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Why In-Space Manufacturing?

o

Reduce Launch Burden Related to Cargo Delivery to Space Reduce launch mass through in-situ resource use (image credit ICON)
(image credit NASA) Moon to Mars Objectives

\

Recyclin_g and Tras Management (image credit NASA) On-demand manufacturing of critical parts and tools (image Build objects too big or fragile to launch
credit NASA)

Bring ! » Recycle & Reuse ! » In-Situ Resource Utilization °




IN-SPACE SERVICING, ASSEMBLY, AND
MANUFACTURING NATIONAL STRATEGY

Prodcs of tia
IN-SPACE SERVICING, ASSEMBLY, AND MANUFACTURING
INTERAGENCY WORKING GROUFP
of tha
NATIONAL SCIENCE & TECHNOLOGY COUNCIL

Moon to Mars
Architecture

Executive Overview

2023 Architecture Concept Review

“ISAM capabilities can create the foundation for sustainable
operations and serve as a strategic enabler to spur U.S.

scientific and technological innovation, ensure the freedom to

operate, and preserve the use of space for future

generations.”

In-Situ Resource

Utilization
In-Space Serving,
Assembly, and
Manufacturing
In-Space Upstream &
Downstream

Manufacturin
8 Supporting Services

Adapted from In-Space Manufacturing-2022 Industry Survey
Erik Kulu

M2M Architecture Definition Document: Manufacture is mentioned 80 times, repair (43), and recycle (6)



https://www.whitehouse.gov/wp-content/uploads/2022/04/04-2022-ISAM-National-Strategy-Final.pdf

ISM Addresses STMD Advanced Manufacturing
Technology Shortfalls (“Gaps”)

Gap ID Gap Title ISM Portfolio Approach
In-Space

Manufacturing 1485 In-Space Manufacturing of Metals, GCD-funded project On-Demand Manufacturing of Electronics
and Space Infrastructure Electronics, and Polymers (Spares, (ODME) is currently pursuing in-space manufacturing of sensors
Repairs, New Parts) for astronaut health and semiconductors for use in space and
terrestrially. ISM anticipates resumption of in-space fabrication
of metallic and hybrid material components and structures in
future fiscal years.

1487 In Space Welding and Large-Scale MSFC TIP, proposed ECI, and a DARPA NOMA4D collaboration are
Additive Manufacturing developing in-space laser-based processing (e.g. welding and
bending) to enable critical repairs and construction of large
articles such as lunar towers or space-based storage tanks.

> 50% Mass reduction, > 99% 3D

printer readiness. A catalyst for 1489 Recycling and Reuse for In-Space ISM plans to reintroduce a focus on space-based material
space infrastructure and ) . . .
etonomMicoppAbKIIbES Manufacturing recycling in FY25, to be followed by recycling of metallics.
1486 In Situ Qualification, Verification & ISM is utilizing NDE, structured light, and various other
Validation of Components for inspection techniques to verify and validate form, fit, and
Manufacturing, Assembly, and function of space-fabricated electronics, components, and
Construction structures.

Ref: Advanced Manufacturing Envision Future Priorities



In-Space Manufacturing Goals & Objectives

i 00 ‘
J IWE 74

Wegrable Disposable
Flexible Sensors

1) Develop a Space Economy
Applications: Manufacture goods for Government and

Industry
* Leverage the microgravity environment R
_ * Enable Outf_lttlng of Hz.abltats —w
é? * Manufacturing goods in space for Earth Multi-material printer
- Focus: AM/Welding of Metals, Polymers, Electronics, for ISS Demo

Logistics Reduction, Biomanufacturing, and Computational

Modeling/Digital Twins .
2) Enable Sustainable Deep Space Missions
Fasteners and Tools On Demand Cast

Applications: Living Sustainably on the Lunar and Martian Surfaces

* Medical Devices

* Crew Tools & Engagement e

* Habitats Outfitting & Infrastructure

* EVA Aids (EX. modular excursion dEViCES) Modular Excursion Devices
Focus: Enabling living and working in space to be sustainable — reducing

operations cost.

On Demand Farming Tools

Takeaway: NASA is investing in the development of enabling manufacturing technologies for use in space.
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Partnership

Image From: https://doi.org/
10.1016/B978-0-85709-483-
4.00004-1

This chart represents a fraction of the team members that make the ISM vision possible.




5 Year ISM Portfolio Plan

Ground-based Tests Orbital Demos Lunar Surface Demos

—

s

Semiconductors &

Microelectronics/Sensors Sensors & Energy/Power

Advanced Toolplate

BPS Decadal Survey: “What research is needed to improve mechanisms of construction and repair in space?”

Weldlng/Addltlve Critical Repairs Storage Tanks/Tall Lunar

Tower/Large Infrastructure

"Recycle, reuse, and sustainability model has to extend throughout the solar system" -Pam Melroy (COSMIC 2023)
DED Storage Tank

-

Associated Verification Technology

Inventory of Feedstocks Polymers/Metals/Textiles

1 Aluminum Chips

(¢) 2050 and 2195 wires extruded with 250 rom rotational spead

ISM Enables Moon to Mars Objectives (e.g. Foundational Exploration, Sustained Lunar Evolution, Humans to Mars)

Friction Extruded Wire




Ground Development Parabolic Flights - Test ISS - Demonstrate Lunar Habitat — Use

ISM is maturing advanced manufacturing capabilities through microgravity COMMERCIAL LOW-EARTH ORBIT DESTINATIONS
demonstrations on STMD Flight Opportunities enabled Parabolic Flights.

* Three parabolic flight campaigns prior to FY24, with five more planned in 2024.

*  Working with ISS NL and multiple Integration Partners for planned microgravity
demonstrations of semiconductortechnologies.

* Working with CLDs partners Axiom and Sierra Space to mature semiconductor CLDs— C iali
technology with plans for eventual demo on their platforms. S—Lommercalize

Takeaway: CLDs and the ISS provide platforms to demonstrate, mature, and commercialize ISM technology.




Current Projects




On-Demand Manufacturing Of Electronics

Goal: Develop and demonstrate on-demand printing of electronics in microgravity and
characterize the impact of microgravity.

lowa State Parabolic Flight

Faraday Electrodeposition of
Covetic Copper

Dual Laser Ablation

ﬂ‘< N VAVAY'.
;;ke?eze:eze!e:.,”,
A/, V4
LIS J

AstroSense FTE Beta Crew Hh
Biosensor

MNextFlex Wireless Flexible Sensor Board

- Advanced Toolplate with Newly
Electronics Printer Module Engineering Development Unit Developed Deposition Tech

Image Credit: Redwire



Recently Closed: On Demand Manufacturing Of
Multi-materials Project

Goal: Demonstrate metals additive manufacturing in microgravity and characterize the impact of
microgravity.
Sub Projects:

1. Outfitting: Develop the capability to manufacture on-demand utilities, furnishings, tools, etc. for off-earth
habitation including the use of In-Situ Resources.

2. Recycling and Reuse: Develop the capability to recycle and reuse materials into useable feedstocks for in-space,

on-demand manufacturing.

Layer #1

Hole Gouged in Print /

CAD of Revised furnace module (top). Furnace
module hotzone during manufacturing.
Image courtesy of Techshot a Redwire company
(bottom).

[llustration of inspection and

: remediation. Image courtesy of
Space Suit Wrist Disconnect manufactured by FabLab. Image Techshot a Redwire company.
courtesy of Techshot a Redwire company.



BPS
Joining

CANs (OSU,
UTEP)

Cross-Center,
Cross-Agency, NASA Internal
and Partnered Opportunities (ECI,
ISW Efforts GCD, TDM, BPS
Decadal Survey)

| — STMD CLPS Lunar Lander
Credit: University of Florida PrOjeCtS, AFRL
Tioping Partner,

Points/SAAs Flight and

(Lockheed, Opportunities
ThinkOrbital) ESDMD

! Future Efforts: Proposals or
Infusion Groundwork Generated

Current Efforts



Develop and Integrate a 3-DOF End Goals. Leverage 2 Concurrent CANs.
Laser Welding System
IPG LightWeld - Integrate portable laser welder onto 1) Use two-pronged experimental approach to develop
robotic fixturing. MSFC modeling (ICME and Digital Twin) capability for in-
+ First demonstration of laser welding in 3 Digital Twin Modeling space welding. TRL2 > TRL 4.
degrees-of-freedom space simulator ; .
. A?ngent Digital TWir?modeI development. « UTEP is funded by MUREP 2) Demonstrate laser beam welding technology as viable
- through a CAN to build virtual approach for ISAM. TRL 3 - TRL 5.
counterpart of in-space weld.

 Determine tolerances to inform ISW
requirements

g Digital Twin of Space Welding
* COTS, handheld laser beam welder

with cleaning and cutting modes

» Demonstrated welding of aerospace-
grade aluminum joints in lab

1/8 (+1716)/(0)l”

First American weld in space
since 1973 Skylab experiment

» Obtain minutes of microgravity on
commercial partner’s platform

« Incorporates instrumentation to collect
data for model calibration and validation
* Flight hardware development funded by
FY24 TIP

Integrated Computational Materials Engineering
workflow of Laser Welding

Processing

Jaser (Computational Modeling I
b
e S Grain
Evolution
(Meso)

solidified
brazing
material

el pos! - filer wire

CALPHAD
(Atomic) .

Bridge
Beam Brazing a Length

MSFC Laser Beam Welding

* Cycle times of fiber LBW are fast
* Tremendous data collection
potential on 15 to 25 s parabolic arcs

Scales

Braze Alloy N (
IXTREE] Wettability Test 3 X e
E (macro)

J

« Proven flight system used to Structure B "D W /B A b
demonstrate electron beam AM on :
NASA C-9B parabolic flights

LaRC Vacuum Chamber

Properties

Microstructure g

Properties & Performance

8 t i Fatigue Life
E Eol o

s, s

g : §] weat TraL
. Funor
° T b -

ranAmoitute 2 e

B chemical
Segregation

Hardness

Substantial NASA investment has enabled this work to create a pathway to Lunar demonstrations.
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Lunar Assembly and Service by Autonomous Robotics (LASAR)

NASA Core Team Members

Ablation [ -

e )

Tall Towers

Credit: ICON

Lunar Infrastructure -

ge

Additive Manufacturing

L]
ey e
3

i

Large Spacecraf‘t

..1- e

Credlt Th|nkOrb|taI/VOJtech Holub

Name Center
Emma Jaynes NASA/MSEC
Alex Sowell NASA/ISC
Raju Subedi NASA/MSFC
Brace White NASA/LaRC
Supported by:

William Evans NASA/MSFC
Matthew Mahlin NASA/LaRC
Parker Shake NASA/MSFC
External Partners
Name Role
Laserline Laser Processing Partner

Motiv Space Systems

Robotics Hardware Partner

PickNik Robotics

Robotics Software & Autonomy

i —— bty '_ H I:|t t \
M

Partner
Mentors
Name Role
Shaun Azimi JSC Robotics SME
Bill Doggett, PhD LaRC In-Space Assembly SME
John Fikes MSFC Management SME
Jeffrey Sowards, PhD MSEFC Laser Welding SME
Piezoelectric UT EMAT UT

ddy

E
Currents

| ¥ $ Ullrusonlc

EMAT Coil
Circuit

Lerentz Force
Magnetic Field
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Future In-Space Manufacturing
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Future: In-situ Resource Utilization and Manutacturing

LuSTR ISRU Grant: MAGMA: Molten Aluminum Generation for Manufacturing Additively - NASA

, , Collaborate to Build Structures (Power/Comm
Refine Materials , ) :
Towers, Habitats, Vehicles, Orbital depots, etc;)

) ! ‘__‘__‘—‘- Support Arms

Solar
Array

Solar Array
Module (1 of 4)

b) Telescoping Tube
Tower

Array

Standoff

=N Height
Computational Modeling, Al/ML and Digital -y — __J.__ Prepared Surface ) Assembled Truss Tower

TWi ns E na b I € AI I Ste ps Of t h Is P rocess = ‘ a) Artist Depiction of 200 kKW Power Module Members



https://www.nasa.gov/general/magma-molten-aluminum-generation-for-manufacturing-additively/

National, Aéronautics and Space Administration



ISM Investment by Country

USA (39) ~$1.6b

TOTAL Appx
USA $1.6B
Russia $1.0B
China  $1.3B
EU +$780M
Japan +$940M

Luxembourg (2) ~$250m

Lithuania (1) ~$28m Russia (2) <$1b

Germany (2) <$337m

Japan (3) <$940m

Greece (1) ~$135m

Thailand (1)

Brazil (1) ~$67m

Australia (3) ~$28.5m

r

Russia and China have joint collaboration for the space race in human exploration, doubling
resources to advance quickly in comparison to the USA. Also, note that commercial funding seems

to be concentrated in a handful of companies for China and Russia, which could indicate an effort to
mature specific technology areas.

The number in the parenthesis ( ) indicates the number of companies contributing

*Provided by Booz Allen Hamilton
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Pathway to Sustainability through ISM

DEMONSTRATIONS &
COMMERCIAL MANUFACTURING
IN LEO (E.G. DARPA NOM4D
BENDING AND ELECTRONICS)

EXPLORATION &
TRANSIT

Currently working Strategic Planning, Tech Maturation,
and Roadmaps

SUSTAINING HABITATS &
OUTFITTING

bjectives (e.g. Foundational
M FExploration, Sustained Lunar Evolution, Humans to Mars)




FO

ISM Ecosystem

SOMD
B Advanced Manufacturing

0G/is

Values
= Sum of 2024 Total $
m Sum of 2023 Total $

m Sum of Running Total

Space Force

GCD SBIR/STTR STRG TOM

COSMIC

INSPA

Academia

~ Commercial LEO

Development

Industry

Flight
Opportunities




Moon to Mars Strategy
Objective-based Approach — Architect from the Right

LI-4: Lunar Surface Advanced Manufacturing and
Construction

LI-8L: Cislunar Orbital/Surface Depots, Construction and
Manufacturing

PPS-2: Understanding Physical Systems
AS-6: Understanding Environmental Effects
RT-5: Maintainability and Reuse

RT-6: Responsible Use and Behavior in Space

RT-9: Commerce and Space Development
OP-11: In-Space Resources to Reduce Mass

OP-12: Minimize the Disturbance to the Environment,
Maximize Reuse/Recycling

TH-4: In-Space and Surface Habitation

NASA’S

MOON TO MARS
STRATEGY AND
OBJECTIVES
DEVELOPMENT

p
exploration throughout
the Solar System

21



In-Space Manufacturing (ISM) / On Demand Manufacturing of Electronics (ODME)
Collaborations & Partnerships

Exploration & Science

. " " Academic
NASA Exploration and Support *In Space for Space” development * University of Louisville *Youngstown State University
®* ECLSS Sensors * University of Alabama Huntsville eUniversity of Wisconsin
= Wearable sensors  Appalachian State *University of Wyoming
= Printed Power & Energy e Auburn University eUniversity of Delaware
= |ogistics — spares and upgrades for missions * Boise State *University of Texas El Paso
* Georgia Institute of Technology  eMississippi State
* CalTech ¢ Arizona State University
Commercialization » lowa State University eUniversity of Delaware
Support "In Space for Earth Applications" development ¢ Florida A&M University *Stanford University
= Semiconductors * Oregon State University *The Ohio State University
*  West Virginia University eUniversity of Texas at El Paso
NASA Centers

* Marshall Space Flight Center

* Ames Research Center

* Johnson Space Center

* Kennedy Space Center

* Goddard Space Flight Center

* Jet Propulsion Laboratory

* Glenn Research Center

* Langley Research Center

* Armstrong Flight Research Center

Industry/Government
+ Redwire Space ¢ Fujifilm
+ Cornerstone Research Group * Axiom Space
e LambdaVision e |SS National Lab
* Faraday Incorporated *  Goeppert
+ Laboratory for Physical Sciences *  NextFlex
* Intel * nScrypt
. . . . . » Lockheed Martin * Multi3D
Note: Some of these official partnerships have concluded and we have maintained contacts . ThinkoOrbital
and relationships for future opportunities. < IPG

22



In Space Manufacturing and Space Infrastructure Roadmap

ISM Project

FY24

FY25

FY26

FY27

FY28

FY29 FY30 FY31-35 FY36+

On-Demand Mfg.
of Electronics
(ODME)

Wearables (clothing, sensors, efc.)
1

In-Space Welding
(ISW)

Computational
Materials
Modeling

Additive
Manufacturing
(AM)

ISRU and Other

7 Ground

ISS/LEO

Lunar orbit

I Lunarsurface

I Mars transit

Mars surface

— | Funded

| —— i Unfunded

Notional:  |[Eesomo | [ s [

( Industry )

23



It has been over 50 years since NASA

has performed a weld in space.

Progress in Space Stagnated and Moved to Parabolic Flights

The first and last
completed US Space

History of Space Welding and Joining

Welding Experiment



Applications in Progress

CI edlt NASA
t

Tower truss connection
made with handheld laser
beam spot weld and lap
welds. AA 6061 with 5183

filler metal.

A concept spacecraft, powered by a nuclear rocket engine, must place distance
between inhabitants and the nuclear reactor to ensure astronaut safety from

radiation. Welding is a candidate assembly process 101‘ building such a structure.
Credit: NASA




DARPA NOM4D partnershlp Laser bendmg

b)
MUSt Optlmlze Workpiece
e Laser beam profile
e Laser beam power

 Laser beam focus
* Laser beam
position/scanning

Thermal Gradient Mechanism (TGM) enables bending
towards laser beam source

|ntegrated Computat|ona| Credit: University of Florida

Materials Engineering
performed at MSFC

Laser beam diameter

on workpiece Laser scan line

- ’ Clamp Clamp
x‘a'oss jet \@ /

Process scan direction

Focus point

feedthrough

Laser scan line

Cooling gas ‘ \\\
Clamp // Clamp : angle
S v Workpiece v ‘ Workpiece
Thickness
n Workpiece J Bending length J
e - pree 1608
Laser Positioner widih Length to clamp

Measure scan direction Increment length

Minimal processing or workpiece setup required for laser bending

generator

*notional TVAC schematic

Mechanism dependent on thermophysical properties of workpiece (e.g. thermal conductivity at temperature)
and thermal dissipation (affected by vacuum). Laser bending will be wholly different in space environments!

Figures licensed under CC BY-NC-ND 4.0 from Bachmann, Dickey, & Lazarus, 2020, doi: 10.3390/qubs4040044 and Thomsen et al., 2019, doi: 10.1016/j.promfg.2019.08.025.



https://doi.org/10.3390/qubs4040044
https://doi.org/10.1016/j.promfg.2019.08.025

ODME Summary

»Progress toward completion of goals and objectives, TRL, and KPP
»Parabolic flight testing completed in late February 2024 has already realized advancements in
TRL for the Advanced Toolplate and SEADS semiconductors objectives. There is an additional
parabolic flight campaign scheduled for August to advance the TRL on the EHD-Advanced
Toolplate integration.
»ODME sponsorship and management has helped Auburn University to win a large award from
Flight Opportunities TechFlights for the dual laser ablation technology that will result in
significant advancement in that technology and two parabolic flight campaigns.

» Reiterate any major issues requiring help or
anticipated help needed from GCD

> No significant technical or programmatic issues for the
remainder of FY24.

» GCD alignment and support for new funding for ODME .
beyond FY?24 is very important. Progress has been ’ ﬁ*‘l -
made with other funding sources for development : pblation
funds, but additional labor funds are critical for FY25.

27



In-Space Manufacturing Advancement Center (ISMAC)

New collaborative workspace where ISM technologies can be advanced utilizing multidisciplinary teams. Equipment has been commissioned to
explore ISM technologies related to electronics, welding, additive manufacturing, recycling, and metal extraction from Lunar or Martian regolith.

Robotic Swing Arm (RoSA) — Large robotic swing arm that with adaptable cube-sat to allow for AM under variable
gravity environments.

In-Space Welding Development Hardware — Test cell dedicated to exploring and optimizing welds in a dusty
regolith environment.

Regolith Pre/Post Processing via Acoustic Levitation — To study pre-processing of regolith for optimizing feedstock
of direct regolith ISRU solutions, as well as post-processing extrusion.

M2M Regolith Laser Sintering Development Printer — M1 Metal Powder-bed printer for direct sintering of regolith.

5/20/2024 28



Weld/AM Development & Manufacturing
Facilities

Leveraging Capabilities
_ : e ey |\

o = |

% 5
3 3 . i A
e g ! .
~ e
.

olar Wind Chamber

Flat Floor (simulate zero resistance
| movement in 2D)

Computational Materials Modeling

/Computational Modeling N

.l Charging from Plasma
Environments Chamber

Planet Chamber (combines multiple
environments => atmosphere,
radiation, temperature, regolith)

) " Every leg of the development chalienge
Structure i {  is linked through computation.

Microstructure

High Fidelity Experiments Coupled with Computational
Modeling, Al/ML, and Digital Twins Enable Sustainable =

. Chemical

I S M ' B segregation

_/

Hardness xpoaiton lmml

National, Aéronautics and Space Administration i
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