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Abstract Additive Manufacturing (AM) or 3D print-

ing is a manufacturing technique where successive lay-

ers of material are layered to produce parts. The design

freedom afforded by AM is ideal for the space indus-

try, where part production is low volume and highly

customized. The objective of this paper is to review re-

search in the area of Additive Manufacturing For Space

(AMFS) in all areas, from propulsion to electronics to

printing of habitats, and to identify the gaps and direc-

tions in the research. In this paper we investigate the

AMFS research by splitting it into two domains: space

and ground-based. Space-based AMFS has been per-

formed on the International Space Station using poly-

mers and we also discuss the future of in-space AM, a

subject closely related to more general in-space manu-

facturing. The ground-based research is split into three
categories based on the printing material: metal, poly-

mer, and other. The last category includes regolith,

cement, and ceramic. This paper explores AMFS by

bringing together as much research information as pos-

sible using a combination of papers, presentations, and

news articles. We expect that the paper will allow the

reader to gain an understanding of the current status

of AMFS research and will contribute to the field as a

reference and research guidelines.
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1 Introduction

There are various techniques used to manufacture ob-

jects such as casting, coating, moulding, forming, ma-

chining, and joining. Most of these processes involve

subtractive manufacturing, the process of removing ma-

terial in order to manufacture a final object. Additive

Manufacturing (AM), or 3D Printing (3DP), does the

opposite: successive layers of material are added one on

top of the other until the object is complete [1].

In the 1980’s an early form of Stereolithography

(SLA) [2] for producing plastic prototypes was devel-

oped to help visualization of parts during development.

From these beginnings came many other techniques and

machines that can be used to manufacture both func-

tional parts and prototypes, for example Fused De-

position Modeling (FDM) [3], Selective Laser Melting

(SLM) [4], Selective Laser Sintering (SLS) [5], Digital

Light Processing (DLP) [6], and Rapid Freeze Prototyp-

ing (RFP) [7]. Although all these forms of 3DP work

using the same basic concept, the key differences are in

the printing process and the materials used.

3DP’s main strength is removing a lot of the limita-

tions present with previous manufacturing techniques

and allowing unparalleled design freedom. This greatly

reduces the time and cost of development, making AM

an integral part of future manufacturing systems. 3DP

is especially relevant in the production of complex and

customized structures that used to be hard if not im-

possible to make [8,9].

A sector that is poised to greatly benefit from AM is

the space industry. Almost everything in space is cus-

tom made so it is ideal for this manufacturing tech-

nology. Space entities have begun using AM in a va-

riety of applications broadly for two reasons. Firstly,

mass savings from 40% to 90% [10] are possible and



mass is directly related to cost (since more massive

spacecraft require more fuel and thrust). Secondly, AM

can manufacture complex parts much faster than tradi-

tional manufacturing, reducing fabrication times from

one year to only 4 months [11]. Agencies like National

Aeronautics and Space Administration (NASA) and Eu-

ropean Space Agency (ESA) have been conducting re-

search into how to use AM in a variety of space related

applications, from using it to print CubeSat propulsion

systems [12], to printing ceramics [13], to using Laser

Engineered Net Shaping (LENS) [14] with Lunar and

Martian regolith [15], to potentially printing an entire

spacecraft in orbit [16]. Regolith is the term used to

describe the lunar soil [17] but can be used to also for

the Martian soil.

Mass use of AM in the space industry has not oc-

curred yet though. This is mainly because of the diffi-

culty in modelling the manufacturing process and pre-

dicting the properties of printed parts. This leads to a

lack of standardization and therefore limited use in the

space industry.

Efforts have been made in recent years to character-

ize and model the properties of parts made with AM.

This has proven to be difficult since there is an inherent

variability in the nature of 3DP that makes modelling

complicated. The variability comes from many sources

but despite this progress has been made in characteriz-

ing AM materials and efforts are being made to model

and predict the material properties [1].

The goal of the current study is to provide an overview

of the state of AM research that is aimed directly at use

in the space sector, referred to Additive Manufacturing

For Space (AMFS) research. This allows the discussion

to be specifically about the accomplishments and gaps

in AM research whose end goal is use in some aspect

of space related applications, from launchers to habitat

building on extraterrestrial planets. Trends and knowl-

edge gaps will be identified and discussed in an effort

to highlight the areas where more research is needed so

that products with higher accuracy, better quality and

desired properties can be produced for use in space.

It must be noted that although an attempt has been

made to make this paper as comprehensive as possi-

ble, it does not cover all AMFS due to the sparsity

of details when in comes to research in this specific

area. For example some references are presentations

given by NASA personnel at occasions where no pro-

ceedings were printed, therefore these sources lack de-

tails that research papers would have. NASA has pub-

lished these presentations and other sources on their

server (https://ntrs.nasa.gov/) and the classifica-

tion numbers have been provided.

There is also the fact that governmental agencies

like NASA and ESA are at times not able to release

sensitive information to the public so cannot go into

much detail. Private companies such as Space-X, Boe-

ing, Thales Alenia Space (TAS), and Airbus usually

release even less details, most research news coming in

the form of press releases and finished products whose

details are protected by intellectual copyrights. Finally,

there are relatively few research institutions such as

universities that specialize in AMFS, most of the re-

search is in general AM. Should the reader wish to,

more specific review papers can be found for example

on processes [18,14], materials [19,20], simulation and

modelling [21,1], and cost models [22,23].

There is currently only one way to print in space and

this has been used to test AM in microgravity to great

success but due to the difficulties in performing space-

based research, most research is still ground based. It

should be noted that there are instances when authors

discuss both space and aerospace AM research. These

have been included in this paper since they are typically

from agencies like NASA.

This paper is organized as follows: first an introduc-

tion will be given on the importance of mass savings for

the space industry in section 2. Then section 3 is a dis-

cussion of the usage of new technologies in the space

sector. Next the paper is split into two broad sections,

section 4 covers AMFS research performed in space and

the future of in-orbit manufacturing. Section 5 then dis-

cusses the research done on the ground divided by ma-

terial used during printing: metal, polymer, and other.

Lastly the research gaps are highlighted in section 6

and the conclusion can be found in section 8.

2 The importance of mass reductions for

spacecraft

A variety of materials are used in spacecraft, including

[24]:

– Ceramic matrix composites

– Various types of carbon composites

– Kapton

– Teflon

– Aluminium alloys

– Glass

– Stainless steel

– Inconel alloys

– Various types of plastics

Some of these are used only in small amounts, such as

gold and silver, and therefore don’t add much weight.

Materials such as plastics by their nature don’t weigh



very much so they also don’t add much weight. Alu-

minium, steel, and inconel on the other hand add a lot

of weight because large parts are built out these mate-

rials, such as the structure and nozzles.

Spacecraft so far have been built using traditional

methods but this section briefly describes the basics

of orbits and thrusters in an effort to emphasize one,

if not the main, way that 3DP can substantially help

to reduce costs: mass savings for spacecraft. AM has

other advantages, as will be discussed later, but this is

one of the main ones and helps to emphasize the design

freedom that is possible with this manufacturing tech-

nology. Orbits are going to be approximated as circles

for the purposes of this work.

A spacecraft in a circular orbit has speed v and is

travelling in a direction orthogonal to the force of grav-

ity. The velocity of the spacecraft is as follows,

v =

√
GM

r
(1)

where G = 6.67 × 10−11 m3kg−1s−2 is the universal

gravitational constant, M is the mass of the planet be-

ing orbited, and r is the radius of the circle. Equation

(1) tells us the speed (or orbital velocity) that the satel-

lite needs to have in order to maintain a stable orbit.

In order to get a spacecraft into orbit from the sur-

face of the Earth or change its orbit in space, fuel must

be expended to change the spacecraft’s velocity to the

value calculated in equation 1. This change in velocity

is referred to as the spacecraft’s ∆v. The equation that

governs the basic operation of a spacecraft is called the

Tsiolkovsky equation or the ideal rocket equation,

∆v = ve ln

(
m0

mf

)
(2)

It relates ∆v to the exhaust velocity ve of the space-

craft’s thruster (the velocity at which the fuel is being

ejected), the inital mass m0 (which includes the space-

craft and the fuel before the burn), and the final mass

mf (which is smaller because fuel has been used up

during the burn).

Equation (2) is simplified and does not consider fac-

tors like changing thrust and atmospheric drag but like

the assumption of circular orbits it is sufficient for this

report. It can be rewritten as

m0

mf
= exp

(
∆v

ve

)
(3)

where
m0

mf
is called the mass ratio. This second form

allows the plotting of the graph shown in Figure 1. From

this plot it becomes apparent that the greater the mass

ratio, the greater the change in velocity. If the mass of

the spacecraft is as small as possible, the mass ratio

increases and therefore the ∆v budget increases for a

given amount of fuel.

Fig. 1 Final velocities as a function of launch vehicle mass
ratios calculated using equation 3.

Lower mass at launch also reduces the cost signifi-

cantly as can be seen in Table 1. This will be discussed

in more detail in the next section.

3 Usage of new technologies in the space sector

There are many ways in which the space industry can

benefit from AM, summarized by the National Research

Council (NRC) in the following points [16,25]:

– The creation of new materials and parts that may

one day be made in microgravity only and may only

function there, i.e. they would be truly space based

– Given the previous point, there would be a shift in

the logistic and planning of space missions since in-

space construction would be a reality

– Lastly, given the previous two points, there is the

possibility that AM could change the space mar-

ket by allowing construction of spacecraft directly

in space

Implementation of these ideas would have the po-

tential to lower costs and manufacture times enormously

but there’s a problem: new technologies are typically

implemented very slowly in the space industry for two

main reasons. Firstly, a long approval process means

that many years may pass until a mission’s actual im-

plementation. For example the Origins, Spectral In-

terpretation, Resource Identification, Security, Regolith

Explorer (OSIRIS-REx) mission was approved in 2011

and launched by NASA in 2016 [26]. Considering the

high rate of development of new technologies, especially



in a fertile field such as AM, the time gap from the ap-

proval to launch of the mission means that it is difficult

to implement any new technologies or developments on

the OSIRIS-REx spacecraft made in the interim.

The second reason is that space missions are very

expensive. The rough costs of launching to Low Earth

Orbit (LEO) using SpaceX’s Falcon Heavy (FH) and

NASA’s Space Launch System are shown in Table 1,

highlighting how launching a heavier spacecraft will

cost more than a lighter one.

Table 1 does not include the costs associated with

the development, construction, testing, and certifica-

tion of the payload before the launch, which [28] esti-

mates can be in the order of 290 million USD for a satel-

lite that can track hurricanes. Other types of satellites

will cost different amounts depending on their intended

mission. Once the spacecraft is in orbit, it needs con-

stant monitoring which means further expenses in the

order of millions of USD per year for communication

satellites [28].

Given the high costs and slow development times,

the space industry relies mainly on tried and tested

methods and parts. Many of the main players in the in-

dustry such as NASA, ESA, Boeing, Airbus, TAS, and

Lockheed Martin are reluctant to use new technologies

due to the potential monetary and sometimes human

cost that might be incurred.

But the potential mass and time savings offered by

AM are huge so there is a strong push to research these

new manufacturing technologies. For example, efforts

have been made to use 3DP to reduce the mass, com-

plexity, part count, and welds of parts [10,8,29,25].

3DP is now being considered of paramount importance

for human exploration of space and the space sector in

general [10,30,31].

4 In-space AM

When discussing 3DP as applied to the space sector,

as mentioned before not all research is done on the

Earth, some has been done in space on the International

Space Station (ISS). 3DP done in orbit will be referred

to as In-Space Additive Manufacturing (ISAM) and is

different from the concept of In-Space Manufacturing

(ISM), which is broader and includes also traditional

forms of manufacturing. This section discusses what re-

search has been done in this domain and the plans for

ISM since the two are strongly connected. Most of the

ISAM research has been performed as part of NASA’s

In Space Manufacturing Initiative [32].

The first time that 3DP was performed in orbit was

during the 3D Printing in Zero-G Experiment (3DPrint)

[33,34], during which an FDM printer small enough to

fit into the Microgravity Science Glovebox (MSG) on

the ISS was developed and built by California based

Made In Space (MIS). It was launched in September

2014 and used to perform experiments to verify whether

the parts manufactured in space were as good as their

counterparts manufactured on the ground.

Fig. 2 Some of the objects printed on the ISS [35].

Before sending the printer to the ISS a testing cam-

paign was performed on zero-g flights [36]. Once the

printer was in space, calibration was performed by print-

ing several test objects and coupons using Acryloni-

trile Butadiene Styrene (ABS) (a selection of which is

shown in Figure 2) and then sent back to Earth in April

2015 to NASA’s Marshall Space Flight Center (MSFC).

Their properties were investigated and compared to a

set of identical objects printed using the flight printer

prior to launch. Tests included [37,35,38,39]:

– Visual and photographic inspection - to identify any

anomalies, de-lamination, damage, curling, warping,

and any differences between the flight and ground

samples;

– Mass and density calculation - this is to ensure that

the microgravity environment did not cause any un-

wanted expansion of the material as it was extruded;

– Structured light scanning - the scans are used to

build a Computer Aided Design (CAD) model of

the objects for accurate comparison to the original

computer models and for better volume calculation;

– X-ray and Computer Tomography (CT) scanning -

investigation of the internal structures to determine

any defects;

– Destructive mechanical testing - done following ASTM

standards for tensile [40], flexural [41], and compres-

sion [42] testing, the results of which can be seen in

Table 3;



Table 1 Cost to launch to LEO using the Space Launch System and FH [27].

Launch vehicle Mass to LEO Cost to launch to LEO Cost per Metric Tons (MT) Cost per kg

Space Launch System 70 USD 600M USD 8.57M USD 8,570

FH 53 USD 158M USD 2.97M USD 2,970

– Optical and scanning electron microscopy - used to

examine in detail the inter-laminar regions and any

defects identified during the initial inspection.

3DPrint was the first printer launched into space

and since 2016 there is a new one, the Additive Manu-

facturing Facility (AMF) [43] (shown in Figure 3). The

AMF is another small FDM printer whose specifications

are listed in Table 2.

Fig. 3 The AMF mounted in an EXPRESS Rack Mid-Deck
Locker in the ISS (Image credit: NASA).

MIS applied the lessons learned from 3DPrint to de-

velop an improved printer with an expanded selection of

materials. As with its predecessor tensile, compression,

and flexural tests were performed on samples fabricated

using the AMF following ASTM guidelines [44,42,41].

The filament used for this round of testing was the same

ABS as that used in 3DPrint. Table 3 shows the test

results of the AMF and 3DPrint both in flight and on

the ground.

As expected the samples manufactured with the AMF

were better than those fabricated using the 3DPrint

printer. Comparing the flight AMF samples to the ground

ones shows that microgravity seems to produce parts

with better tensile but worse compressive and flexural

properties. MIS also analysed the phase distribution

of the printed material using the AMF’s ground test

unit and found that there were no significant differ-

ences between samples fabricated in microgravity and

those printed in normal gravity [34]. Further testing is

to be performed to explore the effects of re-heating and

weld line interface interactions.

An example of how AM can benefit space travel is

the Multipurpose Precision Maintenance Tool (MPMT),

as shown in Figure 4. By compacting several tools into

one, it demonstrates how 3DP allows astronauts to cre-

ate ad-hoc tools for any situation [45]. This was the

winning design of the “Future Engineers Space Tool

Challenge” and it is designed to provide several func-

tions in one tool, such as tightening bolts and stripping

wires.

Fig. 4 The MPMT, created by a university student as part
of the “Future Engineers Space Tool Challenge”, printed on
the ISS [45].

4.1 The future of ISAM

The ultimate goal of ISM is to manufacture and assem-

ble large structures in orbit. The advantage of ISM is

obvious, reducing the cost of missions greatly by only

requiring the launch of raw materials and components.

New spacecraft designs can be developed because there

will be no need to launch them [46].

The ability to re-use unwanted parts to produce new

objects is especially important in manned exploration

but also for ISAM. To this end Tethers Unlimited Inc.



Table 2 AMF system specifications [43].

Attribute Value

Print volume 14x10x10 cm, 1400 cm3

Material ABS, Green Polyethylene (PE), Polycarbonate (PC)

Resolution 0.1 - 0.44 mm

Height Resolution ≥ 75 microns

Maximum wall thickness 1 mm

Table 3 Results from tests on samples prepared in orbit (0 g) and on the ground (1 g) [38,34].

Environment 0 g 1 g

Printer AMF 3DPrint AMF 3DPrint Test type

Ultimate Strength (MPa) 38.0 27.9 37.8 23.9 Tensile

Elastic Modulus (GPa) 3.1 1.7 2.2 1.5 Tensile

Ultimate Strength (MPa) 51.1 38.5 52.9 51.4 Compressive

Elastic Modulus (GPa) 1.7 1.1 1.5 1.7 Compressive

Ultimate Strength (MPa) 58.9 45.1 62.3 35.9 Flexural

Elastic Modulus (GPa) 1.9 1.7 2.1 1.4 Flexural

has delivered a “combination 3-D printer and plastic

recycler” to NASA for testing on the ISS called Refab-

ricator [47]. By using a system called Positrusion, which

does not involve grinding and therefore production of

dangerous dust, the Refabricator recycles old parts into

new filament that can be printed, closing the loop [48].

Positrusion has already been demonstrated with Ultem

and ABS and it produces higher quality filament than

would normally be obtained by existing systems [49].

Tethers Unlimited along with Interlog Corp. and

Techshot are also trying to develop a prototype sys-

tem called FabLab, which can print and recycle mul-

tiple materials including plastic and metal [50]. Once

the prototypes are delivered, NASA will decide which

partner to continue the investigation with.

There is also an effort to print electronics in space,

another crucial component for ISM. 3D printed ultra-

capacitors have already been developed, tested, and

patented [32] and the next step is printing an Radio Fre-

quency Identification (RFID) antenna. A future target

is to perform an ISS demonstration with this technol-

ogy.

There are a lot of challenges to implementing full

ISM. These include the ability to move large struc-

tures during construction, robotic dexterity in fabri-

cating complex parts, and being limited to materials

that can resist the space environment. A big issue is

also the large up-front cost and great risk for ISM that

sees agencies and companies prefer the ground based

fabrication approach because it is currently safer and

cheaper [46], as mentioned in section 3.

A proposed solution for ISM of large structures is

shown in Figure 5. Tethers Unlimited, Inc. (TUI) was

developing a suite of technologies called SpiderFab [51]

that would build large structures in space. It uses a

combination of 3DP and on-orbit robot assembly to

create structures such as antenna reflectors, solar con-

centrators, solar sails, and manned habitats. Currently

two systems are being developed [52]:

– Trusselator: a machine able to assemble large trusses

through a combination of AM and robotic assembly

– OrbWeaver: used to “manufacture large, high-precision

antenna reflectors on-orbit and then robotically in-

tegrate them with a phased-array RF system”

There are other projects that are developing similar

technologies for ISM. Dragonfly is a system for provid-

ing in-space reconfiguration and installation of large RF

reflectors by Space Systems Loral [32]. Made in Space

is developing Archinaut, similar to SpiderFab it is a

“free-flying space manufacturing and assembly capabil-

ity that enables advanced spacecraft and structures to be

produced in the space environment” [53]. Orbital ATK

are developing Commercial Infrastructure for Robotic

Assembly and Services (CIRAS), a set of in-space hard-

ware assembly technologies [54].

McGuire et al. [46] also proposed an architecture

for a spacecraft that is able to perform 3DP in orbit

of large structures as shown in Figure 6. Unlike Spi-

derFab, they proposed to use FDM and print polymers



Fig. 5 A concept art of SpiderFab Bot creating a truss in
orbit [51].

due to the fact that most metals required heat treating

to achieve their full properties, which was difficult in

space. Polymers also have the advantage of requiring

lower printing temperatures so the printer’s nozzle can

be heated by a solar concentrator, thus reducing the

amount of power required by the spacecraft. To ensure

a consistent source of light, the spacecraft would likely

be in a sun-synchronous orbit, which also helps to re-

duce the amount of temperature fluctuations and sim-

plifies the thermal systems. Since the spacecraft would

be autonomous, a quality control system would be nec-

essary to ensure that the printed parts meet require-

ments through a monitoring system.

Fig. 6 System architecture for in-space 3DP spacecraft [46].

5 Ground based AMFS

The ground based facilities present all over the world

that perform AMFS research have already developed

many techniques that allow the printing of an increas-

ingly wide range of materials [55] and of increasing com-

plexity. AM is now considered a valid manufacturing

technique for aerospace parts [14], not just to be used

for prototyping.

AMFS research can be broadly divided into three

categories based on the material used for printing: metal,

polymer, and others. AMFS can also be divided loosely

into research for manned and unmanned missions so

this paper will classify research into these 6 categories.

Since a lot of the developments can be used in either,

an attempt has been made to classify research under

‘manned’ only if it is specifically targeted for this use.

Although most AMFS research can be applied to all

spacecraft, some is particularly aimed at certain types

of satellites. Therefore a brief description of satellite

classification and what is special about CubeSats fol-

lows.

5.1 Satellite classifications

Satellites come in many shapes and sizes but they are

generally classified based on mass as follows [56]:

– Large: > 1000 kg

– Medium: 500 - 1000 kg

– Mini : 100 - 500 kg

– Micro: 10 - 100 kg

– Nano: 1 - 10 kg

– Pico: 0.1 – 1 kg

– Femto: < 100 g

CubeSats are a particular type of nano-satellites

that come in units of 10 × 10 × 10 cm (1U) and can be

configured into spacecraft of up to 12U in size, shown in

Figure 7. CubeSats are widely used by institutions such

as universities [57] and even elementary schools [58] be-

cause they are very cheap to make and launch (as little

as 100,000 USD [59]). They are mostly built with com-

mercial off-the-shelf components and are launched in

tandem with other CubeSats in the fairings of bigger

satellites, thus sharing the cost of launch.

5.2 Metal AMFS research

5.2.1 Manned missions

Since AM can produce very particular geometries, printed

components for the ISS’s urine processor assembly and

the oxygen system [25] have been investigated. In [60],

the oxygen system study, a comparison was made be-

tween wrought Inconel 718 and SLM printed In718 with

post heat treatment to determine the differences in ma-

terial flammability, a major concern on the ISS. The



Fig. 7 Examples of different configurations of CubeSats [12].
Left - 1U “Phonesat”; top right - 1.5U “EDSN Spacecraft”;
bottom right - 6U “EcAMSat”.

long term goal of the study is to evaluate how dif-

ferent print parameters and post-processing affect the

flammability of materials to be used in oxygen sys-

tems. Printed In718 with heat treatment and Hot Iso-

static Pressing (HIP) was found to burn more than both

printed In718 with only heat treatment and wrought

In718.

5.2.2 Unmanned missions

Most AMFS research with metals is focused on propul-

sion systems using Powder Bed Fusion (PBF) tech-

niques, especially SLM, since these are reliable and among

the most well understood.

Werkheiser [32] and Clinton [61] mentioned that

NASA has an on-going project whose objective is to

develop a rocket engine prototype using AM. The chal-

lenge here is to prototype the engine in 2.5 years by

using AM to reduce part count, cost, and fabrication

times, more details can be found in Table 4. The devel-

oped engine prototype will then be used as a basis for

creating a new engine which will receive certification to

use on missions.

Carter et al. [62] presents a summary of the findings

of NASA’s Glenn Research Center (GRC) with regards

to metal AM, which helps to give an overview of the

activities in this agency. Various fields were investigated

and the findings presented in the paper.

Hot fire testing of sub-scale combustion chamber

with full-scale RL-10 features was performed [11]. The

injector was made of AM Ni alloy and the thrust cham-

ber out of AM copper alloy. 19 tests were performed in

total with 4 different engine configurations. This study

lead to the verification of functional requirements for

the AM parts which in turn allowed the implementa-

tion of AM components into the RL10. This work also

identified ways that AM’s design freedom could be used

to improve performance and reduce cost.

Another study mentioned by Carter et al. [62] is the

creation of a material database for Ti-6Al-4V printed

with Electron Beam Melting (EBM) [63,64]. Following

printing the material underwent HIP to close porosities

and to achieve the desired micro-structure. The chem-

istry and micro-structure changes from powder to after

heat treatment were observed and High-Cycle Fatigue

(HCF) and tensile testing were performed as well as CT

analysis. EBM Ti-6Al-4V was found to posses mechani-

cal properties comparable or superior to Ti-6Al-4V pro-

duced by conventional means [65]. The work lead to the

aforementioned creation of a complete database for Ti-

6Al-4V where characteristics such as micro structure,

mechanical properties, fatigue crack growth, fracture

toughness, and thermal properties were observed from

cryogenic to elevated temperatures.

GRCop-84 is a high temperature copper alloy de-

veloped by GRC for rocket engine main combustion

chamber liners and has excellent mechanical and ther-

mal properties [66]. Printing using Laser Beam Melt-

ing (LBM) [67] has been found to produce parts whose

properties are better than those made with traditional

means [68,62].

GRCop-84 is also being used in the Low Cost Upper

Stage-Class Propulsion (LCUSP) effort, which is aimed

at using 3DP to reduce the cost and time taken to man-

ufacture rocket engines [69]. Using SLM, GRCop-84 was

used to print a combustion chamber liner then Inconel

625 was used with Electron-Beam Freeform Fabrication

(EBF3) [70] to manufacture a structural jacket on the

inside of the liner [64]. This was done in an effort to de-

velop features for rocket engines that were previously

difficult and to design a process that allows the rapid

manufacture of reliable advanced engine parts.

A multi-agency team has investigated Ni-based su-

peralloys using multi-beam EBM [64,71]. The objective

is to expand the capabilities of AM with these materi-

als and to develop new alloys that specifically use AM’s

capabilities.

NASA has been investigating large scale metal AM

using techniques such as LENS, EBF3, Laser Freeform

Manufacturing Technology (LFMT), and various forms

of Direct Energy Deposition (DED) [72]. This is because

3D printers are currently quite limited in size, especially

metal ones. As shown in Figure 8, bigger print volumes

are required in order to be able to fabricate parts for

rockets.

There is some non-governmental research in this

field. For example Relativity Space is a privately funded

orbital launch company that will deploy and resupply



Table 4 Developing a prototype rocket engine with AM versus conventional manufacturing [32].

State of the art for typical engine

developments

Prototype AM engine

Design, development, test

and evaluation (DDTE) time

7-10 years 2-4 years

Hardware lead times 3-6 years 6 months

Testing Late in the DDTE cycle Early in the DDTE cycle

Cost Engine: 20-50 million USD Prototype: 3-5 million USD

Applicability Design specific to mission and of-

ten proprietary

Provide relevant data to multi-

ple cusotmers and flexible test

bed can accommodate changes in

hardware or design concepts

Fig. 8 Comparison of SLM build volumes to rocket engines [72]. Dimensions in SI starting from the left are 25.4x25.4x25.4
cm (16387.064 cm3), 39.37x60.96x48.26 cm (115823.768 cmcm3), 228.6 cm, 116.84 cm, 177.8 cm, and 142.24 cm.

satellite constellations with their own launchers manu-

factured using Stargate, a proprietary, automated, large

scale metal 3D printing system developed by its founders.

The Stargate system, shown in Figure 9, uses robotic

arms to performs laser sintered metal printing of rock-

ets [73]. Relativity plans to simplify and reduce the cost

of building launchers by reducing the part count and

development time. The company’s first launch vehicle,

called Terran 1, is slated to have its inaugural launch

in 2020 with a capacity of 1,250 kg to LEO [74].

Goddard Space Flight Center (GSFC) has been con-

ducting research into spacecraft instruments, compo-

nents, electronics, sensors, and coatings using techniques

such as Direct Metal Laser Sintering (DMLS) [14] and

Atomic Layer Deposition (ALD) [76] and making use of

printers such as the Aerosol Jet [25]. GRC (with Aero-

jet Rocketdyne) and MSFC have 3D printed and tested

several injectors [25].

Mireles et al. [77] discusses the potential to use AM

for Nuclear Thermal Propulsion (NTP). This is a form

of propulsion whose mass ratio (defined in equation 3)

is very small because it is extremely efficient. Similar

to normal thermal rockets, NTP works by heating a

gas like liquid hydrogen (LH2) and expelling it to cre-

ate thrust. Unlike in conventional rockets, the LH2 is

heated using a nuclear reactor as shown in Figure 10.

Like for more traditional propulsion, the advantage of

AM for NTP is the ability to easily fabricate a number

of complex parts.



Fig. 9 Tim Ellis, co-founder of Relativity, holding a printed
nozzle in front of the Stargate printing system [75].

Fig. 10 Schematic of a NTP rocket [78]. Fuel is pumped
into the combustion chamber where a nuclear reactor provides
the heat for combustion. This is much more efficient than
traditional rockets due to the far greater amount of thermal
energy provided by the nuclear reactor.

The Additive Manufacturing Aiming Towards Zero

Waste and Efficient Production of High-Tech Metal Parts

(AMAZE) project (cordis.europa.eu/project/rcn/

105484_en.html) was a European effort to improve

several key areas of metal AM for the aerospace, space,

energy, and automotive sectors. It was the largest metal

AM research project in Europe and the objectives in-

cluded increasing print volume and productivity, cost

reduction compared to traditional processes, improve

dimensional accuracy, and reducing scrap rates [79].

The printing technologies studied were laser and elec-

tron PBF and powder and wire DED.

The AMAZE project lead to many developments

including [79–81]:

– Wire and powder feedstock specifications and test

protocols to aid in development of a robust supply

chain

– Software for rapid and reliable design of 3D printed

parts

– Build strategies and processes which enabled build

times to be reduced by a factor of 10

– Novel materials including aluminium alloys and com-

posites which better utilize the AM process

– New finishing procedures and flexible fixtures

– In-process monitoring methods to capture key pro-

cess variables during printing

– Improved process models

– A new benchmarking process, further discussed in

section 6

– Many demonstration parts which have reduced cost,

part count, weight, and improved performance

The cited references are only those that directly per-

tain to AMFS, if the reader wishes they may refer to

the AMAZE website for further reading.

Non-Governamental Agencies (NGO) are also using

metal AM to develop propulsion systems. For example

the aforementioned Relativity Space that is trying to

print launchers with reduced part counts. SpaceX have

successfully developed and launched a 3D printed Main

Oxidizer Valve (MOV) in a Falcon 9 rocket [82]. Air-

bus Defence and Space have used AM to print brack-

ets for their Eurostar E3000 telecommunications satel-

lites [83], shown in Figure 11. Other examples include

Lockheed Martin using AM to also print brackets for

NASA’s JUNO spacecraft in 2011 and Thales Alenia

Space launching a total of 79 3D printed parts spread

across various missions: Telkom 3S, SGDC, and KOREASAT-

8 [80].

In Deepak et al. [8] the authors designed and tested

a novel liquid bi-propellant rocket engine by the Stu-

dents for the Exploration and Development of Space

at the University of California San Diego (SEDS UC)

student association. The combustion chamber and in-

jector plate were printed with In718 using DMLS. The

group designed the engine from scratch and took full

advantage of the ability to change the design at any

point due to AM’s ease of manufacturing. They also

designed a regenerative cooling system that was em-

bedded in the chamber walls and has optimized channel

cross-sections. The group continues its work to this day

and in 2018 has printed a liquid oxygen and kerosene

engine again using In718 with DMLS [85].



Fig. 11 Titanium brackets manufactured using an EOSINT
M 280 for use on Eurostar E3000 satellites [84].

5.3 Polymer AMFS research

5.3.1 Manned missions

Wong et al. [31] carried out an investigation into the

quality of ABS surgical tools printed with FDM for

long duration space missions. Like with the MPMT,

the idea is that by using AM, astronauts would be able

to print ad-hoc instruments for any emergency rather

than having to bring pre-made ones all the way from

Earth. 13 surgeons were asked to perform simulated

prepping, draping, incision, and suturing using 3DP for-

ceps, hemostats, and clamps and they agreed that the

instruments would perform adequately. Although ABS

was not an ideal material, the usefulness of AM for long

duration manned missions is greatly highlighted by this

study.

5.3.2 Unmanned missions

Catina et al. [86] used FDM with ABS to print various

configurations of injector plates to test if an acceptable

flow would be possible. They found that all the injectors

worked and produced acceptable flow rates and also ob-

served that Computational Fluid Dynamics (CFD) and

stress simulations diverged significantly from the exper-

imental data. This is due to the lack of software that

is able to accurately represent materials produced with

AM and will be further discussed in section 6. Finally

they mentioned how easy and fast it was to design, fab-

ricate, and test the injectors, the entire process taking

only two days.

Marshall et al. [12] discusses how AM could aid

designers of CubeSats by allowing embedded wiring,

electronics, and propulsion systems. The team investi-

gated this last possibility by incorporating a commer-

cial Busek micro Pulsed Plasma Thruster (PPT) into

a structure printed with FDM. A µPPT operates by

causing ablation and sublimation of the fuel (usually

a solid) which is then expelled by an electric field. In

this study the objective was first to determine whether

the dielectric strength of printed PC would be appro-

priate to use with the µPPTs. Results showed that the

material could withstand the voltage without breaking

down so they embedded the µPPT into a printed panel

and fired it. The material again performed well as there

were no signs of degradation from the firing apart from

some colouring on the casing due to arching.

NASA has also undertaken a study in Polylactic

Acid (PLA) reinforced with metal [87]. They tested and

compared simple PLA and PLA mixed with bronze,

copper, iron, and stainless steel. Tensile, wear, frac-

ture, and microscopy testing was performed at differ-

ent layer heights. The metal filled filaments were found

to have higher densities than pure PLA, which was to

be expected given the metal contents. Tensile testing

showed that increased concentrations of metals lowered

the strength of the printed material but increased the

stiffness and porosity while Poisson’s ratio stayed about

constant. Kuentz et al. [87] concluded that the metal

powder mixed into the PLA acted as a weak interface

and therefore lowered the strength and toughness of the

printed material.

Gagne et al. [88] outlined the development of a micro-

thruster fabricated with AM for use on nano-satellites

as either primary propulsion or for attitude control,

shown in Figure 12. The main considerations in design-

ing the thruster was that it should be easy to fabricate

and respect the launch rules for CubeSats [89], thus

only “green” propellants were considered. Printed with

FormLabs’ Clear V2 resin using SLA, the thruster was

a liquid mono-propellant engine that brought hydrogen

peroxide (the mono-propellant) into contact with differ-

ent catalysts (hexanol, 2-propanol, ethanol, methanol,

n-Hexane, and water as a baseline non-reactive solvent),

resulting in an exothermic decomposition whose prod-

ucts were expelled through a converging-diverging noz-

zle. The thruster was designed so that there would be

no need for a catalyst bed, which is where AM’s design

flexibility comes into play. Nozzle size was also a fac-

tor that was investigated. Using a theoretical expected

performance calculation that considered relative spe-

cific impulse, chemical storage energy density, and so-



lute concentration they found that 15% ferric chloride

in 2-propanol gave the best theoretical performance.

Fig. 12 Artist’s impression of the thruster in a 3U CubeSat
[88].

Another CubeSat thruster design is presented in

Stevenson et al. [90]. This is a Cold Gas Thruster (CGT)

for attitude control of an interplanetary 6U CubeSat.

Manufactured once again using SLA with Accura Blue-

stone, the printed portion of the thruster includes the

main propellant tank and plenum, seven nozzles, and

the propellant feed pipes, a schematic of which can be

found in Figure 13. Solenoid valves were installed where

necessary to direct the flow of fuel, which was R-236fa,

also known as 1,1,1,3,3,3-Hexafluoropropane. Testing in

a thermal vacuum chamber showed that the thruster

generated 50 to 60 mN of thrust with Isp=31.7 s and

total impulse of 62.2 Ns [90].

Fig. 13 Diagram showing the tanks, pipes, nozzles, and
valves for the thruster [90].

Like with metal printing, private companies also

have an interest in investigating the potential of poly-

mers. For example Stratasys had partnered with NASA/Jet

Propulsion Laboratory (JPL) to print 30 polymer an-

tenna array supports to be used directly in space on the

FormoSat-7/COSMIC-2 constellation [91].

Polymer materials also have the potential to pro-

duce CubeSat structures. As part of a project called

BRICSAT, Slejko et al. [92] is an investigation into the

feasibility of using Polyetheretherketone (PEEK) HP3,

WINDFORM XT, and DuraForm PA for printing mod-

ular, non-metallic CubeSat buses. They performed me-

chanical testing of the three materials and concluded

that PEEK was the most suitable given its mechan-

ical properties and the fact that it has already been

approved for use in space by NASA [32]. The modular

nature of the bus was achieved by printing and combin-

ing several elements (bars, panels, etc.) to produce the

size needed. A prototype 1U structure was printed us-

ing SLS and is being tested to ascertain its mechanical

properties.

5.4 Other AMFS research

5.4.1 Manned missions

As humanity expands into space, In-Situ Resource Uti-

lization (ISRU) will become increasingly important. The

ability to build habitats for astronauts on the Moon or

Mars using locally sourced materials means cheaper and

simpler missions and the ability to build large struc-

tures. In partnership with the United States Army Corps

of Engineers, NASA was developing a system to auto-

matically build structures called Automated Additive

Construction System (ACES)-3 for terrestrial applica-

tions (using Portland cement), as shown in Figure 14,

and Additive Construction with Mobile Emplacement

(ACME) for extraterrestrial ones (using lunar or Mar-

tian regolith) [93].

In [94–96], the authors discussed using ACES-3 and

2 with contour crafting [97] to fabricate habitats us-

ing “waterless” and normal concretes with minimally

processed lunar (JSC-1A) and Martian (JSC Mars-1A)

regolith simulants as aggregates. The objective was to

characterize the mechanical properties of the deposited

materials, investigate various types of binders, and how

the ACES coped with the various concrete mixtures.

Three types of cement were under investigation in

[96]: Portland, Sorel, and sulfur. Werkheiser et al. [96]

went into detail about how the constituents for each

types of cement could be obtained on the Moon and

Mars.

In [94,95,98], four samples were fabricated and tested

using only Portland and Sorel, three using casting and

one using additive construction. The constituents of



Fig. 14 Overview of ACES-3 [94].

each sample are shown in Table 5. Testing included im-

pact by a 2 mm sphere travelling at 7 km/s to simu-

late the potential damage caused by micrometeorites,

compression, and visual inspection. Results showed that

sample 3 was not as resistant as the others to microm-

eteorites and they noticed that the lunar regolith ce-

ment had shallower penetration depth than the ones

with Martian regolith [98,94].

An alternative to ACES is presented in Meurisse

et al. [99]. The objective is to fabricate a “brick-sized

model building block of a lunar base outer shell made

from model material” using only concentrated sunlight.

This is an interesting solution given the extremely thin

atmosphere on the Moon and subsequent strength of

solar illumination.

The printer is in essence an SLS but instead of using

a laser beam it uses a focused beam of solar light, the

set-up is shown in Figure 15. The powder dispenser first

deposits a layer of regolith on the testbed while the wall

is in place to prevent unwanted sintering. The wall is

then removed and the testbed moves under the beam

where sintering occurs. The process repeats until the

part is fabricated.

Results from 23 printed samples produced an aver-

age compressive strength of 2.48765±0.71097 MPa and

an average Young’s modulus of 0.20601±0.1519 GPa.

The samples also possessed large porosities and the

surface finish was very rough. Given that there are

still many limitations, this is a promising AM tech-

nique since it is being developed to be completely self-

sufficient and does not require powder sieving, making

it ideal for ISRU.

Cesaretti et al. [100] describes the outcomes of an-

other ESA feasibility study into using ISRU to build

habitats by using D-shaping [101] and Sorel cement. In

the course of the study both a habitat design, shown in

Figure 16, and novel simulant of lunar regolith (called

DNA, based on natural volcanic material) were devel-

oped. The plan was to use the D-shape system to print

only the outer wall of the habitat to offer protection

from micro-meteoroids and radiation while artificial at-

mosphere was provided by an inner inflatable module.

Demonstration building blocks were printed, one weigh-

ing 14.4 kg and another 1.3 tons, to test the mechanical

properties of the lattice and the printer’s accuracy, both

of which were found to be satisfactory.

ISRU can also be used to manufacture parts and ob-

jects from locally sourced material. In Ball et al. [15],

the lunar regolith simulant JSC-1AC was printed using

LENS after sieving to reduce the particle size to 50 to

150 µm. Dense cylindrical parts were then fabricated,

tested, and their mechanical properties found to be sat-

isfactory.

This kind of work was later expanded. Goulas et

al. [102] used SLM to study how scanning speed, hatch

spacing, laser power, beam diameter, and layer thick-

ness affected the micro-structure, surface roughness, and

mechanical properties of various types of lunar regolith



Table 5 Constituents of the samples investigated in the ACME study [98].

Sample Simulant Cement Additives

1 JSC Mars-1A Portland Stucco mix

2 JSC Mars-1A Portland Stucco mix, Navitas 33

3 JSC Mars-1A Sorel Boric acid

4 JSC-1A Portland Stucco mix

Fig. 15 Solar powered 3D printer with xenon lamps for testing [99].

Fig. 16 Outpost structure (top) and wall profile (bottom left) with detail (bottom right) [100].



samples manufactured via AM. They also added a dis-

cussion about the possible effects of the lunar environ-

ment on printing and noted that PBF processes would

suffer due to the reduced gravity.

Jakus et al. [103] instead used FDM to print inks

made by combining sieved JSC MARS-1A and JSC-1A

regoliths mixed with elastomeric binders and a solvent

mixture. This resulted in mechanically elastic compos-

ites whose creation is largely independent of regolith

composition except for particle size due to nozzle re-

strictions. These materials can potentially address the

difficulty in producing plastic-like materials on the Moon

and Mars using ISRU.

Lietaert et al. used Direct Metal Printing (DMP),

a form of PBF, to produce “M-type asteroid material”

using an iron meteorite [104]. This preliminary study

was aimed at investigating the feasibility of printing

metallic structures using ISRU during asteroid mining.

5.4.2 Unmanned missions

There are projects such as “3D Printing the Complete

Cubesat” whose goal is to advance 3DP for CubeSat ap-

plications [105]. Since CubeSats are so small, space in-

side is at a premium and 3DP’s design flexibility would

allow for great mass and volume savings. As previously

discussed, 3DP frames with channels for wiring would

free up a lot of internal space that is usually wasted. As

Kief [105] mentions, AM allows the development of new

structure designs where several subsystems like power,

propulsion, and communications are incorporated di-

rectly into the structure.

The presentations in [13,11] discuss using AM to

print ceramics and ceramic based composites. Ease of

fabrication and possibility to tailor material compo-

sition and properties are the justifications for using

3DP. Laminated Object Manufacturing (LOM) [106]

and Binder Jet Printing (BJP) [107] are considered to

be viable techniques for manufacturing ceramic parts

with fibre reinforcements. Halbig et al. [13] mentioned

that the AM technologies can only be selectively ap-

plied to parts but this may change in the future. Test-

ing for these manufacturing techniques was conducted

on gas turbine components using both ceramics and

polymers [108,11].

6 Research in AMFS: gaps and directions

As highlighted throughout the paper, there are several

advantages to using AM in the fabrication of parts for

the space sector. Table 4 is a particularly clear example

of how much time, material, and money can be saved

by using 3DP.

There are many factors that determine characteris-

tics and therefore behaviour of printed parts, their in-

teraction and effects still not understood. For example

SLM can have as many as 130 different factors [109].

AM also has an inherent variability that comes from

random factors like powder distribution, the flow of

melt pools, or the alignment of build platforms. These

further increase the difficulty in predicting the features

of printed parts.

Even components produced in the same print may

have large feature variations [110], this is inherent in

the printing process and cannot be avoided. Ghidini [10]

concluded by talking about the challenges that need to

be overcome to use 3DP for space in a presentation

about AM activities at ESA. These included:

– the need to change the approach to design in order

to take full advantage of the capabilities of AM, in

other words more research into Design for Additive

Manufacturing (DFAM);

– the need to ensure reproducibility, accuracy, and re-

liability;

– the need to develop new standards and verification

methodologies for 3D printed parts since classical

standards do not apply, also mentioned by [9].

Werkheiser [25] made similar points by stating that

there are still many challenges to terrestrial AM that

remain unresolved, which would be magnified when AM

is transposed to a microgravity and/or vacuum environ-

ment. Therefore ISAM would require a support infras-

tructure which, like AM itself, would be hard to imple-

ment in the space environment. They discuss the fact

that that “supply chain logistics, integrated processes,

minimal human interaction, and quality control” are
not easy in space.

To establish AM as a valid form of manufacturing

the first step is standardization. This is difficult because

of AM’s variability, but also because material and tech-

nology qualification requirements are particularly strin-

gent in the space sector [69].

There are, however, three basic questions that can

be asked of any material technology in order to be con-

sider it valid for mass use, no matter the application

[111]:

– Has the material technology been developed and stan-

dardized? In other words the material must be made

in a way that is consistent and approved for the ap-

plication.

– Has the materials technology been fully character-

ized? For example Frazier [14] suggests that enough

statistically relevant data should be generated to be

consistent with the standards set by entities such as

the National Technical Information Service (NTIS)



[112], i.e. a population has to exceed the wanted

value with at least 99% of its members and a 95%

confidence level.

– Has the materials technology been demonstrated? Here

a subcomponent made of the material must be made

and tested in a relevant environment, preferably its

operational environment. If the subcomponent is not

able to operate as intended, then the technology

cannot be considered demonstrated.

Frazier [14] suggests three reasons why it is difficult

to develop a method for the qualification of AM for

critical applications:

– Since there are many ways to 3D print materials and

new ones are being constantly developed (for exam-

ple RFP [113]), it can be difficult to stay on top

of the latest developments, making the standardiza-

tion process difficult, a point that is also raised by

[114,115]

– Ideally the development of AM should therefore be

halted until standards have been put into place.

This is of course impossible but through the ASTM-

F42 committee there are now standards in place

for terminology [116,117], evaluation of mechanical

properties of 3D printed metals [118], data reporting

[119], and specifications for PBF of plastic materials

[120] (more details can be found in Seifi et al. [121])

– Lastly, a lot of time is needed to generate the amount

of data needed to fully characterize AM processes

and how process variables have effect on the prop-

erties of the parts produced. In order to understand

AM thoroughly, a much large data set is required

[69]

As mentioned, there are efforts to achieve standard-

ization of AM parts by the ASTM and ISO, the gen-

eral structure of which can be seen in Figure 17. ASTM

F3122 [118] provides guidelines on how to evaluate the

mechanical properties of materials made using AM and

references several existing standards. Some examples

are ASTM A370-16 [122], ASTM B565-04(2015) [123],

ASTM E132-04(2010) [124], ASTM E290-14 [125] and

several others.

As discussed in the literature [64,71,32], the prob-

lem is that all these standards don’t consider that AM

produces materials whose properties are different from

their traditionally manufactured counterparts due to

the influences of parameters that are not clearly un-

derstood. This is especially true for standards such as

ASTM E290-14 [125]. Aguilar et al. [126] tested and

analysed the performance of ULTEM 9085 and reported

that “the geometry and size of the sample, as well as

the size of gaps [...] have a large effect on deflection be-

haviour of a given sample” in their analysis for NASA.

They recommended that a sample be fabricated per

batch of parts and subject it to the highest stresses un-

dergone by the parts. The coupon would need to break

within a given safety factor and in a way that corre-

sponds to simulations in order to consider the batch to

be valid.

Bean et al. [127] discussed the applicability of exist-

ing standards to polymer parts produced by AM. Out

of 45 ASTM and ISO standards reviewed, they con-

cluded that none could be applied to AM in their cur-

rent state. With modifications or additional considera-

tions only 27 could be used with AM. Like many others,

they concluded that there was need for better under-

standing of the effects of the printing process and the

micro-structure on the properties of the final part(s).

For example [128] compared FDM printed Ultem

9085 coupons to injection moulded ones and found that

the tensile strength and modulus of the former were

about 87% and 64% of the latter. These values changed

depending on the printing orientation, since that could

drop the tensile strength of the FDM coupon to 75% of

the strength of the injection moulded sample.

Through the work done during the AMAZE project

new standards are being developed for benchmarking

printers and print processes involving a suite of test

objects to assess “geometrical accuracy, surface finish,

resolution, density, microstructure, and productivity”.

This benchmark is being developed by the ASTM-F42/

ISO-TC committees [79].

Creating a consistent method for standardizing AM

parts is a challenge and is one of the main concerns. If

3D printed parts were used in oxygen recycling systems

on manned space missions [60], it is important to know

what settings need to be used to ensure that the part

will function correctly since if the part were to release

metal particles into the air, it could be dangerous for

the astronauts.

Werkheiser [35,32] mentions several requirements

for AM and one of them is developing and institutional-

izing a “Verification and Certification Process [...] that

ensures that the part designs meet all functional and

ISS interface/safety requirements.” This is especially

crucial in medical applications, for example Wong [129]

discusses the need for validation and certification of

sterilization and recycling systems for 3D printed sur-

gical tools.

Misra et al. [11] makes two interesting points in

their conclusions: the need to model the relationship

between the printing process, the micro-structure, and

the final product’s properties; and the need to certify

AM components for use by NASA. The first point is

also raised by Carter [64] as well as others: the need



Fig. 17 Structure of ISO and ASTM standards for AM [16].

for predictive models, new alloys, and multi-material,

multi-functional structures for space applications.

Mireles et al. [77] mentioned the variability of the

AM process as a disadvantage and state that flight cer-

tification and qualification of 3D printed parts would

add an extra 30% cost compared to traditional manu-

facturing. They also discuss that there are no printing

parameters for materials that could be used for NTP

like ZrC and AlBeMet 162.

The lack of printing parameters for various materi-

als is related to a point discussed by Clinton et al. [39],

where they discuss the need for a database of parts that

have been approved for use in space. In order to achieve

this the printing parameters, effects of microgravity on

materials, and part design all need to be investigated.

This kind of work is under-way [64,62] but in a limited

fashion due to the time and cost that testing takes and

the fact that parts need to be tested also in flight but

access to this environment is very limited.

Several authors [130,32,131] discussed methodolo-

gies for flight certification of AM parts for NASA. This

involves creating a document that outlines the stan-

dards for AM certification that can be used by the en-

tire agency. They identified several key topics that need

to be addressed in order to develop a reliable system

including qualification of metallurgical processes, part

process control, and vendor control.
NASA’s Additive Manufacturing Structural Integrity

Initiative (AMSII) project aims to establish a qualifi-

cation method for SLM parts for spaceflight applica-

tions. MSFC has so far developed two documents: En-

gineering and Quality Standard for Additively Manu-

factured Spaceflight Hardware (MSFC-STD-3716) [132]

and Specification for Control and Qualification of Laser

Powder Bed Fusion Metallurgical Processes (MSFC-

STD-3717) [133]. MSFC-STD-3717 provides the overall

requirements for control and qualification of the pro-

cess while MSFC-STD-3716 provides requirements for

aspects such as [134]

– design process

– part classification, pre-production and production

– manufacturing

– qualification

– acceptance



Together MSFC-STD-3717 and MSFC-STD-3716 pro-

vide a framework for standardization of laser PBF of

metals as shown in Figure 18.

Along with the work done by the AMAZE project,

MSFC-STD-3716 and MSFC-STD-3717 are a step for-

ward and currently the closest thing to a full stan-

dard for the qualification of AM parts for use in space-

flight (even though MSFC-STD-3716 and MSFC-STD-

3717 are still under review [134]). The limitation of

MSFC-STD-3716 and MSFC-STD-3717 is though ob-

vious: they only apply to laser PBF. There may be an

opportunity to tailor these documents to other forms

of AM but it remains to be seen. Even given MSFC-

STD-3716 and MSFC-STD-3717, Wells [115] and Mor-

gan [134] recognized that more understanding is needed

of the relationship between printing factors and prop-

erties of the final parts.

7 New technologies and challenges

There are new printing techniques being developed for

other sectors that could be used for AMFS. An exam-

ple is Wire+Arc AM (WAAM), shown in Figure 19, a

printing technology that uses off-the-shelf components

to print metal [135]. It involves using a six-axis robot,

a power source, and a Metal Inert Gas (MIG) torch to

manufacture parts out of steel, aluminium, or any weld-

ing wire. The advantage of this technology is that it is

relatively cheap to assemble, it has an open architecture

(so the user can employ any brand of power source and

manipulator), and since steel and aluminium can get

away with reduced gas shielding, the part size is really

only limited by the reach of the manipulator [136].

Titanium instead requires an inert atmosphere for

successful printing therefore producing large monolithic

titanium components has remained a challenge. Com-

panies such as UK-based GKN Aerospace and the U.S.

Energy Department’s Oak Ridge National Laboratory

(ORNL) are collaborating to increase the quality and

print volume of Laser Metal Deposition with wire (LMD-

w) [137]. The objective of the project is to build a

prototype machine that will use titanium to fabricate

medium to large size, complex aircraft components [138].

An example of a technology that is still in early

stages of development but has the potential to be used

in AMFS is direct 3D metal printing using droplet gen-

erators [140]. This technique is similar to polymer ink

jet printers but would need to be adapted to handle

the high temperatures required for metals. The poten-

tial for large scale printing using this technology is very

appealing to the aerospace industry since Murr [140]

states that systems with build volumes greater than 10

m3 are possible.

New printing technologies are not limited to only

metals. An example of a different printing technology

that could one day be used in the space sector is or-

gan printing. Although still in early stages, one day

astronauts exploring Mars might be able to print re-

placement teeth and relatively simple organs like bones

[141]. This would be very useful for medical emergen-

cies and is a line of research parallel to that of Wong et

al. [31].

Although this paper is mainly focused AMFS, it is

important to recognize that there are still a lot of chal-

lenges that are faced not only by the space sector but

by the aerospace industry in general. These include:

– Creating large parts that then require novel meth-

ods to relieve internal stresses caused by fabrication

[142]

– As shown in Table 4, AM can greatly reduce costs

but scaling production up will require a drop in the

cost of materials and machines that can produce

parts which meet aerospace qualification standards

[143]

– Related to the point above is the fact that there

are still relatively few materials available for AM

[144] and they cost a lot compared to traditional

materials [145], something that is being remedied

[146] but still needs work

– Finally, there is the constant problem of the incon-

sistency in mechanical and material properties of

parts produced vis AM and the fact that they have

still not been properly characterised [147]

These challenges are being addressed by private com-

panies, entities such as NASA and ESA and projects

like AMAZE. This has lead to the development of stan-

dards such as MSFC-STD-3716 and MSFC-STD-3717.

But it will still take some years before AM is truly ready

for use in the manufacturing world.

General standards have been developed but with

limited scope, which will need to be addressed in order

to allow the full potential of AM to be unlocked. Once

this gap has been addressed, AM will become one of

the main manufacturing methods for the space sector.

8 Conclusions

The objective of this work was to provide an overview

of AMFS research and the gaps therein. Tables 6 and

7 summarize the research covered in this paper. Ta-

ble 6 classifies research based on printing environment,

while Table 7 classifies research based on material and

whether the use is for manned or unmanned missions.

AM has the potential to usher in a new era of space

exploration due to its ease of use and fast manufac-



Fig. 18 General requirements for MSFC-STD-3716 [132].

Table 6 Summary of space-based AMFS literature classified by printing environment.

Environment Section Details

ISS 4 3DPrint

AMF

In-space 4.1 Material recycling

Construction of large structures using metal and polymer



Table 7 Summary of ground-based AMFS literature classified based on material and use in manned or unmanned missions.

Printing material Section Details

Metal 5.2

Manned missions 5.2.1 ISS urine processing assembly and oxygen system

Unmanned missions 5.2.2 Propulsion systems using PBF

Creation of material database for EBM Ti-6Al-4V

GRCop-84 printing

Multi-beam EBM and large scale metal AM

Using AM to print electronics and components for NTP

Developments of the AMAZE project

NGOs using metal AM to develop propulsion systems and parts with re-

duced mass

Polymer 5.3

Manned missions 5.3.1 Printed surgical tools

Unmanned missions 5.3.2 Injector plate simulation and testing

Embedded µPPT for satellites

Testing of PLA reinforced with metals

Development of a 3DP micro-thruster for nano-satellites using SLA that

burns “green” propellant

Development of a CGT for nano-satellites again using SLA

Antenna arrays for FormoSat-7/COSMIC-2 constellation

Modular CubeSat structures using PEEK

Other 5.4

Manned missions 5.4.1 Habitat construction using ISRU

Solar powered SLS using ISRU

Development and printing of habitat design using D-shaping and Sorel

cement

Using LENS, SLM, and FDM with ISRU to create parts and objects

Unmanned missions 5.4.2 Using 3DP to create CubeSat structures with integrated components

Printing of cramics and ceramic based composites using LOM and BJP

Fig. 19 Cranfield University’s WAAM 3D printer being used
to print a double-sided, six metres long aluminium spar [139].

turing times. In just a few short decades it has grown

from prototyping tool to full manufacturing method for

functional parts. The space sector’s reliance on custom

made, low production volume parts is ideal for AM.

As covered in this paper, AMFS research is tak-

ing place is a large variety of areas such as propulsion,

buses, electronics, and habitats. The bulk of the re-

search is concentrated on metals, with polymers coming

in second and various others in third.

AM in space is limited to the FDM on the ISS.

This had been used to characterize materials printed in

space and for printing small objects such as the MPMT.

In the future the a closed loop system will be created

where printed parts will be recycled into new filament.

There are also several plans for large scale ISAM using

metal and plastic but for now they’re still at an early

stage of development.

Generally the trend of ground based AM is that

metal 3DP is being used in large spacecraft and launch-

ers while polymers are applied to smaller spacecraft like

CubeSats. In particular a large effort is ongoing to in-



tegrate metal 3DP, specifically PBF and laser-based

methods, into the production of launchers for the afore-

mentioned mass and complexity reductions. Research

into using other materials is mainly concentrated into

developing ISRU AM to help with the manufacturing

of habitats in future missions to the Moon and Mars.

AM’s use in the space sector is still relatively mod-

erate. AM has a high degree of variability compared

to conventional manufacturing, leading to limited un-

derstanding of the process factors and how they affect

the properties of printed parts. This, along with a rapid

development of new printing technologies and establish-

ment of new vendors and manufacturers, has resulted in

a lack of established models and standards for AMFS.

There are many research gaps in many areas of AMFS

but the main one is the need for specifications related

to all aspects of AM, from design to post-processing.

Acronyms

3DP 3D Printing.

3DPrint 3D Printing in Zero-G Experiment.

ABS Acrylonitrile Butadiene Styrene.

ACES Automated Additive Construction System.

ACME Additive Construction with Mobile Emplace-

ment.

ALD Atomic Layer Deposition.

AM Additive Manufacturing.

AMAZE Additive Manufacturing Aiming Towards Zero

Waste and Efficient Production of High-Tech Metal

Parts.

AMF Additive Manufacturing Facility.

AMFS Additive Manufacturing For Space.

AMSII Additive Manufacturing Structural Integrity Ini-

tiative.

BJP Binder Jet Printing.

CAD Computer Aided Design.

CFD Computational Fluid Dynamics.

CGT Cold Gas Thruster.

CT Computer Tomography.

DED Direct Energy Deposition.

DFAM Design for Additive Manufacturing.

DLP Digital Light Processing.

DMLS Direct Metal Laser Sintering.

DMP Direct Metal Printing.

EBF3 Electron-Beam Freeform Fabrication.

EBM Electron Beam Melting.

ESA European Space Agency.

FDM Fused Deposition Modeling.

FH Falcon Heavy.

GRC Glenn Research Center.

GSFC Goddard Space Flight Center.

HCF High-Cycle Fatigue.

HIP Hot Isostatic Pressing.

ISAM In-Space Additive Manufacturing.

ISM In-Space Manufacturing.

ISRU In-Situ Resource Utilization.

ISS International Space Station.

JPL Jet Propulsion Laboratory.

LBM Laser Beam Melting.

LCUSP Low Cost Upper Stage-Class Propulsion.

LENS Laser Engineered Net Shaping.

LEO Low Earth Orbit.

LFMT Laser Freeform Manufacturing Technology.

LMD-w Laser Metal Deposition with wire.

LOM Laminated Object Manufacturing.

MIG Metal Inert Gas.

MIS Made In Space.

MOV Main Oxidizer Valve.

MPMT Multipurpose Precision Maintenance Tool.

MSFC Marshall Space Flight Center.

MSFC-STD-3716 Engineering and Quality Standard for

Additively Manufactured Spaceflight Hardware.

MSFC-STD-3717 Specification for Control and Quali-

fication of Laser Powder Bed Fusion Metallurgical

Processes.

MSG Microgravity Science Glovebox.
MT Metric Tons.

NASA National Aeronautics and Space Administration.

NGO Non-Governamental Agencies.

NRC National Research Council.

NTIS National Technical Information Service.

NTP Nuclear Thermal Propulsion.

ORNL Oak Ridge National Laboratory.

OSIRIS-REx Origins, Spectral Interpretation, Resource

Identification, Security, Regolith Explorer.

PBF Powder Bed Fusion.

PC Polycarbonate.

PE Polyethylene.

PEEK Polyetheretherketone.

PLA Polylactic Acid.

PPT Pulsed Plasma Thruster.

RFID Radio Frequency Identification.



RFP Rapid Freeze Prototyping.

SLA Stereolithography.

SLM Selective Laser Melting.

SLS Selective Laser Sintering.

TAS Thales Alenia Space.

TUI Tethers Unlimited, Inc..

WAAM Wire+Arc AM.
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