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European Space Agency astronaut
Alexander Gerst works on the MICS
experiment aboard the International
Space Station. Credit NASA

Off-world manufacturing
Off-world manufacturing is something of a
conundrum – vital for the present day ultra-
ambitious deep space exploration projects
and planned otherworld settlements – the
field remains in its infancy. Research is much
needed should these grand dreams ever be
realised, but there’s a long way to go.

Ever since man first entered the space domain, the
topic of space-based manufacturing has been a very
real and ongoing discussion. Back in 1969, Russian
astronauts on the Soyuz 6 mission performed the first
welding experiments in space, while the 1973 Skylab
mission served as a manufacturing laboratory for 24
weeks; experiments included molten metal processing,
crystal growth, electron beam welding, etc. In more
recent years, NASA has been performing masses of
research on board the International Space Station (ISS)
across several distinct laboratories and disciplines.

The benefits of space-based manufacturing are well-
established; potentially hazardous industrial processes
can be performed in space with minimal risk to
humankind or our environment; the unique space
environment enables some processes which are not
easily produced on Earth; the cost savings and increased
practicalities that come with utilising resources – such
as mined materials or extracted gases – in situ. All are
extremely attractive to researchers looking to expand
humankind’s manufacturing capabilities into space,
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however, the unique space environment poses
something of challenge for would-be manufacturers.
The microgravity environment, the hard vacuum, the
temperature extremes, the severe limits of materials,
technology and equipment, not to mention the differing
characteristics of materials in space, must all be
considered.

Cementing an off-world future
One notable recent step forward in off-world
manufacturing saw the creation of cement on board the
International Space Station (ISS) in April 2019. Producing
the common building material in microgravity for the first
time, astronauts showed that the cement was able to
harden and develop in space. Of course, anyone who
knows anything about cement will understand that it
can be made with local materials, opening up the door
for the inclusion of Moon, Mars or other regolith.

“On missions to the Moon and Mars, humans and
equipment will need to be protected from extreme
temperatures and radiation, and the only way to do that
is by building infrastructures on these extra-terrestrial
environments,” said Study Principal Investigator
Aleksandra Radlinska, an Assistant Professor of Civil
Engineering at Penn State. “One idea is building with a
concrete-like material in space. Concrete is very sturdy
and provides better protection than many materials.”

The Microgravity Investigation of Cement
Solidification project saw water mixed with tricalcium
silicate, the main mineral ingredient in some of the most
commonly used commercial cements here on Earth.
When researchers compared the cement samples
made on Earth with the cement samples made in space,
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they found that the cement created on the ISS had very
different microstructures, including increased porosity,
than the cement made on Earth. However, the
researchers think the way the experiments were
conducted may have influenced the results of the study;
cement on Earth is not processed in sealed, plastic
pouches like it is aboard the controlled environment on
board the ISS. Notably, although the space-made
cement came out looking a little different from the Earth-
made cement, it still developed and hardened. 

3D printing
One of the most ground-breaking new technologies in
recent years that must be highlighted when considering
space-based manufacturing is 3D printing/additive
manufacturing. The technology has gone from science
fiction to science fact in the blink of an eye. The process
is a sophisticated system in which material is joined or
solidified under control of a computer to create a 3D
object. The possibilities are almost endless, with the end
product controlled via a 3D model or Additive
Manufacturing File (AMF).

There are a number of interesting recycling projects
around right now, including a 3D printer utilising waste
plastic pellets to make new 3D printed objects by re:3D,
which are proving exciting for eco-scientists the world
over. Meanwhile, consumers are really getting in on the
action with affordable printers utilising their own custom
designs – anecdotally, I have one friend producing 3D
printed light fittings as a hobby.

3D printing is also being utilised by a number of
companies in the space sector; Blue Origin’s BE-4 engine
features a number of 3D printed parts, including the Ox
Boost Pump (OBP) and the turbine nozzle and rotors;
CRP Group has 3D printed a complete CubeSat, which
doubles up as a dispensing system for two smaller
TubeSats, made from its proprietary Windform material,
a carbon fibre reinforced composite; Relativity Space is
currently working on an entirely 3D printed launch
vehicle, having recently raised US$140 million in funding
which will fully finance its Stargate factory, a semi-
autonomous full-scale production facility to house
massive 3D printers and produce its first rocket, Terran
1.

Moving beyond Earth, there are endless possibilities

when it comes to 3D printing in space. There are
significant cost savings to be made by not having to
launch tools and equipment into orbit, not to mention
the time saved by simply printing whatever is needed,
in space. Providing astronauts with the ability to print
the things they need, when they need them, makes
long-duration space travel, such as missions to the
Moon, Mars and beyond, much more viable, not to
mention much safer. Research has shown time and time
again that self-sufficiency is vital as we move forwards
into a space-faring era.

Despite all these advancements and the endless
possibilities, 3D printing has a long way to go until we’re
seeing true space-based factories. There are very few
off-world 3D printing initiatives under way, although we
do expect to see more in the years to come.

Made in Space advances NASA Archinaut programme
Until recently, Made in Space (MIS) was the only
commercial company currently working with additive
manufacturing in space. The company leverages the
unique properties of the space environment such as
microgravity and vacuum conditions to develop
solutions to commercial, industrial, research and
defence challenges. According to MIS, by manufacturing
and assembling structures in orbit, incredible design
possibilities for extending the life of current on-orbit
assets or entirely new structures can be unlocked. The
MIS Additive Manufacturing Facility (AMF) was launched
to the ISS in 2014, having been specifically developed
to operate in a microgravity environment. Since it is
installation, the AMF has been utilised by NASA, the US
National Laboratory and commercial partners to carry
out repairs, upgrades and installations, as well as
complete novel experiments.

MIS has also been collaborating with NASA for its
Archinaut Technology Development Project, an in-
space additive manufacturing and robotic assembly
platform, for several years, during which time the core
technology, Archinaut’s Extended Structure Additive
Manufacturing Machine (ESAMM), and the Ground-
Based Manufacturing and Assembly System Hardware
(GBMASH), have been developed and ground tested.

In March 2019, MIS successfully demonstrated its
additive manufacturing and robotic assembly
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capabilities in a space-like environment. The Archinaut
system underwent thermal vacuum (TVAC) testing at
Northrop Grumman’s Space Park facility; the TVAC
testing simulated the thermal and pressure environment
of a satellite in LEO to validate the technology readiness
for the space environment. During TVAC testing, MIS
successfully demonstrated manufacturing and robotic
assembly of a variety of structures. While inside the
vacuum, operations were monitored and inspected by
an internally developed camera system to validate
proper printing and assembly operations. MIS
demonstrated autonomous reversible connection and
joining techniques of 3D printed parts and other
prefabricated components such as nodes and trusses
via a robotic arm system and end effector designed for
in-space assembly operations. Furthermore, the robotics
system is also capable of carrying out repair operations
and can be integrated into small satellites for payload
retrievals and installations. With the completion of this
ground-based testing, core Archinaut technologies are
now prepared to operate in space.

Most recently, in July 2019, NASA awarded MIS a
contract to demonstrate the company’s autonomous
robotic manufacturing and assembly platform,
Archinaut, on a flight mission. The objective of the
mission, dubbed Archinaut One, is to construct two ten
metre solar arrays, on orbit, to power an ESPA-class
satellite. Once on orbit, Archinaut One will employ its
extended structure additive manufacturing capabilities
and advanced robotics to manufacture and assemble
the satellite’s power system. The Archinaut-created
solar arrays will yield nearly 5x the power currently

available to ESPA-class satellites.
In other news, MIS is also working with NASA to

develop a next-generation metal space manufacturing
system dubbed VULCAN. The system will fabricate
precision parts made from more than 30 aerospace-
grade metals and high-grade polymers, and hybrid
components that combine multiple materials. VULCAN
will be able to manufacture parts that require the
strength and durability of aerospace-grade materials,
such as housings for life support systems, that can’t be
made with current systems. The technology is being
developed for a demonstration on the ISS to
demonstrate its usefulness in future human spaceflight
operations, such as on board the Lunar Orbiting Platform
Gateway.

VULCAN will be the first of its kind to bring machined
parts to space, enabling more critical parts to be
manufactured off-world. The system’s hybrid technique
utilizes both additive manufacturing to create the
desired near net-shaped part, and traditional
manufacturing methods to machine down and create
the finished product. The unique system manufactures,
refines, and performs quality checks in a streamlined,
automated process, eliminating the need for a human
in the loop during manufacturing. VULCAN is expected
to be ready for launch in the mid-2020s.

Whatever happened to the Refabricator?
Mankind’s second space-based 3D printing
achievement is the Refabricator experiment. Developed
by TUI subsidiary Firmamentum under a NASA Phase III
Small Business Innovation Research (SBIR) contract, the

Mark Post, a professor at Maastricht
University, holds the world's first lab-
grown beef burger. Photo courtesy of
Mosa Meat
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experiment combines a 3D printer with a recycling
system to produce a closed-cycle space-based
manufacturing process. Around the size of an under-
counter fridge, the Refabricator accepts plastic materials
of various shapes and size, transforming them into
feedstock for 3D printing.

“When we begin launching humans to destinations
beyond low Earth orbit, space will be at a premium,” said
Niki Werkheiser, Manager of In-Space Manufacturing at
NASA’s Marshall Space Flight Center in Huntsville,
Alabama. “It simply won’t be feasible to send along
replacement parts or tools for everything on the
spacecraft, and resupplying from Earth is cost and time
prohibitive. The Refabricator will be key in demonstrating
a sustainable logistics model to fabricate, recycle, and
reuse parts and waste materials.”  

“The Refabricator demonstration is a key advance
toward our vision of implementing a truly sustainable,
in-space manufacturing ecosystem,” said Rob Hoyt, TUI
CEO. “Astronauts could use this technology to
manufacture and recycle food-safe utensils and turn
what is now inconvenient waste into feedstock to help
build the next generation of space systems. We believe
re-using the waste could reduce the cost and risks for
NASA and private space exploration missions.”

According to the project, almost all the Refabricator
operations are remotely commanded and controlled
from Marshall’s Payload Operations Integration Center
and TUI. The Refabricator will be the first integrated
recycler-manufacturer in orbit and may eventually be
able to recycle and print, using metal as well as plastic,
with very little monitoring from the station crew
members.

The Refabricator was launched to the ISS in
November 2018 on board Northrop Grumman’s Cygnus
spacecraft’s 10th commercial resupply services mission
and was duly installed on board the space station in
February 2019.

The Archinaut One satellite, illustrated
above, will use robotic manufacturing
and assembly to manufacture two ten
meter solar arrays on orbit.

Little news has been released on this project, until
January 2020, when NASA reported that ground teams
had successfully initiated and completed the first of five
tensile sample prints using material that was once
recycled on the ground. This hardware represents a key
component of NASA’s In-Space Manufacturing (ISM)
technology development roadmap.

One giant bite for mankind
Space-based manufacturing promises to be a lucrative
yet still futuristic endeavour requiring vast amounts of
research before the process can truly be of use in off-
world missions. While most projects are exploring the
nitty gritty of building materials, tools, and other
necessities for the future of space travel, one recent
story tells of an altogether more human project.

Indeed, towards the end of 2019, a bioprinter on board
the ISS successfully 3D printed meat for the very first
time. The beef, rabbit and fish cells were created under
a Russian-Israeli partnership, partly funded by
Roscosmos, as the first example of artificial meat created
in microgravity.

“It’s one small nibble for man, one giant bite for
mankind,” said Yusef Khesuani of 3D Bioprinting
Solutions, the Russian laboratory that created the
bioprinter.

While today’s astronauts do enjoy meat on board the
ISS, that meat is vacuum-packed or dried on Earth for
transport, and for longer journeys, such as the planned
missions to Mars and other deep space exploration
missions, transporting meat supplies from Earth doesn’t
work practically or economically. And while other
experiments on board the ISS are currently exploring
in-orbit crop growth for fruits and vegetables, farming
live animals on board the ISS is beyond present
possibilities. As such, this experiment may mark the first
step towards sustainable lab-grown meat for the
astronauts of the future.
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