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In-Situ Resource Utilization (ISRU)
Technology
for Moon and Mars

» KICT President (Aug 2014 - Sep 2017) a c
> Founder and CEO of ISERI Tal Slk Lee

> Professor, Hanyang University
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Founder and CEO of ISERI
Professor (Hanyang Univ.)

ISERT International Space
Exploration Research Institute

Academic Background

- Kyunggi High School ('72)

-B.S. in Civil Engineering, Seoul National University ('78)

-MS and PhD in Construction Management, University of
Wisconsin-Madison

» Career Highlights

- (Former) President of the KICT

- (Former) President of the Korean Society for Railway

- (Former) President of the Korean Society of Civil Engineers

- (Former) Vice President of the Korean Federation of Science
and Technology Societies (KOFST)

- (Current) Professor at the Department of Civil and Environmental

Engineering, Hanyang University

- (Current) Director of the International Association for Automation
and Robotics in Construction Civil Engineering

- (Current) Korean Representative for the OECD IFP

- (Current) Director of the Climate Change Center

- (Current) Director of the KOFST

- (Current) Vice President of the Korea Engineers Club

> Awards
- Doyak Medal — the Order of Science and Technology Merit
- Presidential Award — the highest national honor bestowed a Korean
Scientist and Engineer
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.\ Living outside the Earth is a huge challengg

NASA's Centennial Challenges: 3D-Printed Habitat Challenge
About the Challenge

NASA and its partners are holding a $2.5 million competition to build a 3-D printed habitat for deep space exploration, including the agency's
journey to Mars. The multi-phase challenge is designed to advance the construction technology needed to create sustainable housing solutions
for Earth and beyond

Phase 1 of the competition ran through Sept. 27, 2015. This phase, a $50,000 design competition, called on participants to develop state-of-
the-art architectural concepts that take advantage of the unique capabilities 3-D printing offers. The top 30 submissions were judged, and prize

£ WA

money was awarded at the 2015 World Maker Faire in New York

Phase 2 is now open and challenges competitors to demonstrate a recycling system that can create structural components using terrestrial and
space-based materials and recyclables

Phase 3, which is currently under development, will focus on fabrication of complete habitats and will follow completion of Phase 2

Rules and Registration

More information on Phase 2, including rules and how to sign up, can be found here

Key Dates

+ October 6, 2016: Phase 2 registration opens

January 31, 2017: Phase 2 registration closes

» March 31. 2017: Phase 2. Level 1 submission deadline

» May 31, 2017: Phase 2. Level 2 submission deadline

» August 24-27. 2017: Phase 2, Level 3 head-to-head ground competition at Caterpillar Edwards Demonstration & Learning Center near
Peoria, lllinois

Centennial Challenges

ISERT International Space ,l'
Exploration Research Institute KICT



".\Is a Moon Village really possible?

STMD: Centennial Challenges

July 7, 2017

Six Teams Earn Honors, Prize Money in Second
Construction Level of NASA Challenge to 3-D Print a

H a bltat NASA has awarded a total of $201,023 to teams of citizen inventors that have reached the latest
milestone of NASA’s 3D-Printed Habitat Challenge, completing the Phase 2: Level 2 Beam Member
competition. The teams are working to find ways to 3-D print habitation structures using recyclables
and simulated Martian soil, a technology goal that could support deep space exploration and advance
construction capabilities on Earth.

For this level, which is the second of three sub-competitions within Phase 2, teams had to 3-D print a
beam for bend testing. Scores were calculated based on the material composition and the maximum
load of the beam at failure.

The winning teams are:

1st place: Moon X Construction of Seoul, South Korea (International team, not eligible for prize money)

2" place: Form Forge of Oregon State University, Corvallis - $67,465

A beam 3-D printed by team MoonX of South Korea, who won 3" place: Foster +F"artners | Branch Technology of Chattanooga, Tennessee - $63,783 (earned first
first place in the 3D-Printed Habitat Challenge, Phase 2: Level 2 place and $65,930 in Phase 2: Level 1)

competition. For this level, teams had to 3-D print a structure for 4™ place: University of Alaska of Fairbanks - $35,573 (earned second place and $14,070 in Phase 2:
bend testing. Level 1)

Credits: Courtesy of team MoonX
5t place: CTL Group Mars of Skokie, lllinois - $34,202

6™ place: ROBOCON of Singapore (International team, not eligible for prize money)

Q_ERT International Space ,5
Exploration Research Institute KICT

) HANYANG UNIVERSITY
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A Moon Village is really possible!

A NASA é'f TENNIAL CHALLENGE
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CA Ontario (cargo)

CA Toronto-Montreal
CA Vancouver (cargo)
US Boston-Somerset
US Cheyenne-Houston
US Gary-Louisville

US LA-Ensenada, MX
US Kansas City-St Louis
US Miami-Orlando

US Midwest

US Nevada

US Colorado (two proposals)
US Seattle-Portland

MX Mexico City-Gudalajara

South America

AR Buenos Aires-Cordoba
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US Texas Triangle (Austin, Dallas, and Houston)
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Europe. -

DE Autobahn

EE Tallin-Helsinki

ES Madrid-Tangiers
FR Corsica-Sardinia

NL Duteh Loop

PL Warsaw-Wroclaw
UK Glasgow-Cardiff
UK London-Edinburgh

Middle East

IL Eilat-Tel Aviv

Asia

CH Shanghai-Hangzhoul

IN Bangalore- Thiruvananthapuram
IN Chennai-Bangalore {two proposals)
IN Port connector

IN Mumbai-Chennai

IN Mumbai-Delhi

KS Seoul-Busan

|
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Africa

SA Durban- Johannesburg

Australia

AU Sydney-Melbourne

-

— Semi Finalist in Hyperloop
One Global Challenge
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. Hyperloop will be realized soon
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Resource Acquisition

Assessment and mapping of physical,
mineral, chemical, and volatile/water
resources, terrain, geology, and
environment

Drilling, excavation, transfer,
_and preparation/ beneficiation
before Processing

In Situ Manufacturing

1

SaAl Y. Production of replacement parts,

; . complex products, machines, and
integrated systems from feedstock
derived from one or more processed
resources

Civil engineering, infrastructure I

emplacement and structure l

construction using materials I

produced from in situ resources

> Radiation shields, landing pads, I

roads, berms, habitats, etc. |
|

Processing resources into products with
i immediate use or as feedstock for
construction and/or manufacturing

» Propellants, life support gases, fuel
cell reactants, etc.

Generation and storage of electrical,
= thermal, and chemical energy with in
situ derived materials

» Solar arrays, thermal storage and
energy, chemical batteries, etc.

ISRU involves any hardware or operation that harnesses and utilizes ‘in-situ’
resources to create products and services for robotic and human exploration

G. Sanders (2017), ISRU and Earth
International Space ,5’
!.ERT Exploration Research Institute KICT y HANYANG UNIVERSITY
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JSC Engineering: HSF Exploration Systems Development

~

= Reduce or eliminate cement and
asphalt — renewable materials
= Alternative construction
techniques — 3D printing

= Remote operation and
automation

* |mprove water cleanup
techniques

= Advance food/plant growth
techniques and nutrient
production

Food/Water

) Y

J

~

= Increase safety = More efficient power

generation, storage and

distribution

* Increase renewable energy: Use
sun, thermal, trash, and alternative
fuel production

= Reduction of Carbon Dioxide emissions j

Mining Energy
= Reduce maintenance

» |ncrease prospecting
mining, and processing efficiency

» |Improve environmental
compatibility

Promote Reduce, Reuse, Recycle, Repair, Reclamation ...for benefit of Earth, and living in Space.

G. Sanders (2017), ISRU and Earth
International Space o &
!.ERT Exploration Research Institute KICT HANYANG UNIVERSITY
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¢ lechnology Areas (TA)

In-Situ Resource NASA 2005 ISRU Road Map

Rerif

International Space

Soil Stabilization (Mars

Dust)

13.536

Exploration Research Institute

Utilization
130
I
Surface
Construction
135
[ I I 1 1 1 1
Site Planning Surface & Subsurface Structure & Habitat Radiation & Micro Structure & Site Landing & Launch
Preparation Fabrication Meteorold Debris Maintenance Site
Shielding
1351 1352 11354 1355 1356
— (—— — — =
Site Survey & Road Construction r Construction Radiation Shelters | Integrity & Preventative Landing/Launch Pads

Characterization Techniques & Methods I Maintenance
15.1.1 13.52.1 13531 I 13.54.1 I 13551 13.56.1
Architectural Layout & Foundation In Situ Bullding | Shields for Nuclear Waste Management Plume Debns Shielding

Master Planning Construction L Materials | Reactors
13512 13522 13532 I 13.54.2 13552 13562

Civil Engineering Utilidor Construction Access & I Micrometeoroid Facility Management Exhaust Flame

Design 1 Handling Shielding Management
B B Equipment | 1 ul B
13.5.1.3 13523 13533 13543 13553 13564
|
Geospatial Information Terrain Shaping, In Situ Robatic / Sheltered Propellant
System (GIS) Grading & Rock Human I and Consumables
—{ Configuration Control B Clearing H Construction B Farms
13.5.1.4 Tool 13524 353 13565
Underground Mars Lightning
Structures Protection
13535 13566

R. Mueller (2017). Construction with Regolith, CLASS / SSERVI/ FSI, The
Technology and Future of In-Situ Resource Utilization (ISRU), March 6, 2017.

-~

KICT

u;
N1y

) HANYANG UNIVERSITY
12
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'\ Processes and Products

Area Leveling/ Autonomous & Surface & Subsurface
Grading/Berms Tele-operati ~Evaluation A

Excavation Requirements by Task
600

i Cable Trenches
M Roads/Obstacle Removal
Landing Pad
500 +— Berms/Mitigation* —
M Foundations/Leveling
Habitat Trench
M Habitat Shielding Roof

400 +—

w
=3
S

Metric Tons

e
=1
S

|
Al L

Mission
G. Sanders (2017), ISRU and Earth
International Space ,5 -~ HANYANG UNIVERSITY
Exploration Research Institute KICT 13



4 ISERI Vision

e‘ERj) International Space Exploration Research Institute

Develop on
In-situ Resource Utilization (ISRU)
construction technologies
which can contribute to
manned exploration to the Moon & Mars

%_ERT International Space ,;
Exploration Research Institute KICT

{52) HANYANG UNIVERSITY

14



‘\ISERI Goal

Lunar/Mars
Simulant

Structure Landing (EDL) Planetary Additive

KOHLS.1/KMS.1 Member Infrastructure Construction System (PACS
( i 1) (Lunar/Mars-cretell (Landing Pad/Rover)

Lunar Test bed
(Vacuum Chamber)

Planetary Entry, Descent & 1
)

Develop additive construction technology using
regolith binding technology with polymer additives

P intemational Space - {52) HANYANG UNIVERSITY

Exploration Research Institute
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SERI History

2009 2010

Future 2020

A Project for National Space Lab of National
Research Foundation of Korea, Development of
Extreme Rough Terrain Exploration Rover (ERTER)

A Project for Inducement of Global Research & Development Center(GRDC) of
!.ERT National Research Foundation of Korea,

“ISERI(International Space Exploration Research Institute)”

NASA RP(Resource Prospector)
Opportunities Agreement

NASA Dome Enclosure
Technologies for
Pressurizing Lunar Pits
Proposal

Starting AIAA SReTC(Space Resource
Technical Committee) ‘Mars Vacuum
Chamber Working Group’

ISERI for Rough Terrain Exploration
Research
Projects N S L
NASA R? (Regolith
Resources and Recovery)
Proposal
International Participation for
B NASA ‘LUNABOTICS’
Projects Robotic Mining
) Competition
e
International Space C=
Exploration Research Institute KICT

Participation for NASA
3D Habitat Challenge
(Centennial Challenge)

HANYANG UNIVERSITY

16



;Key Research Results

National Research Foundation of Korea Development of
Space Basic Original Technology (NSL, National Space Lab)
“Development of Extreme Rough Terrain Exploration

Rover for Rough Terrain Exploration”

Closed Cycle Mining &

NSL Transportation System
Research (2011-2013)
Projects Global Research

Development Center (GRDC) | [ l\

!‘EI?T “International Space . ANASA;ENTENNIALCHALLENGE
Exploration Research 3D-Printed Habitat

. Phase 1 | Phase 2
Institute” Challenge “Design”  “Structural Member”
(2015- 2018)

Key
Research
Results

Lunar/Mars Rover Lunar Vacuum Structural 3D Printer
Simulant Test bed Chamber Materials
Q_ERT International Space ,5’
Exploration Research Institute KICT

{52) HANYANG UNIVERSITY

17
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“\Key Research Results

NASA’s 3D-Printed Habitat Challenge Competition

2016. 12.
N

[f Applicants Level 2 Compeiior

(" Level 1
2017. 3.

N

1 9 Entries

Level 2
2017. 5.

[ Semi-finalists

Level 3
2017. 8.

. . https://www.nasa.gov/directorates/spacetech/
I n a I I StS centennial_challenges/3DPHab/6-teams-earn-
prize-money-in-second-level-of-challenge




Objective

Develop
Planetary
Additive
Construction
System

(PACS)
to Manufacture
Lunar/
Mars-crete

[ M

\
. . :
»
4 i |
[

Use indigenous/ recycle-
able materials without
water, cement, sand

Construct a non-linear
structure

Technologies

Develop a Korean
lunar/Mars simulant

Q'ER? International Space ,5
Exploration Research Institute KICT

Protect humans from the
harsh environment (cosmic

rays/dust/temperature fluctuation)

Develop a mechanism for
binding lunar/Mars-crete
(types/ratio of polymeric
composites)

Operate a construction
system in a space
environment (vacuum)

Develop 3D equipment and
automated additive
construction system

Automate the entire
process

Develop radiation shielding
materials using lunar/Mars-
crete

{=2) HANYANG UNIVERSITY

19



A3 | RS

;RACS Technology Model
Temperature on the Time for Curig

Goal: ISRU Construction Technologies Polymeric Lunar Concrete

Planetary Additive Construction System J L= <
Planetary , ’J //,,_f“i‘f;‘“;"_";“_“;"i,__,,,__,,
Lllali. 1. Develop ke I7 =
Bacalt " lunar/Mars 1 Lunar Simulant(KOHLS-1) | )
Rocks simulant [~ Mas Simulant(KMS-1) I
m;\é e > 2. Develop a L TypelConte-nt Ratio _
(Indigenous] - > mecl'!ani_sm of Polymeric Composites
Recycle) Applicable for binding Manufacturing Conditions
olymer
(LPYHP) lunar/Mars- L~ (Heating Time/Temperature)
crete
| 3. Develop 3D —» Automated Additive
L equipment & Construction System

automated _
> additive t 3D Printed
construction Lunar/Mars-crete
system
. 4. Develop

radiation | Radiation
|| shielding [shields
| materials

-

In

E)\,.,.u......v.. CoTarurI




Simulate the properties of Mars regolith (mineralogy, chemical
composition, particle size, and physical properties)

Develop a manufacturing process for mass feedstock production

* The source rock of KMS is a basalt mined from the riverside of
Hantangang River, in Yeoncheon-gun, Gyeonggi-do, South Korea

KOHLS-1(Korea § ° Various particle sizes are obtained through crushing with a disk mill
Hanyang Lunar

) Regolith Simulant
Simulant, 2008) ComPOSIen VNG Courosity 350, s

1 Mars-1
Mineral Si02 43 42.88 43.48 49.4

TiOo2 0.66 1.19 3.62 1.09

; P|agi°c|ase feldspar Al203 7.3 9.43 22.09 171
\ Cr203 0.49 0.03 0.05
§§ Olivine FeO/Fe,0; 185  19.19 16.08 10.87
Pyroxene MnO - 0.41 0.26 0.17
/i MgO 6 8.69 4.22 6.08
3 Magnetite . Cao 5.9 7.28 6.05 10.45
Na20 - 2.72 2.34 3.28
K20 <0.15 0.49 0.7 0.48
P205 - 0.94 0.78 0.17
S03 6.6 5.45 0.31 0.1

Mineralogical/Chemical Composition

International Space ,5
Exploration Research Institute KICT

{52) HANYANG UNIVERSITY

21



Find optimum types, content ratio under optimum manufacturing conditions
Test various properties (heating time, temperature) and performance
(strength, density) of polymeric binders through experiments

Results

« Test results of strength performance on lunar-create specimens

Polyethylene
Compressive Strength Test Flexural Strength Test

[
JET—TE‘[ 19.8 223 8.25
H H 12.7 . >< .
. // | DPE 3
Low DenS|ty /1 8.5 . 6.75 :

=== HDPE
12.8

Polyethylene 9.4

20% 30% % % 40%
Polymer Contents Polymer Contents

ASTM C109 (5cm * 5cm * 5cm) ASTM C78 (4cm * 4cm * 16¢cm)

— The higher content of binder, the — The higher content of binder, the
High Density higher compressive strength higher flexural strength (LDPE)

Nalhiatla. dacm o

anstecesses, — HDPE binder has higher compressive — The flexural strength was increased up

®000®
®000,6°°% 0% °

Soettoste strength than LDPE binder to 40% (HDPE)

International Space ,5
Exploration Research Institute KICT

{2} HANYANG UNIVERSITY
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Con

Develop automated processes of PACS
Design the optimum nozzle for 3D printer
Manufacture and test lunar/Mars-crete

* Main operation processes include preheating, feeding, mixing

tents

t

Manually

material, binding and extruding
* Nozzle was developed through a lot of experiments and tests*

« Extruding performance increases as amount of polymer
content increases
* The 3D printed lunar-crete was verified to be more
~ compressive than manually layered lunar-crete, increase
tayered | |, ot efficiency(reduced time, waste) and performance of binding
— 20%: 3D printed (29.56 Mpa**) > manual (23.92MPa)

— 30%: 3D printed (33.45 Mpa) > manual (24.48MPa)
*ASTM C109(5cm * 5cm * 5cm)  ** 29.56Mpa =4287.165psi, 1psi = 0.006895 Mpa

International Space

r’ 5*"%‘
Exploration Research Institute KICT 2“' HANYANG UNIVERSITY
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Test the shielding feasibility of lunar/Mars-crete
Evaluate the shielding effectiveness of shielding materials against high-
energy space radiation

Irradiation - Radiation irradiation tests of lunar-crete investigate that the
Experiment effectiveness of shielding might be improved according to the
thickness and polymer content

80

9

60

0

20

Cf-252 (2.3Mev) 36 cm

Neutron Irradiator

a
~

C l/(ml Korea Atomic Energy Research Institute G a m m a‘ rayS N e UtI'O n

PE 10% PE 20%

Thickness(cm) Polymer Proportion(%)

International Space

’ a"'w,‘»
Exploration Research Institute KICT o AL UL
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'PACS — Sub Technologies (4/4)

Sub- Goal: Protect Human from Space Radiation

Test the shielding feasibility of lunar/Mars-crete
Evaluate the shielding effectiveness of shielding materials against
high-enerqgy space radiation

—— 0% poly

Computer . . — s
: . 20 poy DOSE
—_— o poly
Simulation o e
A b poly 1,0096+00

Proton

1,853-01
BN 3,401E-02
e DA,

A ’\"/‘/R 6.241E-03
1.148€-03
2,103-04
3.85%-05

* Polymer content of B ;

Dose Ratio

[pSviparticle]

lunar-crete has an o ‘ ‘ I o
effect on the T - —{ B | j‘ '

. . ;g;: zg:z Voo Neutron (secondary)
effectiveness of
radiation shielding

——30% poly 2,7046-06
- 40% poly 6,055€-07
1,356€-07
N 3.036€-08
N 6.800-09
.
ey T I
.
S
TR T
i
)

[#/cmzlpamcle]

Dose (pSv/particle)

Innovative Technology
Center for Radiation Safety

1) HANYANG UNIVERSITY

Q_ERT International Space ,5
Exploration Research Institute KICT
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gConclusion

Goal: ISRU Construction Technologies

Planetary Additive Construction System J Current (2017.09)

Planetary \

Information 1. Develop
oo [ lunar/Mars | Lunar Simulant(KOHLS-1)

Rocks || simulants [~ Mars Simulant(KMS-1)

m\;\érials > 2. Develop a L T¥|;eIIConte-ntCRatio )

dndigonous! > rfnechanism of Polymeric Composites

Recycle) SRR Cble or binding Manufacturing Conditions
Polymer lunar/Mars- 8

(LP, HP) — (Heating Time/Temperature)

crete

3. Develop 3D — 3D Printer Nozzle
L/ equipment &

automated
> additive — 3D Printed
construction lunar-crete
system
. 4. Develop

radiation | fFeasibility of
shielding [ “Radiation
materials Shielding

— 26
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;ﬂiuture Works: Application Plans

Develop shielding materials to protect
against high energy radiation

Emergency shielding
O[E [t PREITH|

Radiation shielding facility
(Strength/Density/Shielding effectivenes

International Space
Exploration Research Institute

Apply PACS approach to construct
Hyperloop (Korea: Hypertube)

A pod-like vehicle propelled through a reduced-
pressure tube that would exceed airliner speed

Hyperloop pod

‘mnofthepod
Mars' atmosphere is about 1% the density
of the Earth's

REINFORCED SOUTH FACING
CARBON FIBER SOLAR PANELS
e — ——

Structure components

DETACHABLE BOLTED
PYLON BRACE FOR
CASES OF REPAR

[\ INTERIOR
3 TUBING

CAPSULE

PRETENSION REINFORCED
CONCRETE PYLON

{52) HANYANG UNIVERSITY
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How to build the Moon Village

Concurrent AZDLP Robotic Deployment Mlssmn "

| 7 Integration with lander
. platform & launch from Earth

landing pad #

Robotic mission

KICT Extreme Construction Lunar Sub-surface 7-day Stay Crewed Mission
Research Center

Testing of mechanisms for
Autonomous Zipline
Deployment Lander Platform

Zipline
deployment

(AZDLP) — -
Crewed mission  Rendezvous with deep f— ‘
space lunar gateway landing pad #2
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We.,_have the roadmap already! Dreams do come-
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Scientific Robotic Reconnaissance Missions: 2018 — 2020

Settlement Construction Begins: 2050+ Settlement Phase: Latter Part of the 21™ Century

International Space HANYANG UNIVERSITY
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.\Nmagine the Future
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4 Preparing the future for the Moon & Mars Villages®:
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Growth of the Next Generation
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