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One of the most critical points in space exploration beyond Low
Earth Orbit is the provision of systems that ensure the long-term

survival of both crew and technological assets in the harsh space
environment.

One of the key to any sustainable presence in space will be the
capability to be, as far as possible, Earth-independent.

Additive Manufacturing (AM) has the potential to provide a number of
sustainability advantages; such as the ability to manufacture

necessary structures, spares, in situ and on demand reducing the
cost, volume, and up-mass constraints.
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ll. URBAN Study : Objectives and Challenges OHB " Sirevs Qreomex..

The ESA General Study project URBAN aims to evaluate the
feasibility and implementation effort required in establishing the

possible uses of Additive Manufacturing in easing the construction,
expanswn and malntenance of a lunar base.

LU:T"R” BASE VISION - lemb on the Moon
BDprmtfarm

' Hospital and Life sciences
Low grade goods tooks, house-holds.... '

Credit :BEEVC
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: : 1k : <A sonacaspace’  swsTEMs comex....
Public outreach initiatives OHB sewe’ Zowe O
Two Public surveys on Hardware and AM technologies ]
WHAT'S YOUR IDEA TO 3D PRINT ON THE MOON - TO MAKE IT FEEL LIKE
HOME?
[ 69TH INTERNATIONAL \
Ir ASTRONAUTICAL CONGRESS
el ‘ BREMEN 1-5 OCT 2018

Paper , presentation

(=3

Global Networking Forum

\_ /

exhibition , postcards, illustration and video clip

NEWS PRESS - .
] ' Press release, Journal publications, news,
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Il. URBAN Study : The Team COHB o’ 55 Qreomen..

(( in charge of the coordination, systematic analysis, roadmap and
OHB

cost analysis considering the Moon mission. OHB developed
the affinity algorithm between hardware and AM technologies.

gx comex.. .. contributed to the assessment of the environmental impact in
building infrastructure in harsh environment

LIQUIFER Coordinated the Hardware Survey thanks the high heritage in

SYSTENS several human settlement concepts and technique in buildings.
GROUP

_  Thanks to the relevant in house capability in AM technology for
SOnaca space polymers and metals; they were in charge of the AM technology

SONACA GROUP survey
Experts

QATG nsso LITH 2 TNO: e i 2 Fraunhofer cet uiNK

Technology AB TNAS
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Il. URBAN Study : Work logic
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KoM KoM+2M KoM-+4M KoM+6M KoM+8M KoM+10M
* * * * * -
PAR
WPO : Study Management ee EOS
Final Report
Literature < < Literature < PM1 iR ESA PM3 FP
| ESA REVIEW] ESA REVIEW, Approval ESA REVIEW| @ESTEC
v
WP1 : Lunar manned permanent outpost WP2 : Additive Manufacturing Technologies WP3 : Systematic Analysis of the use of B.\é
hardware requirements survey Survey Additive Manufacturing I ]
Permanent infrastructures & Maintenance

Process Machinery & Maintenance

Long Lasting item & Commodities

Temporary Infrastructures & Made on
Demand

Criteria

Overview of AM technologies by ASTM process classification

Feasibility assessment
Setting-up sustainable lunar base

Raw " .
material TRL Budgets | |Recycling Autonomy
i A . ICore process,
Dimensions Post Environme EET(
& accuracy| |processing| | ntal Req. beam, laser)
Criteria

Impact of the Lunar environment on the technology usage

Criticality

Dimension
Procurement /
Transport effort

Recycling capability

TAXONOMY

Building
Material

Conformal
printing

Glass/

. Living tissues
Ceramic 8

Material Cluster

S==os

Logistics and Resources Assembly
transportation Budget in-situ
LILELS Lunar Waste &
Environment Environment downgrading
sl |_advantages | cycle
Criteria
Hardware
AFFINITY % Data Base
Constrains Satisfaction (ED1)
With KIP
AM Technology
Data Base
(ED2)
v —— 3
Possibility to print ED1
with the suitable EDbl elements nol: able
technology from ED2 tobe processed by FD2

Hardware

Data Base
(ED1)

TN1

EXPERTS
PARTICIPATION
AM Technology
N2 Data Base
(ED2)

—

o

Alternative solutions
For lunar implementation

NE

Cost assessment
& Roadmap

Data Base

TN3

oy

Illustrations

Algorithm
(ED3)
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II. URBAN StUdy : Hardware Survey @HB sonaca space’ SvsTEmS Oxcomex....

Comprehensive survey of the elements/hardware required in a
permanent and sustainable manned Ilunar base, based on a
hierarchical investigation from permanent infrastructures to the “on

demand” items.

Several Moon
Dase concepts
h Manned Sustainable Lunar
SurveyMonkey* ot m"jw“\'“
perationa S \.\ Operationsd —— B3|
C&CM“M & .-/l \\ Con“'.h‘ / FTAT AT ’A'l
Priority Requirements ’,/' \ rateayprmrtno
Permanent infrastructures Maintenance
g and machinery
3 ——— Criticalities
a Long Lasting Rem & Mass/Dimensions
S Commodities
= Transportation effort
: @
o L
o
Temporary Infrastructures &
Made on Demand
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Il. URBAN Study : AM technologies Survey “OHB =« i gueome

Survey of additive manufacturing technologies addressing

a broad range of applications and the state of the art of

3D printing related to several materials such as metals, polymers,
ceramics, food ingredients and living tissues.

AM Technology

v £} ’ ; o 2
A & AM Technology survey ;i I : ; §§:§
SurveyMonkey* T Criteria (1Y
P ] ) | R Vst
e —=
Core Rerm
PR LIVIL U | b Poat Procesung
1 R S e
E Corw Bmans | P S by [ —
: g [— et L |
< B o] B T | Sronemy
3% { = [ - = e

v r‘ | | | :
|8
|

Lunar Environment

Lunar Environment
as Constroint and
Resource
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Il. URBAN Study : Systematic Analysis COHB oo’ FETE Qreame..

 Hardware/Technologies matrix ; Mission Con Ops

AM Techoologies
ITTTT1
. i

Pr— @ P
OusafAcation | |
.-

Tk 182 i
g P et d e d
Capevis teaos Suppaovt ! . -
|
. —o:—- . b—-j -o'» =
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Il. URBAN Study : Roadmap COHB oo’ FETE Qreame..

Implementation Approach related to the roadmap and cost analysis

..Z'é

J‘ Experts group
adn stakeholder

Implementation Time ' i. |1 Bring or Print ?

frame
According to the TRL Logistic Effort Cost comparison
level and adaptations
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Task 1 : Hardware classification overview
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lll. URBAN : Hardware classification overview “oHB ' SErevs  Qreomex..

EEEEE

Task 1 objectives:

» Provide a comprehensive survey of the elements/hardware of a
permanent and sustainable manned lunar base, investigate them
hierarchically from permanent infrastructures to the “on demand” items
and classify according to identified criteria: e.g. criticality, mass,
dimensions, logistics and recycling.

Task 1 study approach:

» Comprehensive review of literature to identify hardware needs related to
manned lunar permanent infrastructure, Earth based analogue
simulations and remote exploration (Polar research, oceanography,
oil/lgas exploration).

» Perform a survey of infrastructure needs by using a questionnaire
distributed to professionals in the areas of space engineering/research,
manned space and robotic analogue simulations, remote exploration.

» Perform assessment if identified infrastructure can be 3D printed

Final presentation, December 12nd , 2018 14



lll. URBAN : Hardware classification |
- ((TéHB )naca space’ élslgreEmHs Q(comex...
overview

Evolution of a Lunar base

-1 Survivability - 1 Sustainability — - Operational — full
minimum crew, larger crew, crew, complete
permanent additional less hardware of all
presence, critical critical hardware criticalities
hardware only “MOON VILLAGE”

Credit: SHEE Consortium ) Credit: British Antarctic Survey

Near Term Mid Term Long Term

Credit: RegoLight Consortium
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lll. URBAN : Hardware classification overview COHB  weowe S5 Qcomex...

BROURP

Hardware infrastructure categories & requirements

Group#1 | Group#2 _____|Group#3 | Group #4

Permanent Permanent machinery Long lasting items Temporary & made on
infrastructure & & maintenance & commodities demand items
maintenance

Habitat and storage  Transportation, rovers, Mechanical and Spare parts for items in
modules, oxygen reactor, AM & sampling tools Group #1 & #2.
communications ANC machines, mixer, equipment, 3D Made on demand items
infrastructure, plastic re-cycling printers, furniture, such as medical/dental,
rigidizable inflatable machinery, Direct exercise laboratory, culinary,
structures and Energy Deposition equipment, fuel etc. habitat small items,
building blocks machine, homogenizer, textiles, logistics, food
using lunar regolith, 3D printers for building and biological etc.
ISRU plant using large and microscopic
hydrogen reduction parts etc.
of FeO etc.

Final presentation, December 12nd , 2018 16




III- URBAN :The Hardware Criticalities (ED_HB soracaspacé‘ ;nggnr:s Q(comex..,.

BROUP

LUNAR BASE PHASE

SURVIVABILITY SUSTAINABILITY OPERATIONAL

Group #1 -
Emaergency shelter PERMANENT
m facility INFRAS TRUCTURES
S and EVA sult AND MAINTENANCY :

ISR faciliny

Power plant

Roadways

TTEC center and data center (communications)
Water plant

Gas & fuel storage

Thermal control/electrical power supply facility
Mazardous storage facility

Telesc

Group #2
Excavation rover PERMANENT MACHINERY |

Transport rover » YT ~%
Additive manufacturing machine AND MAINTENANCE

Furniture o A
LONG LASTING ITEMS

Exercise equipment A - . 3

30 printers AND COMMODITIES

Other objects within interior emvironment

Medical

Group 24

Maintenance tems o P &
TEMPORARY AND
Fleld exploration items MADE-ON-DEMAND

Laboratory items ITEMS

Culinary and Beverage Utensils
Habitat small items

Logistics module small iterms
Food production

Energy supply

CRITICALITY
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lll. URBAN : Hardware Groups

[tDHB naca space’ ;ISLSJ“FFEEHES Q(comex...

BROUR

Group 1- Permanent Infrastructures and maintenance

e Research data obtain from various space mission architecture, analogue station such as
Antarctic stations and online survey

Purpose

* To provide shelter for human, robots and other equipment’s from the harmful lunar
environment

Build (Survive) Run (Sustain) Maintain (Operational) Research
- Habitat « Laboratory * Operational pads » Telescope
« Hanger and * Green house « Roadways « EVASsuit
storage «  Satellite « TTC and Data center
facility « ISRU facility « Water Plant
* Power plant « (Gas and fuel storage

* Thermal Control and
» Electrical Power
Supply facility
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lll. URBAN : Hardware Groups

LIQUIFER

(%HB ’  swsTEms Q(comex...

BROUR

Group 2 — Permanent Machinery and Maintenance

Explore Build Run Research
(Phase 1) (Phase 2) (Phase 3) (All phases)
)

FILABOT

Credit: NASA, ESA, SpaceX, RegoLight consortium, Foster+Partners, pinintrest
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lll. URBAN : Hardware Groups

LIQUIFER

((TaHB nacaspace’  swsTems Q(comex...

BROUR

Group 3: Long lasting items and commodities

* |tems that are to be found mainly in an interior environment of a habitat

e Commodities will represent the backbone elements of the processes (raw materials, seeds,
energy, packaging

o, 0¥

Common material

* Fiberglass, plastic, stainless steel, aluminum, rubber and composite materials.

e Nano cellulose

Current status of AM printing compatibility

* Mostly yes . Strongly correlation with recycling capability for the raw material availability

Final presentation, December 12nd , 2018



lll. URBAN : Hardware Groups

G OHB e 2  SrETENS Q(comex...

BROURP

Group 4 — Temporary and made-on-demand items

¢ Included here are on demand items such as spare parts for Group 1 & 2 items, food,
biological tissues or orthopaedic prosthesis due to an emergency need. Temporary items,
for example, include single use tools (items that address specific needs).

Common material

¢ Plastic, stainless steel, aluminum, rubber and composite materials.

Current status of AM printing compatibility

e Extensive applications already available.
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lll. URBAN : Hardware Data base

Q(comex.. =

Temporary and Made on Demand temns - Modical & Denlal
Mater MAN abswd | Dwvercor | Mase Marfierdnce of Tty Couroontt sUtus of AM PoaCserrent oo HeCponrgy
| apphcaton perTanect prrdng cormpadtnty conty Soan cycing
] (ishe Sert | Trarmpont
OGN W PO | 4 » ) o [P
Eam
pobUrettare | of | Boron Moxde g | O
Wex based Sres and WphCIon
partcies patent
[RO72)
Wound-cane guns
. . ; .
Handego Comon, myion Treatment of | Vanows 1009 | One-ame use 1 [RDET] RDES) Yes, v
ity o g Licred 10 patent RS ippRcabon
o waths ot
regang
specia
pary
St Nylon. Polyestes, Hoang 001-08 | <1+2g | OneSne use 4 30 prded stomaled | | Yes, kv
Theeaa PVLF Woether mm Sored 1 patent sungical suturng ! oher
Podyprogyiens wouna rechness oevice In WEHCIOoN
. e Oeveiopment [IROON
Cneygen ABS Used 10 One-ame use 4 Procuced ty | Yes for
[N S e Lkored 10 pusent Saatavys Mo oer
- Coeypon Sohusons Group Applcaton
10-50¢m SOMMD ans s
GO CAD n 016
En

Final presentation, December 12nd , 2018

[RDST)

Example of the data-base structure

22




UQUIFER

lll. URBAN :Hardware Requirement Survey “OHB w2 greome.

Morkey survey &

Dwvided inlo four category

Inputs rom
Literalure survey

29 1esponse in
NMonkey Survey

L iex abure survey 16

Mohey survey 4

| Bocature survey "

Monk oy survey

Loy abure survey 16

| | Mockey survey 48

8 Parmanent Infrastructures and mantenance

# Permanent machinery and maintenance
Long lasting fems and commodibes

= Temporary and made on demand tems
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lll. URBAN :Hardware Requirement Survey “OHB e 25 greomer..

SROURP

Relative distribution of materials used in hardware
Identifed by survey

Textile
Copper Glass . Plastic 39%
w Ceramic 4%
~ Rubber 6%
Plastic

w Aluminium  15%
.. Steel 19%
. Copperetc 2%
Textile 3%
Glass 12%

Ceramic
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Task 2 : AM technologies Survey
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IV.URBAN : ALM technologies
] u u (‘ SONaCa SPe \‘»" SVS'I":IS'L?S comex.. .
classification OHB e S5 &

INPUT 1 : Literature survey according to the ASTM
(American Standard Test Method) process group
classification

INPUT 2: Public survey at the technology developers was
conducted where participants could provide their inputs.

INPUT 3: Support from experts leading different AM technologies in

terms of process and scope

- i nnovation Advanced Pol =
A ATG - LITH 2 TNO: oo O ZiFraunhofer  ——\ (A<

Technology AB TNAS

Final presentation, December 12nd , 2018



INPUT 1: ASTM process grouping and
literature COHB o S5 Qreome..

* AM process groups (ISO/ASTM 52900:2015)

e Material Extrusion

¢ Vat Photopolymerization
e Powder Bed Fusion

e Material Jetting

¢ Binder Jetting

¢ Sheet Lamination

¢ Direct Energy Deposition

* Emerging technologies
e Lunar environment effects

e Current research in in-space and on-planet printing

Final presentation, December 12nd , 2018 27




INPUT 1: ASTM process grouping and |
literature COHB s’ £S5 Queomen..

Material Extrusion
* Material is dispensed through a nozzle or an opening

e Materials: Consumer-grade plastics, and thermoplastics, ceramic slurry, food

* Already tested in microgravity environment

Core element Max part dimension | Mandatory Post processing TRL for
current/theoretical Moon

Extruder Low to Medium 14mx7mx3 m Depending on the surface
(<5kW) unlimited requirements: from none to support
removal, CNC machining. Ceramic
parts: washing, sintering

—

Desktop 3D printer BAAM printing process and printed part
(Credit: BEEVERYCREATIVE) (Credit: 3dprint.com)



INPUT 1: ASTM process grouping and
literature COHB s’ £S5 Queomen..

Vat Photopolymerization
e Liquid photopolymers are selectively cured by ultraviolet (UV) light

* Material: Photopolymer, ceramic

Core element Max part dimension Mandatory Post TRL for
current/theoretical processing Moon

Light source, VAT  Low to Medium 1500 x 750 x 550 mm Depending on the surface
with liquid (<5kW) Limited by the VAT size requirements: from none to

surface finish Ceramic:
debinding, sintering.

1 BUIDLING PLATFORM

2 VAT

3  OPTICAL SYSTEM

4 LED
CLIP process by Carbon (Credit: Carbon) Process core elements (Credit: Lithoz)
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INPUT 1: ASTM process grouping and
Iiterature ((:D_HB onac e’ ggéfgm”g e

Direct Energy Deposition

* Focused thermal energy to melt materials as they are being
deposited onto another, and with it fusing them together

e Materials: metals

Core element Max part dimension Mandatory Post TRL for
current/theoretical processing Moon

Energy source: a laser, High to 7112 x 1219 x 1219 mm*®*  Depending on the
an electron beam, ora  Very High unlimited application, CNC machining
plasma arc to achieve surface finish

The SP3D process:
produces a full density,
metallurgically bonded

3D component

Sciaky’s EBAM printer (Credit: Sciaky)
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INPUT 1: ASTM process grouping and |
literature COHB s’ £S5 Queomen..

Multi-Material Printing

e Selective Laser Reflow
* Printed circuit boards (PCBs)
e Li-ion batteries

e Parts with integrated electronics

Solar cell printing (Credit: Utilight) 2-layer assembled board (Credit: Nanodimensions)
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IV.URBAN : ALM technologies classificationgng -« = geomer.
INPUT 2: Online survey

Objectives were to collect information and opinions of the technology
providers

Questions

10 questions, addressing technology type and features, print size, post
processing needs, recyclability and potential for adaptation to Moon
environment.

Results —— .

« Over 200 invites to participate sent out, 22
replies received

* High-end plastics and metals are the most
popular materials - industry demands i

thermeoplastics

materials with high strength/functionality pascay gy

« The majority of technologies have
requirements on environmental conditions:
specific temperature range and/or humidity




IV.URBAN : ALM technologies classificationgng -« 5 geomen..

EEEEE

INPUT 3: Experts’ support

Advanced Polymer

Technology AB
]

TPU
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IV.URBAN : ALM technologies classificationgng =« 25 greomen..

BROUP

Lunar Environment Impact

Technology Vacuum Gravity Temperature

Nozzle cloggin Microgravity effect on material
DVacu u m . . Tp— orgé:’it g_ [ sedimentation and crystallization Many materials are
Material extrusion . P Y- will strengthen the printed temperature sensitive
interlayer adhesion )
material
VAT
D H - h d 2 t' photopolymerization No effect: the process Requires additional control Requires protection if
Ig I'a Ia |On takes place in a enclosed measures to maintain a flat liquid used in outdoor lunar
volume photopolymer bed conditions
Powder bed fusion . Requires additional control . -
D Extreme tem eratu res No effect: the process measures to maintain a flat Requires protection if
takes place in a enclosed used in outdoor lunar
powder bed to prevent cloud i
volume ; conditions
formation
Material jetting Material jetting AM process
D L k f t I t- depends on gravity to deposit
aC O na u ra CO nveC IO n Requires temperature the liquid droplets on the print
controlled printing layer. Precise droplet deposition Temperature sensitive
environment under lunar gravity will require
additional calibration and control
D Lu nar d USt difficulties.
Binder jetting D Binder jet AM process will
quire - q . .
atmospheric air/condition require very high degree of May require protection
. control to prevent powder if used in outdoor lunar
for heat convection or . - . L
clouding and liquid blobbing conditions

IR e against the lunar environment

JLow gravity (unchangeable)

Sheet lamination Requires protection if

used in outdoor lunar
conditions

D M 00 n q u a keS Directed energy High temperature can

be used as thermal
energy source.
However additional
cooling system will be
required to control
excessive heating.

No oxide formation under UAM is not affected by
vacuum microgravity

Microgravity effect on material
sedimentation and crystallization
can strengthen the printed
material

deposition Processes exists that are

designed to work under
vacuum — EBF?

IMicrometeorites

Final presentation, December 12nd , 2018




IV.URBAN : ALM technologies classificationgng =« ==

J@space’  swstEMS Q(comex.. :
SROUP

Recycling and Sustainability of the process

The establishment of an AM process in support of the Moon base will be strongly
correlated to the self-sustainability of the process itself and the possibility in
reusing the recycled materials.

Components and products can be redesigned to take advantage of AM's
beneficial properties and flexibility to create new geometry able to

compensate by structural design the potential loss of the original
performance (Downcycling)

Waste material can be used as source of the
AM process to produce a functional item (Upcycling)

CRISSP (Customizable Recyclable ISS
Packaging) from Tethers Unlimited is a suite of
materials designed as launch load protection and Ji
then be recycled into feedstock for 3D printers




V.URBAN : Systematic analysis approach «gg

Survey and Implementation Feasibility Road";g::;sthe A
. ON DF
EM CLASSIFICATION M ' :
AN Zon Artgery

a - o
B
\

e CAN PRINT WITH )
“-‘a 4 'f " '! L‘
. N AM TECHNOLOGIHES 3

URBAN Decision maker
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V.URBAN : ALM technologies selection COHB wowd SSL Qcoomen...

BROUP

NUMBER OF
IDENTIFIED

HARDWARE
144 Aluminum, its alloys, steel, and its alloys as well as
copper, titanium and both consumer-grade and

@@ AM TECHNOLOGIES high-performance plastics

52

TREND

o Pl Tld Nyh




V.URBAN : Decision Maker tool COHB wrsond® S20Sh  Qroomex..

SROURP

The match of the two databases (task 1 & task 2) has been evaluated by a
software which is able to show whether an item could be printed or not with
respect to on demand constraints entered to the system.

“URBAN decision maker” tool

open dynamic tool that will be act as decision support algorithm for the
identification of the suitable AM manufacturing versus the identified /listed items.
The tool will be a stepping stone for a future decision making process algorithm,
which will be mandatory in the perspective of a permanent lunar base.

On the Moon, the decision of the adequate technology utilization has to be taken
in-situ and with constrains (e.g. time in printing) that can be defined on-demand
by the existing needs.
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V.URBAN : ALM technologies selection

((TéHB égé{gmﬂs Q(comex.. :
| Grade Key performance indicators for AM technologies ranking
Necessity of Estimated  Estimated Estimated Power- Estimated Estimated Estimated Estimated
main low gravity outside Required feedstock material post lead time
@ elements | influence compatibility Resources sourcing waste processing
5 4 2 3 3 4 3 3
1 needed for 1-| Extreme Extreme High Earth High High > 6 Months
5 elements |interference | interference
with process| with process
2 needed for 5-| Considerabl | Considerable | Medium to High Extensive Low Substantial < 6 Months
10 elements e interference recycling
interference
3 needed for Medium Extensive Partly Medium Weeks
1-15 ISRU recyclable
elements
4 needed for Low Low Medium to Low| Recycling | Recyclable Low Days
16-20 interference | interference
elements
5 needed for No Designed for Low ISRU & None None Hours
>21 elements| interference | outside use recycling
with process

Then the utility function is calculated as the sum of all key indicators multiplied by the
weighting factors
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V.URBAN : ALM technologies selection

« OoHB © a@aspae’ Swerams Q(comex...

SROURP

Ranking Abbreviation Process name

2 iLCH Contnuous Flament Fabncation

3 e Contour Cratting

4 BAAM Big Area Additive Manufacturing

5 ADAM Atomic Difusion Additive Manufactunng

6 LMD Laser Metal Depostion

8 [WHAM Wide and High Addawe Manutacturing Top 21 AM process
a iASSS é;;dh‘e ' Separation Sintering short list from 52
10 u.ﬁ& iemng | Binder Jetting classified
11 Ma(enal Jetma ‘ Mat-enél...lemng

12 jow [Drect ink witng

—;;—IEI;S Lasel Engineerng Net Shaping

14 SP3D Supersonic 3D Depostion

15 uc Ulrasome Consobdabon

16 EBF Electron Beam Freeform Fabncabon

17 SLS Selective Laser Snterng

18 'l Magnetopet

20 EBM Electron Beam Melting

4
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SeIeCted teChﬂOlOgieS and Roadmap ((—:D_HB onacaspace’ SvsTems Oxcomex....

In — situ : Regolith

High performance
Polymers &
Plastics

Ceramics
Glass
In-situ
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= = m ( sonacaspace’  swsTEms comex.. .
Solar Sintering Printer: ‘OHB ¢ e O

AM technology: Solar
Sintering

Reference Project: Regolight
TRL level: 5

Reason for Technology Selection:

The main advantage of the RegoLight technology is that it utilizes naturally available resources on the moon

1. Sunlight to power and print, and

2. Regolith to print the building blocks.

Thus requiring only the machinery (printers, sand collection, assembly robots) to be launched from Earth.

Possible Applications:

Permanent Infrastructure category

1. Terrain modelling (eg: operation pads, roadways, towers, telescope etc..)

2. Non-pressurized building structures (shelters, launch apron) to protect machinery from dust,
micrometeoroids and radiation

3. Building structures Habitat envelops to protect and shield humans against dust, micrometeoroids and
radiation

Final presentation, December 12nd , 2018
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Solar Sintering: ‘OHB S —

Regolith is deposited to the print tray from Markus Kayser Solar %Ven
the feeder. ;

A mobile gantry or a robotic arm holding
lens, or a solar concentrator accumulates
the solar rays into regolith sintering
temperature.

After reaching the sintering temperature,
the concentrated solar ray/ radiation is
guided in 3-axis to sinter the required
shape 1" 5 7 4 ‘ i i
| Feeder %

4 Mobile gantry

=

Related works:

« Physical Sciences Inc - NASA
« Markus Kayser, Solar Oven
* RegoLight consortium, EU
University of Surrey, UK
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Solar Sintering Printer: COHB wond SZE Queome
1

TRL 5 + 6 o(F ) ema{B)eeimimiminimimimiminn v 9
* Breadboard demonstration in vacuum | TRL6 TRL8 v

chamber and/or analogue chamber. + System  demonstration  with |* Actual system completed and
« Tests in analogue and vacuum critical functions accepted for flight

chamber in 450 K¢ * Automated printing on mobile |* Qualification of the system
*  Mobile optical lenses 200 K€ chassis with soil simulants in| Prepared for eg. Commercial
* Printer Hardware 750 K€ dedicated simulation facility (1.3 | Lunar Lander (2.5 M)
*  Material Science 350 K€ M €) * Integration (1.0 M€)
* Scenarios, geometry development, | TRL7

structural engineering 250 K€ *+  Model demonstrating the ROM cost: 3.5 M€

element performance for the

operational environment

* Small printer in vacuum chamber
(3.5 M€)

* Adjustments of scaled prototype
demonstration in 1/6™g parabolic
flsght (0.7M€)

ROM cost: 5.5 MC

Final presentation, December 12nd , 2018
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Solar Sintering Printer: ‘OHB = O ‘

The printer weighs around 100kg and can
be fitted on top of ATHELETE rover to make
it mobile.

It can be fitted on a robotic arm to increase
printer volume.

Printer can be used in outside lunar
environment.

Final presentation, December 12nd , 2018
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Hardware elements

NASA ATHLETE serves as a
mobile device to move the
solar sintering printer

ATHLETE specs
Mass: 850kg
Hexagonal platform
Dm=2.75m

Payload capacity= 300kg in
earth’s gravity, which equals
approx. 1800kg on the lunar
surface

Estimate mass of a sintered
interlocking element: 1000 kg
(ATHLETE can carry element
in a lunar environment)

RegoLight Mobile Printer
device to be set on top of the
ATHLETE

Size
H=1.5m, L=2.0m, W=1.2m
Mass= 100kg

Fresnel lens
dm=1.0m
mass = 10.0kg

Building volume for a solar
sintered element

* H=0.5m, L=1.0m, W=0.5m
» Estimated mass: 1000kg

ATHLETE and mobile printer
as mobile solar sintering
system

Mass: = 1000 KG

Final presentation, December 12nd , 2018




EBAM®(Sciaky)/Electron Beam AM COHB oo’ ZEE Qreomen.

SROURP

As there are several technologies that produce metal parts, the one with the highest
TRL and the least affected by microgravity is selected:

EBAM® is a metal-processing technology developed both at NASA and commercially
by Sciaky.

« Titanium and Titanium aloys o 2319, 4043 Aluminum

nel 718, 625 o 4340 Steel

. . .
» — — =
3 3 A

vinless Stoels (300 series

The technology will be crucial in the lunar base building phase as well as for its

maintenance by

* Producing large parts (not limited by the print volume) larger than 6 meters in
length, with very little material waste

* High speed manufacturing (3 to 9 kg/hr)

* Repairing of existing structures

« Operating in pure vacuum environment, the process doesn’t require the use of
Argon or any inert gas for part shielding

« Creating “graded” or “super alloy” parts using a multi wire nozzle, which will allow
having two or more different metal alloys into a single molten pool
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AM technology: Electron Beam
Melting

Reference Project: EBF3, EBAM®

TRL level: 5 ( for space)

Reason for Technology Selection:

Metal-processing technology capable of operating under vacuum, developed both at NASA and commercially
1. Fast manufacturing of metal parts

2. Large, industrial-scale, part size (potentially unlimited) and design freedom

3. Can be used for repair

Possible Applications:
Permanent Infrastructure (primary structures)
Permanent machinery (rover parts, main elements of industrial machinery)

Repair and maintenance system
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EBAM®(Sciaky)/Electron Beam AM

TRL 5§

* 6 > 7

In-process monitoring
improvement to reduce waste and
post-processing needs

Improve design software
Manufacture a prototype and test
in and test it in a vacuum chamber
(different temperatures)

Study part properties and define
quality criteria

New material development as
wire, considering the recycling

possibility

Manufacture a prototype and
test its performance outside of
the ISS ( eg. potential
integration on external platform
for repairing purpose)

Evaluate of dust influence on
part quality and research dust-
mitigation options

Create a catalogue of parts for the
mission

Define repair scenarios
Manufacture the flight-ready
system for the Moon

ROM cost: 5 MC

ROM cost: 4.5 MC ( including 1SS
| prototype)

_ ROM cost: 1.5 M€

Short-term
2 years

Medium term Long-term

3 years 3 years
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NASAATHLETE serves as a
mobile device to move the
EBAM printer for repair in -situ

or Fixed platform shielded
from Lunar dust

Hardware elements

Internal Boom Mounted Gun with
High Resolution Optics & Servo
Gun Tilt Axis

X, Y & Z Servo Axes with Multiple
Part Positioner Options

Wire feed with Motorized Wire
Nozzle

CNC Control-Joint Scanning and
Digitizing System

Estimated mass range : 2t ( for
the mobile version) to 4t for the

fixed platform

Final presentation, December 12nd , 2018
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The Fused Filament Fabrication is the most widespread additive manufacturing
technology and it's been validated in low gravity conditions .

Moreover, it covers a wide range of materials and allows printing parts identified for
the laboratory usage, tools, structural elements as well as it is also the technology
based for food and tissue printing.

Recycling of prints is being actively researched.

4

Multi-material printing

Recycling and post processing integrated in the process :end-to-end
manufacturing during space missions

Reproducibility /Standardization

Final presentation, December 12nd , 2018
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Fused Filament Fabrication for ISM ‘OHB wwom’ gzt Qrosmr

Ground & ISS Development & Demonstration Exploration Implementation

Asteroids

Mars

- ‘ Cislunar
€ &
Plastic Printing Lagrange -
Demo Point
— “"_,
Marevial
Chavacterization
2014 2015-2017 2025 - 2035+

(Credit: NASA : ISM technology Roadmap)

NASA is focusing on an integrated “Fab Lab” facility with the capability to
manufacture multi-material components (including metals and electronics), as
well as automation of part inspection and removal will be necessary for sustainable

Exploration opportunities.

&
1

The dimensions are based on an Express Rack Location
< 250Kg.
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ERASMUS: Food Contact Safe Plastics = “OHB ~== Zie G
Recycler and 3D Printer System

The ERASMUS technology integrates a plastics recycler, dry heat sterilizer, and 3D
printer to create a system that accepts previously-used plastic waste and parts,
sterilizes these pre-used materials, recycles them into food-grade and medical-
grade 3D printer filament, and 3D prints new utensils and implements.

Project Duration

Start: Ape 2017 End: Apr 2019
Technology Maturity (TRL)

tnl!rlds

Development Dema A Test

Examples of medical devices and utensils that have been 3-D

printed on the dedicated ERASMUS printer. ,
(Credit: NASA)

Final presentation, December 12nd , 2018 55




i I 1 G soracaspacé‘
Fused Filament Fabrication ‘OHB

LIQUIFER
SYSTEWNS
BROUP

O(comex.. =

AM technology: Fused Filament
Fabrication

Reference Project: AMF

TRL level: 5* for polymers

SRL :4-5 ( ref. FablLab)

Reason for Technology Selection:

Versatile technology covering a wide range of materials that is currently already at TRL 9
1. System has been operational on the ISS under microgravity

2. Can be used to manufacture parts in all 4 categories; post processing needs are low
3. Excellent recycling/down cycling capability

Possible Applications:;

Permanent Infrastructure category (secondary structures, parts)
Permanent machinery (spare parts)

Long lasting items and commodities

Temporary and made on demand items
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Fused Filament Fabrication ‘OHB T O

TRL - -+SRL 4 5+ A A i 8)ewimine -9
* Implementation of multimaterial
*  Improvement of in-process capability
monitoring * Implementation of recycling
* Integration of post processing (either integrated or as a
within the printer separate machine) * Update design and manufacture a
* New  material  development * Teleoperation/distributed system for printing on the Moon.
(antimicrobial, temperature- printing The system can include several
resistant, adaptive materials, etc) *  Manufacturing and testing of a units: printing, post-processing,
* Design software improvement larger prototype on the 1SS recycling or have all three

functions integrated

y
f V1
ROM cost: 1 MC ROM cost: 3.5 ME [ inch. 155 peototype) | ROM cost: 2 ME
. N r~.,\a
Short-term / Medium term ). Long-term 7
1 years 2-3 years V' 2 years 4
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LCM works by polymerizing a ceramic
powder suspended in a photosensitive
resin. An LED light source projects onto the
resin, and through mask exposure,
selectively cures the resin and builds up
the part layer-by-layer.

This is the green part :“composite of
ceramic particles within a photopolymer
matrix” acting to bind together the ceramic
particles.

The green part must then go through
thermal post-processing: debinding to
remove the photopolymer matrix and
sintering to achieve final part density.

Final presentation, December 12nd , 2018

1. Tilting mechanism

2. Rotating mechanism

3. Coating blade

4. Exposed slurry

5. LED light source, 460nm
6. 1920x1080 DMD chip

7. Optics

8. Green part

9. Z-stage
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Electrically insulating, substrates in

: : Alumina
the electronics industry, thread
guides in textile engineering, ~@ Zirconia
protection in thermal processes, Silicion nitride

etc. Tricalciumphosphate

dielectrical ceramics

hydroxyapatite High-end metal forming, valves,

bioglass bearings and cutting tools, dental

S applications.

cordierite

porcelain Excellent biocompatibility, bioresorbability,

osteoconductivity and is therefore a well-
established material for bone
replacement in regenerative medicine.

magnesium oxide

!
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In the frame of the study , Lithoz has performed a feasibility assessment with
regolith simulant, demonstrating a process compatibility and capability to
achieve high precision in the dimensions and shape of the printed items .

Actual production rate : 1 Kg ceramic powder + 20% binder -->1 Kg printed parts

» Future plan to mix the binder to a reusable resin

Final presentation, December 12nd , 2018
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SIMPLE DATA PREFPARATION AND
USER-FRIENDLY MACHINE CONTROL
Dat Y oane

iy

COMPLEX GEOMETRIES
WITH MK H-PERFORMANCE
CIRAMICS

N comohm geometee Wik

L

CAD DESICN

‘::;l BINDER

PARALLIL PRODUCTION OF

MIXING TO SLUMRY

GREEN PART

1\

DIFFERENT DESIGNS CERAMIC
LG R -
MATERIAL SAVING
PRODUCTION METHOD
S e Tasen)
MACHINE FOOTPRINT
LED-BASED LIGHT ENGINE o FINAL PRODUCTS FINISMING PART CLIANING,

YO GENERATE LAYER

BNPORMATION DEBINDING & SINTERING

Market available system
CeraFab 8500 (Credit: Lithoz)
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[Process ____________________|Function ___|Estimated Mass __}

Grinding and S ‘3“ Versatile 50Kg

Vibratory Micro)

sieving in one unit _ equipment.
N

Mixing system A Needed to be 50 Kg
needed to be ’ . integrated in the
integrated to create W process for
At sl L automatic function
Cleaning Presently solvent =

bath but in future

gas flushing

Debinding and
sintering

Versatile equipment 80Kg
( Oven /furnace)

Core part Dedicated design to 100Kg
keep the slurry in

place (e.g

compressed air or 7
confined volume)




Lithography-based ceramic
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SRL ' § > 6 oz St cmsn s e s T 8- 9'>
|74

* Integration of sieving of the lunar soil
within the slurry subsystem

* Prototype of the slurry subsystem
parts for low gravity compatibility and
optimized binders consumables

* Test of the subsystem on a parabolic

Flight

ROM cost: 1.5M¢

in the system Manufacturing and
testing of a larger prototype with
material derived from lunar soil
or different ceramic.

Developing of suitable printing
chamber compatible with low
grawnty

Sintering system for post
processing (eg. furnace,
debinding, cleaning ) are not
considered in the development
effort

ROM cost: 3 MC

manufacture a system for printing
on the Moon,

* The system can include several
units: printing, sintering and
finishing or have all three
functions integrated

ROM cost: 4 M€

Short-term
—

Medium term

3 years

Long-term
3 years
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Summary of AM technologies TRL OHB wow e O

Electron Beam Additive Manufacturing (EBAM)

Solar Concentrator / Solar Sintering

Lithography-based Ceramic Manufacturing (LCM)

2 A FRA . 1V ) 4 - A 2 F . BT B2 ' >
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Moon mission scenario and
Bring or Print considerations
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Human exploration of both the Moon’'s surface and its environment requires the
capability to transport crews and large masses of cargo beyond LEO. The next wave of
lunar exploration will be fundamentally a strong cooperation in bringing human to orbit
the Moon, starting in 2023, and land astronauts on the surface no later than the late

2020s™.

*NASA National Space Exploration Campaign Report —September 2018
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The development of commercial launch vehicles by SpaceX has greatly reduced
the cost of launching mass to Low Earth Orbit (LEO). Reusable launch vehicles
may further reduce the launch cost per kilogram. Therefore it may be a potential

next step by NASA to replace the SLS plan with a commercial low-cost solution
also for destination beyond LEO.

Final presentation, December 12nd , 2018
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Therefore the budget and mass upload capabilities will strongl

mission concept that will be elaborated.
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depend on the launch and

CAPABILITIES
& SERVICES

FALCON 9 - FALCON HEAVY

ooooooooooo

: an»n"m -:j PR —

https.//www.spacex.com/falcon-heavy
Assuming the usage of the European
Ariane 6 :
which can take an 11Ton payload to GTO,
the biggest payload which can be landed
per Ariane 6 launch is 1.1Tons, using a

2.2Ton supporting lander. Each launch of
Ariane 6 costs 90 M€—-> 8K€/Kg
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VI. Moon Mission scenario

Recently 9 U.S. companies now are eligible to bid on NASA delivery services to the
lunar surface through Commercial Lunar Payload Services (CLPS) contracts, as one of
the first steps toward long-term scientific study and human exploration of the Moon.
Lunar payloads could fly on these contracted missions as early as 2019.

Q row MISSION 1 2 3 4 5
. TR LUNAR ORBIT

$300,000/ kg ASTROBOTIC
NUMBER
LUNAR SURFACH
LANDERS
$ 1,200,000 / kg
DELIVERY ON ROVER
ok $2,000,000 / kg

SURFACE 35 kg 175 ko 265 kg 530 kg
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The construction and operation of the ISS provides the only comparable example
available to us at present. Although the manned Apollo missions provided a lot of
baseline data for future lunar exploration, these were brief missions lasting only a few
days.

The ISS by comparison is a permanent base in near-Earth orbit supporting the needs
of up to 6 crew and a host of scientific experiments.

Clearly a permanent Moon base will have far more resource needs leading to an
enormous dependency on the supply of construction materials and resupply from
Earth. The lesson to be drawn from ISS is that a permanent Moon base will have to
radically find new ways to reduce this dependency from Earth.
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Each square Total Approx. Spaves Mass Currently On-Ortk « 11170 4y Mass extmates 3% tr mans of 1pare e ondy

represents ~z::(£gi:3 ......_ + 83 1ot Inchuding Ay PCKIgG OF Canter Mmass
il IIIIIII

~3,000 kg Predicted Annual Average Upmass 2012.2020
K Comective Makttenaace * L2600y Erpected Average
Upmass EX Je= m| Avral Falwas® » 430 Ay
per year ED
Toes 219009

| RO This s for a system with:
.. ~ | =Regular resupply (~3 months)

Toda Aeron 5

~18,000 kg on * Quick abort capability
ground, ready to fly * Extensive ground support and
on demand redesngn/re-fly capability

Collo. W, Aveng. G, Goodbt K., Swomgren, € . and Maxwel, A, Supporabadiny for Tayond Low Farth Ovbet Missons " AIAA SPACT 2001
Cosfierence & Exposahion. No. AIAA-DM 1723 Aserscm lavitute of Acrosafics and Astrossenies, Long Beach, CA. Sep 20 1 pp. 1412 * . B on preicied UTHF
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Current maintenance logistics strategy for deep space missions
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Survivability Sustainability

30% |

Suwabiity > susanabity > operaorsl g
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In situ manufacturing

Earth transportation needs
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parts,  spare
repair

Ll L} Ll -
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Inflatable  structure to BRING REPAIR
support the initial building
phase
External shielding (2-3m PRINT In situ Fiberoptic Solar
of regolith or concrete concentrator
shielding is required over
the habitat for protection
E E E E J against radiation)
To minimize the mission risk Suit port and EVA suit BRING PRINT Fused Filament
o Mechanical parts, Fabrication and
and use the transportatlon to Hard-shell and Electron Beam AM
P . fabric layers can
establish a first settlement the b ]
1 1 1 Laboratory and BRING PRINT: extension Fused Filament,
big infrastructures will be roonorns purs, spare , EBAM®
repair
procured from Earth. The BRING PRINT: extension FFF, EBAM®
Windows, sealing and parts,  spare
presence of the solar Atook repat
" Operational Pads and PRINT In situ Fiberoptic Solar
concentration AM technology Roadway _ concentrator
Hangar and Storage PRINT In situ Fiberoptic Solar
1 1 1 ilA facility concentrator
IS CrUCIaI In the bU||d|ng up Power plant BRING PRINT: extension Solar cells and
E parts,  spare panels has TLR low
phase, while EBAM® and FFF repait
. . Thermal Control and BRING PRINT: LCM, FFF, EBAM®
Can represent the prOV|S|0n Of Electrical Power Supply Mechanical For electronics part
Facility components, Technologies at low
spare, broken parts and on oot TR
Sealing,  pipes,
gauges shield
demand needs. uges
Transportation system BRING PRINT: extension LCM, FFF, EBAM®
parts, spare
repair
Rover (prospector) BRING PRINT: LCM, FFF, EBAM®
Mechanical
components,
Rover (excavator) BRING PRINT: extension LCM, FFF, EBAM®
parts, spare
repair
CNC machine BRING PRINT: extension LCM, FFF, EBAM®
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The activities performed within this study have confirmed the promising advantages
derived from the utilization of in-situ and on-planet (in particular lunar) Additive
Manufacturing, to build, maintain and operate any future human-tended base.

The key driver capability to make this implementation successful and sustainable is
the possibility to recycle end-of-life items and convert them into raw material,
thereby closing the material loop.

The sustainability will also result from the ability to redesign components, products
and the process itself, based on their intended usage in the lunar base.

While AM can be used to directly replicate and produce the needed hardware in the
forms that we know on Earth, this type of approach fails to take full advantage of the
offered design freedom.

Revisiting the traditional design approach and adjusting the specific AM capabilities
for use in environments different from Earth will be the next challenge.
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Current maintenance logistics strategy will not be effective for deep space exploration
missions.

One of the major benefits of an In situ manufacturing capability is the fact that it allows
on-demand manufacturing of spares.

Whereas a spare part can only cover a single type of failure a manufacturing
capability would be able to cover several different types of failures.

The In situ manufacturing enables commonality of material rather than
commonality of design .

The raw materials can be converted into specific components in response to

specific failures, as result, the risk reduction per unit mass of raw materials is higher
than for discrete spares, since those raw materials provide a broad risk coverage.

Design for repair culture must be embraced
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The journey to establish human presence outside the Earth in a permanent way has
just started. In order to make it possible, one of the best ways is to proceed on an
incremental path with relevant intermediate targets.

bl cleer=nehElEi=r e | ISS may be critical test bed for
highest priority AM demonstrating some of the AM technologies
technologies or crucial part of them

‘ Ve AW s etellee -y - Evaluating technologies to enable multi-
material, digital manufacturing of
components

‘ Recycling ability Recycling is not yet fully developed for

most materials

‘ Decision making Tool Dev_el_opment of an opt_en-dynamic tool to support

decision process in-situ
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Thank you

Photo: Sergey Nivens / Shutterstock)
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