have the strength of similar shapes fabricated from high performance
alloy metals. However, low performance shapes are often completely adequate for large
space-based construction projects due to the minimal forces acting upon orbiting
structures.  Low performance shapes have desirable economic value in space

construction.
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Fabrication of Low Performance Fibers

[0073] Figure 5 illustrates a system for fabricating fine fibers 38 by melt
extrusion in accordance with aspects of this disclosure. The system includes a mirror 2, a
secondary mirror 3, an adjustable shutter 3a, a light conduit 4, additional mirrors 5 and
Sa, a structure 6, a hollow cylinder 31, a piston 32, electric motors 33 and 33a, one or
more openings 37, and a rotating drum 39.

[0074] Figure 5 illustrates a melt-extruding mechanism similar to the system
of Figure 4, which has been rotated 90 degrees. The unconsolidated asteroid feedstock
30 can fill the internal space of the hollow cylinder 31. Concentrated solar energy
entering through the enclosed light conduit 4 and reflected by the mirror 5 impinges on
the cylinder 31 heating the cylinder to a temperature sufficient to melt the feedstock 30
into a viscous liquid.

[0075] In this embodiment, the exit orifice includes one or more small
diameter openings 37. For example, in certain implementations the diameters of the
openings may be one tenth millimeter. The motor 33 produces linear motion to advance
the piston 32. Melt is extruded through the orifice into one or more fine fibers 38. The
fibers 38 are immediately collected on the rotating drum 39. The drum 39 is rotated
relatively slowly by the motor 33a. The rotating motion of the motor 33a serves to pull
and stretch the fibers 38. The rotation speed is adjusted to maintain a uniform fiber
diameter. Similar to other rotating machinery in the space factory, the rotation axis 43
can be carefully directed to be perpendicular to the plane of orbit 7 shown in Figure 1.

[0076] The drum 39 can serve as temporary warm storage for the fibers 38.
The drum 39 can be warmed to a suitable annealing temperature by solar energy reflected
from the mirror 5a. Specific annealing temperatures can depend on the detailed
composition of the asteroid feedstock, but typically lie in a range of temperatures around
400 C. The annealing temperature is much lower than the temperature required to melt
the feedstock. Therefore, the mirror 5a may typically be much smaller than the mirror 5.

[0077] Extruded fibers made by the system of Figure 5 may not be as strong
and flexible as fibers fabricated from purified glass melts. Nevertheless, they may be
sufficiently strong to twist into threads and cables for structural purposes or to be woven

into nets and fabrics.
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Vacuum Smelting of Asteroid Ores

[0078] Figure 6 illustrates a system for separating metals in accordance with
aspects of this disclosure. The system includes a mirror 2, a secondary mirror 3, an
adjustable shutter 3a, a light conduit 4, an additional mirror 5, a structure 6, a smelting
vessel 40, a spinning platform 41, a motor 42, a plurality of drainage passages 45, a
plurality of hinged stopper plates 46a and 46b, and a non-rotating circumferential
collection container 48.

[0079] Figure 6 illustrates a vacuum smelting process that can separate
certain metals from asteroid feedstock. Some asteroid feedstocks are likely to contain
high metal content. When the feedstock has been heated to a melted state, certain metals
will separate from the surrounding minerals. On Earth when feedstock ores have been
heated to a melted state in terrestrial gravity, the metals often sink to the bottom of the
smelting container and may be drained off leaving behind a slag that may have little
further terrestrial value. Simple smelting furnaces with gravity separation have been used
since ancient times to extract lead, tin, copper, gold, and silver from rich ores.

[0080] In micro gravity manufacturing, rotating machinery and centrifugal
forces can be used to replace gravitational forces. Referring to Figure 6, concentrated
solar energy passing through the enclosed light conduit 4 reflects from the mirror 5 and
impinges upon the smelting vessel 40. The vessel 40 is affixed to the spinning platform
41 which is caused to rotate at various controlled speeds by the motor 42. As previously
described, the axis of rotation shown by broken arrow 43 can be aligned perpendicular to
the plane of the space factory orbit (and therefore parallel to the spins of other large
rotating machinery in the factory) in order to avoid gyroscopic precession forces.

[0081] The vessel 40 has a rotationally balanced cylindrical symmetry with an
oblate (bulging) equator. The smelting process begins when the vessel 40 is initially
loaded with unconsolidated granular feedstock and is not rotating. After sufficient
heating from solar energy, the feedstock melts. The motor 42 then drives the vessel 40
and the platform 41 to an initial low-speed rotation. In microgravity, the melt 44 will be
forced to the inner walls of the vessel 40 and will slowly spread around the vessel 40 in a
substantially continuous layer.

[0082] Once the melt 44 layer has settled into a substantially even thickness,
the rotating structure will be relatively well mass-balanced. The motor 42 can then
increase the rotation speed to a relatively high speed to generate centrifugal forces. The

resulting strong centrifugal forces acting on the melt 44 will cause a differentiation of the
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minerals and metals in the melt. Denser material, such as liquid metals, will settle
against the vessel wall near the oblate equator while less dense slag will migrate towards
the central axis of rotation.

[0083] When the differentiation process has reached its limit, the drainage
passages 45 can be unblocked by the hinged stopper plates 46a and 46b. For illustration
purposes, Figure 5 shows one passage 45 blocked and another unblocked. In actual
operation, both (or all) drainage passages will be blocked during initial melting and spin
up phases. When the drainage passages 45 are finally unblocked, molten metal under
considerable centrifugal force will exit from vessel 40 in a rotating spray pattern 47. A
non-rotating circumferential collection container 48 catches the spray of molten metal and
cools it to solid form a solid metal circular band.

[0084] In another embodiment (not shown), the collection container 48 can
rotate in synchrony with the vessel 40. In this embodiment, the spray pattern 47 of
molten metals will collect in localized spots resulting in the growth of ingots of solidified

metal.

Physical Vapor Deposition (PVD)

[0085] Aspects of this disclosure further relate to systems and techniques for
using extracted materials in processes such as physical vapor deposition (PVD). In certain
implementations, fractional distillation of solid mixtures into constituents are used in
extending PVD processes for use in the environment of space. Aspects of this disclosure
uses raw solar thermal power as an energy source as part of the design of PVD for the
space environment. Certain implementations include thin-film inflatable solar reflectors
and/or thin-film or foil inflatable forms in the shape of the structures to be fabricated,
imaging and non-imaging optics, and high temperature crucibles.

[0086] As discussed herein, advantageous aspects of this disclosure relate to
techniques for building a solar thermal powered factory in space to turn asteroids and
lunar materials into massive space settlements, enabling millions of people to live and
work in space. In particular, aspects of this disclosure solve certain challenges to large
scale human settlements and industrialization of space.

[0087] Planetary surfaces neighboring the Earth are uninhabitable due to
extreme temperature and toxic atmospheric conditions, reduced gravity, high radiation at
the surface, and large gravity wells that make transportation too costly. For these and

other reasons, one promising approach is to construct settlements in orbit that are
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purposefully engineered to be healthy, comfortable and productive environments for
humans. Research showed that such settlements are scientifically feasible and can provide
safe terrestrial-like environments for thousands and then millions of people to live and
work in space.

[0088] One technical challenge, however, is making affordable orbital
structures that mass in the millions of tons. Limited material availability and launch
vehicle fairing capacity inhibit the scale and cost feasibility for sending the equipment
and supplies from Earth needed to construct such habitats. One solution to this problem is
1o use in-space materials and manufacturing processes. For example, asteroids hold vastly
more accessible raw minerals than the harvestable components of the Earth’s crust. These
small bodies contain enough material to build inhabitable megastructures with walls up to
7 meters thick and a total land area approximately 1,000 times that of the Earth.

[0089] Aspects of this disclosure address certain challenges on the path to
human orbital settlements with an approach to process thousands of tons per year of
asteroid material into engineered structures. In particular, aspects of this disclosure enable
consumption of feedstocks from lunar or terrestrial origin to fabricate such structures.

[0090] Figure 7 illustrates an orbiting factory in space including a storage
container 51 for volatile materials condensed and processed in shielded low temperature
stages, a plurality of condensers 52 for temperatures staged condensing of separate
feedstocks, thin film inflatable solar concentrators 53 with secondary optical reflectors, a
containment vessel 54 for heating feedstock to form structures using vapor phase
deposition (VPD), and insulated conduits 55 for passively migrating vaporized asteroid
feedstock.

[0091] Figure 8 illustrates a VPD orbiting factory including a thin-film
inflatable solar concentrator 61, a light-tube 62 (a hollow tube with a reflective inner
surface and transparent ceramic end window), a window 63 configured to keep vaporized
feedstock trapped, a crucible 64 configured to hold an ingot of feedstock 65, and a thin-
film or foil inflatable form 66 in the shape of the structure to be fabricated. In particular,
Figure 8 relates to a system that can implement a VPD process to fabricate large scale
components.

[0092] The solar concentrator is configured to concentrate solar power to a
high concentration ratio in order to vaporize the feedstock 65 within the crucible 64.
Feedstock vapor passes through pores in the crucible 64 dimensioned to allow the vapor

to pass through and deposits onto the walls of the inflatable form 66. Using VPD
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techniques powered by solar thermal energy, the system fully exploits the advantages of
solar power, vacuum conditions, and micro-gravity environment to eliminate the
challenges and costs associated with terrestrial fabrication and launch of hardware. This
process can be used in the construction of structure elements, pressure vessels, storage
containers, and habitats on orbital production facilities.

[0093] In some situations, before using raw materials in the VPD orbiting
factory, the raw extraterrestrial materials can be advantageously separated into different
useful materials. To achieve this separation, certain embodiments employ a multistage
fractional distillation process as depicted in Figure 9.

[0094] PVD can be used for a variety of applications on the Earth for
applications such as coatings for wheels, pistons, medical equipment, and tools using a
variety of heat sources, including electric arcs, electron beams, lasers and resistive heaters
to vaporize the feedstocks. In space it makes more sense to use light-weight inflatable
solar reflectors as the power source and to extend the process to thick-film deposition of
structural elements. Selection of feedstock material depends on the purpose of the
structure being made. Candidate materials for use in space include water, paraffins,
polymers, and metals, with particular emphasis on magnesium. Magnesium is
advantageous for this application because it is relatively common in asteroids, has high
strength-to-mass ratio, and vaporizes at a modest 1363 K. Ignition issues with magnesium
on the ground are not relevant or are easily managed in the space environment.

[0095] Physics laws dictate that the theoretical maximum temperature
achievable by an ideal solar concentrator is the surface temperature of the Sun (5778 K).
Ray trace analyses and ground tests with meter-class inflatable optics show that fabricated
thin film reflectors produce peak temperatures of over 2800 K, enough to vaporize
aluminum, magnesium, and other known asteroid constituents. Demonstrations using
reflectors of lower quality show that concentration ratios of a few thousand to one are still
high enough to directly ablate rock.

[0096] Figure 9 illustrates an asteroid distillation process and feedstock
utilization from asteroids, the moon, and the Earth in accordance with aspects of this
disclosure. In particular, the quad chart graphic of Figure 9 shows how the orbiting
factory can fractionally distill asteroids into their constituent materials to isolate
feedstocks of different types.

[0097] At block 71, the orbiting factory receives an asteroid via a space

vehicle. At block 72, a high temperature solar oven vaporizes asteroids using
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concentrated solar energy. At block 73, condensers (e.g., see condensers 52 of Figure 7)
use variable sized reflectors and/or adjustable apertures to separate asteroid materials via
temperature stages. At block 74, the orbiting factory receives feedstocks from terrestrial
and/or lunar origin. At block 75, feedstocks are loaded into a VPD crucible (e.g., the
crucible 64 or Figure 8). At block 76, sun-shielded low temperature stages condense and
process volatiles. At block 77, thin film reflectors concentrate sunlight to extreme
temperatures at the feedstock ingot (e.g., the ingot of feedstock 65 of Figure 8). At block
78, the VPD process vaporizes the feedstock to form a structure.

[0098] In summary, a series of solar thermal ovens can each be passively
controlled to a different temperature are connected by insulated hollow conduits to form
temperature-staged condensers. Conduit and condensation surface temperatures can be
controlled using passive thermal control methods to ensure that selected materials each
deposit in a single oven. By circumventing the size limitations of build-plate AM, the
orbiting factory enables fabrication of parts and large system elements that could not fit in
a launch fairing faster than any conventional AM process. The orbiting factory can also
enable on-orbit recycling and can evolve to support ISRU of orbital debris in Earth orbit
and asteroid materials in cis-lunar space.

[0099] Advantageously, aspects of this disclosure relate to orbiting factories
which can be used as a construction site in cislunar space capable of fabricating orbital
stations and satellite worlds with virtually limitless dimensional constraints. In certain
implementations, reflectors on the scale of hundreds of meters may be used, as this class
of reflector may be capable of vaporizing metric tons of iron in the timeframe of days.
The orbiting factories described herein can also be used for asteroid distillation, VPD

technology, or both systems in a single factory.

Conclusion
[0100] Unless the context clearly requires otherwise, throughout the

2% ¢

description and the claims, the words “comprise,” “comprising,” and the like are to be
construed in an inclusive sense, as opposed to an exclusive or exhaustive sense; that is to
say, in the sense of “including, but not limited to.” The word “coupled”, as generally
used herein, refers to two or more elements that may be either directly connected, or
connected by way of one or more intermediate elements. Likewise, the word
“connected”, as generally used herein, refers to two or more elements that may be either

directly connected, or connected by way of one or more intermediate elements.
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Additionally, the words “herein,” “above,” “below,” and words of similar import, when
used in this application, shall refer to this application as a whole and not to any particular
portions of this application. Where the context permits, words in the above Detailed
Description using the singular or plural number may also include the plural or singular
number respectively. The word “or” in reference to a list of two or more items, that word
covers all of the following interpretations of the word: any of the items in the list, all of
the items in the list, and any combination of the items in the list.

[0101] Moreover, conditional language used herein, such as, among others,

5 < > ¢

“can,” “could,” “might,” “can,” “e.g.,” “for example,” “such as” and the like, unless
specifically stated otherwise, or otherwise understood within the context as used, is
generally intended to convey that certain embodiments include, while other embodiments
do not include, certain features, elements and/or states. Thus, such conditional language
is not generally intended to imply that features, elements and/or states are in any way
required for one or more embodiments or that one or more embodiments necessarily
include logic for deciding, with or without author input or prompting, whether these
features, elements and/or states are included or are to be performed in any particular
embodiment.

[0102] The above detailed description is not intended to be exhaustive or to
limit the invention to the precise form disclosed above. While specific embodiments of,
and examples are described above for illustrative purposes, various equivalent
modifications are possible within the scope of the disclosed invention(s), as those skilled
in the relevant art will recognize. For example, while processes or blocks are presented in
a given order, alternative embodiments may perform routines having steps, or employ
systems having blocks, in a different order, and some processes or blocks may be deleted,
moved, added, subdivided, combined, and/or modified. Each of these processes or blocks
may be implemented in a variety of different ways. Also, while processes or blocks are at
times shown as being performed in series, these processes or blocks may instead be
performed in parallel, or may be performed at different times.

[0103] The teachings provided herein can be applied to other systems, not
necessarily the system described above. The elements and acts of the various
embodiments described above can be extracted, subdivided, and/or combined to provide
further embodiments.

[0104] While certain embodiments have been described, these embodiments

have been presented by way of example only, and are not intended to limit the scope of
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the disclosure. Indeed, the novel methods and systems described herein may be
embodied in a variety of other forms; furthermore, various omissions, substitutions and
changes in the form of the methods and systems described herein may be made without
departing from the spirit of the disclosure. The accompanying claims and their
equivalents are intended to cover such forms or modifications as would fall within the
scope and spirit of the disclosure.

[0105] Reference throughout this specification to “some embodiments™ or “an
embodiment” means that a particular feature, structure or characteristic described in
connection with the embodiment is included in at least some embodiments. Thus,
appearances of the phrases “in some embodiments™ or “in an embodiment™ in various
places throughout this specification are not necessarily all referring to the same
embodiment and may refer to one or more of the same or different embodiments.
Furthermore, the particular features, structures or characteristics can be combined in any
suitable manner, as would be apparent to one of ordinary skill in the art from this
disclosure, in one or more embodiments.

[0106] As used in this application, the terms ‘“comprising,” “including,”
“having,” and the like are synonymous and are used inclusively, in an open-ended
fashion, and do not exclude additional elements, features, acts, operations, and so forth.
Also, the term “or” is used in its inclusive sense (and not in its exclusive sense) so that
when used, for example, to connect a list of elements, the term “or” means one, some, or
all of the elements in the list.

[0107] Similarly, it should be appreciated that in the above description of
embodiments, various features are sometimes grouped together in a single embodiment,
figure, or description thereof for the purpose of streamlining the disclosure and aiding in
the understanding of one or more of the various inventive aspects. This method of
disclosure, however, is not to be interpreted as reflecting an intention that any claim
require more features than are expressly recited in that claim. Rather, inventive aspects
lie in a combination of fewer than all features of any single foregoing disclosed
embodiment.

[0108] Embodiments of the disclosed systems and methods can be used and/or
implemented with local and/or remote devices, components, and/or modules. The term
“remote” may include devices, components, and/or modules not stored locally. Thus, a
remote device may include a device which is physically located in the same general area

and connected via a device such as a switch or a local area network. In other situations, a
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remote device may also be located in a separate geographic area, such as, for example, in
a different location, building, valley, and so forth.

[0109] A number of applications, publications, and external documents may
be incorporated by reference herein. Any conflict or contradiction between a statement in
the body text of this specification and a statement in any of the incorporated documents is
to be resolved in favor of the statement in the body text.

[0110] Although described in the illustrative context of certain preferred
embodiments and examples, it will be understood by those skilled in the art that the
disclosure extends beyond the specifically described embodiments to other alternative
embodiments and/or uses and obvious modifications and equivalents. Thus, it is intended
that the scope of the claims which follow should not be limited by the particular

embodiments described above.
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WHAT IS CLAIMED IS:

1. An orbiting factory in space, comprising:

a containment vessel configured to contain feedstock material obtained
from an asteroid or lunar regolith; and

one or more optical components configured to collect solar energy from
the Sun, concentrate the collected solar energy, and direct the concentrated solar

energy to impinge upon a surface of the feedstock materials.

2. The orbiting factory of Claim 1, further comprising:
a structural frame,
wherein the one or more optical components comprise one or more

collection mirrors rigidly affixed to the structural frame.

3. The orbiting factory of Claim 2, further comprising:
one or more counter-rotating structures configured to maneuver the
orbiting factory to keep the one or more collection mirrors pointed at the distant

Sun.

4. The orbiting factory of Claim 2, further comprising:
an adjustable shutter configured to control an intensity of concentrated
solar energy via partially or completely blocking an optical path of the

concentrated solar energy.

5. The orbiting factory of Claim 1, further comprising:
a plurality of rotating structures configured to be oriented with axes of

rotation that are aligned perpendicularly to an orbital plane of the orbiting factory.

6. The orbiting factory of Claim 1, wherein the one or more optical
components are further configured to direct the concentrated solar energy to pass across a

physical vacuum gap before entering the containment vessel.

7. The orbiting factory of Claim 1, wherein the one or more optical
components are further configured to concentrate the solar energy to a power level
sufficient to evaporate volatile gases and to cause spalling and fracturing of the feedstock

material.

20-



WO 2023/034883 PCT/US2022/075792

8. The orbiting factory of Claim 7, further comprising:
a plurality of condensation chambers configured to receive the evaporated
gasses, the condensation chambers further configured to rotate around an axis of

rotation.

9. The orbiting factory of Claim 8, wherein two or more of the condensation
chambers are interconnected and are controlled to maintain differing temperatures in
order to separate solid, gaseous, and liquid fractions, at least some of the fractions being

collect in different condensation vessels.

10.  The orbiting factory of claim 8, wherein each of the condensation
chambers comprises a plurality of internal metal plates spaced apart to increase surface

area available within the condensation chambers for condensation of liquid fractions.

11.  The orbiting factory of Claim 7, wherein a fraction of the spalled feedstock
materials includes unconsolidated solid particles which are ground into a powder, the
orbiting factory further comprising:

a shaped container configured to compact the powder and sinter the

compacted powder into shaped ceramics.

12.  The orbiting factory of Claim 11, wherein the one or more optical
components are further configured to direct the concentrated solar energy to heat the
powder to a defined range of temperatures in a preplanned and time-controlled sequence,
and wherein the one or more optical components comprise an adjustable shutter in an
optical path of the concentrated solar energy configured to control the heating of the
powders, the orbiting factory further comprising:

a vice configured to apply a uniaxial pressure to the powder in the shaped

container.

13.  The orbiting factory of Claim 11, wherein the shaped ceramics comprise
tile-shaped ceramics configured to be employed as sacrificial heat shields for reentry

vehicles.

14.  The orbiting factory of Claim 11, wherein the shaped ceramics comprise
block-shaped ceramics configured to be employed in constructing protective radiation

shields for human habitats.

-23-



WO 2023/034883 PCT/US2022/075792

15.  The orbiting factory of Claim 7, wherein a fraction of the spalled feedstock
materials includes unconsolidated solid particles, the orbiting factory further comprising:
a refractory container configured to receive the solid particles in a vacuum
environment, wherein the one or more optical components are further configured
to direct the concentrated solar energy to head the refractory container to a
temperature sufficient to melt the solid particles; and
a piston configured to apply a pressure to the melt to extrude the melt

through a shaped orifice in the refractory container.

16.  The orbiting factory of Claim 15, wherein the orifice is shaped to produce
extrusions of useful engineering shapes including one or more of: round rods, flat sided
rods of three or more sides, I-beams, T-beams, U-channels, and rods with curved cross

sections.

17. The orbiting factory of Claim 15, further comprising:
one or more chambers configured to anneal the extrusions for a period of
time by holding the extrusions at temperatures below the melting and softening

temperature of the extrusions in order to reduce brittleness.

18.  The orbiting factory of Claim 15, wherein the orifice comprises one or
more orifices, each having a diameter of less than 1 millimeter configured to produce one

or more small diameter extrusions.

19. The orbiting factory of Claim 18, further comprising:

a rotating heated drum configured to collect the one or more extrusions,
wherein the drum is configured to be heated to a temperature sufficient to anneal
the extrusions over a period of time, thereby reducing the brittleness and

increasing the flexibility of the extrusions.

20.  The orbiting factory of Claim 19, wherein the drum is further configured
to rotate at a speed controlled to stretch the extrusions into smaller diameter fibers before

the fibers are collected on the rotating drum.

21.  The orbiting factory of Claim 20, wherein the fibers are configured to be
removed from the drum, twisted together in a textile spinning method, and further

combined into larger cords or cables or nets or fabrics.
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22. The orbiting factory of Claim 1, further comprising:
a crucible configured to hold processed feedstock;
a form enclosing the crucible and having a shape of a structure to be

fabricated.

23.  The orbiting factory of Claim 22, wherein the one or more optical
components are further configured to direct the concentrated solar energy to the processed

feedstock to vaporize the processed feedstock.

24, The orbiting factory of Claim 22, wherein the crucible comprise pores
dimensioned to allow the vaporized feedstock to pass through the pores and deposit onto

walls of the form.
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