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Fig. 1. The hyperbolic dependence of the bulk density of Lunar regolith versus
depth (dashed curve) [28].

Table 1

Lunar soil density according to depth range [27].
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Depth range (cm)

Bulk density, g (g/cm?)

Relative density, Dg (%)

0-15 1.50 = 0.05 65 = 3

0-30 1.58 = 0.05 74 + 3

30-60 1.74 + 0.05 92 + 3

0-60 1.66 = 0.05 83 + 3
Table 3

Typical values of cohesion and internal friction angle for a Lunar surface ground
layer of 60 cm [28]. The mean and range of values are given.

Depth interval

Coheslon (kPa)

Internal friction angle ()

(cm)
mean range mean range
0-15 0.52 0.44-0.62 42 41-43
030 0.90 0.74-1.10 46 44-47
30560 2,00 2.40-3 80 o4 D2-55
060 1.60 1.30-1.90 49 48-51
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Table 2

Geotechnical properties of the original Lunar regolith samples.
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Mission

Description

Cohesion (kPa)

Internal friction angle (")

Reference

Lunar Orbiter (1966)
Surveyor I (1966)
Surveyor III and VI (1967)
Lunar Orbiter (1966)
Apollo 11 (1969)

Apollo 11 (1969)

Apollo 12 (1969)

Apollo 14 (1971)

Apollo 15 (1971)

Luna-16& (1970)

Boulder track analysis

Strain gage and TV data

Soll mechanics surface sampler

Boulder track analysis

Penetrometer tests in LRL on bulk soil sample
Penetration of core tubes, flagpole, SWC shaft
Penetration of core tubes, flagpole, SWC shaft
Soil mechanics trench

Measured at station 8

Lunar soil from Mare Fecunditatis

0.35

0.15-15

0.35-0.70

0.1

0.3-1.4

0.8-2.1

0.6-0.8

<0.03-0.3

1.92-2.01 (typical 1.97)
5.1

33

55

35-37

10-30

35-45

37-45

38-44

35-45

47.5-51.5 (typical 49.5)
25

Nordmeyer (1967) [29]

Jaffe (1067) [30]

Scott and Roberson (1969) [31]
Moore (1970) [32]

Costes et al. (1970) [33]
Costes et al. (1971) [34]
Costes et al. (1971) [34]
Mitchell et al. (1971) [35]
Mitchell et al. (1972b) [36]
Leonovich et al. (1974) [25]
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Table 4
Mechanical properties of Lunar regolith simulants.
Simulant Description Il [gfcmjl Dg (%) ¢ (kPa) g M Reference
J5C-1 The simulant was created at the Johnson Space Center (JSC), USA, targeting  1.90 - 02 49 Perkins et al. (1991)
Lunar mare regolith. It contains a low percentage of titanium and a high [41]
shbundance of glass.
- - 2438 5355 Carrier et al. (1991}
28]
1.50 - =1 45 McEay (1994)
1.60 [42,43]
1.65
1.62 40 39 44.4 Klosky et al. (1996])
1.72 &0 13.4 527 [44]
1.33-1.80 - 0 4B-64 Perkins and Madson
(1996) [45]
1.62 - 39 443 Klosky et al. (2000)
172 62 49.5 [4&]
1.81 14.4 536
FJ5-1 This simulant originated in Japan (Fuji volcano) and was designed to 1.55 - 1 72 Kanamori et al. (1998)
simulate the low-titanium Lunar soil brought by the Apollo 14 mission [47]
FJ5-2 It contains more olivine and simulates the properties of the Apollo 14 soil  1.55 - 3 394
better than FJ5-1
FJ5-3 It was produced by adding ilmenite and olivine in FJ5-1 and can simulate  1.55 - 4 325
the properties of the Apollo 11 soil
MLS-1 This simulant was developed in the University of Minnesota, USA, and can  1.56-2.20 - o 48-58 Perkins and Madson
simulate the properties of the Apollo 11 sample (1%9&) [45]
JEC-14 JEC-14 is a modification of JSC-1, targeting the mare Lunar regolith. Itis - 53-05 3.9-144 444536 Klosky et al. (2000)
mined in the volcanic field of the San Francisco area [46]
1.63-1.88 0-75 20-5.0 3748 Alshibli and Hasan
[2009) [48]
1.66-1.94 246846 - 41.87-56.70 Zeng et al. (2010) [49]
TJ-1 The simulants are created with the use of volcanic ash deposits collected 1.36 - 0.86 47 .6 Jiang et al. {2012}
from northern China. These are simulants of low-titanium basaltic regolith [507]
produced by Tongji University in China.
TI1-2 1.45 - 1.03 46.9 Jiang et al. {2012) [50]
GRC-3 This simulant was created using Bonnie silt (which is a natural loess) 1.63-1.84 304803 - 37.8-47 8 He et al. (2013) [51]
excavated from a site in Burlington, Colorado (US). Such a simulant is
applied for the evaluation of traction forces to the wheels of & rover.
CAS1 This simulant is composed of low-titanium basaltic scoria from the Changbai  1.03-2.04 - 0-12 33.3-41.8 Lu and Jianguo
mountains in northeast China and was developed by the Chinese Academy (Compacted-state (2014} [52]
of Science to support the Lunar orbiter mission. It is designed to match the  density)
Lunar sample brought by the Apollo 14 mission. 0.73-1.72
(Loose-state density)
BP-1 It is developed by the Kennedy Center/Arizona, USA, and consists of 1.43-1.86 - 0-2.0 39-51 Suescun-Florez et al.

crumbled basalt. It also matches the low-titanium Lunar soil of basaltic
composition.

[2015) [53]
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Table &
Mechanical properties of the surface Martian regolith.
Miszsion Description 2 (g/em™) c'(kPa) #{deg) Reference
Viking Lander 1 Scoop trenching and landing pad sinking 1.15 + 0.15 16+ 1.2 18 + 2.4 Moore et al. (1982) [69]
0-3.7 Moore et al. (1987) [70]
Moore & Jakosky (1989) [67]
Viking Lander 1 Seoop trenching and landing pad sinking 160 = 0.40 51 %27 L + 2.4 Moaore et al. (1982 [£9]
2.2-10.6 Moore et al. (1987) [70]
Moore & Jakosky (1989) [67]
Viking Lander 1 & 2 Scoop trenching and landing pad sinking 260 1-10 4060 Moaore et al. (1982) [£9]
Moore et al. (1987) [70]
Moore & Jakosky (1989) [67]
Viking Lander 2 Scoop trenching and landing pad sinking 1.40 = 0.20 1.1 = 0.8 4.5 = 4.7 Moaore et al. (1982) [£9]
0-3.2 Moore et al. (1987) [70]
Moore & Jakosky (1989) [67]
MPF Sojourner Wheel dig trenching 20-2.2 0.34-0.57 31.4-42.2 Moaore et al. (1999) [62]
MPF Sojourner Wheel dig trenching 1.07-1.27 0.18-0.53 15.1-33.1 Moore et al. (1999] [63]
Table 7
Mechanical properties of Martian regolith simulants.
Simulant Description p(g/cm3) D (%) ¢ (kPa) ¢ (deg) Reference
JSC Mars-1 Agpcounts for the oxidized Martian soil and is a fraction of altered volcanic ash from a cindered one that originates in Hawaii 0.835 0-96 1.91 47 Allen et al. (199B) [77]
0.90-1.15 0.61-0.85 40.8-41.4 Perko et al. (2006) [76]
JPL Lab 107 Collected at the Jet Propulsion Laboratory (JPL); consists of dust-free washed silica sand 1.47-1.67 26-100 0.67-1.41 33.3-33.7 Perko et al. (2006) [T&]
JPL Lab B2 Collected at JPL; consists of dust-free washed ruby gamet mix 2.44-256 £4-95 0.69-0.99 33.7-38.3 Perko et al. (2006) [T6]
MER Yard 317 Obtained from the indoor MER test facility and created by crushing wolcanic rock 1.48-1.69 14-74 1.49 47.9-53.3 Perko et al. (2006) [T&]
MARS Yard Taken from the outdoor Mars Yard and created by decomposed granite brick cinder and dust from washed sand 1.62-1.79 45-103 0.93-0.99 35.1-37.2 Perko et al. (2006) [76]
MMS sand I Basaltic simulant in rock, sand and dust form. The source rock of the simulant is mined from the Tertiary Tropico group in the western Mojave  1.384 0.81 3B Peters et al. (2008) [TE]
MMS sand I desert. The sand and dust gradients are produced by mechanically crushing basaltic boulders. 1.341 1.9 19 Peters et al. (2008) [TE]
MMS dust I 1.078 0.38 31 Paters et al. (2008) [7&]
MMS dust 11 0.911 0.53 30 Peters et al. (2008) [7&]
ES-1 Sandy material, based upon Mepheline stermoy 7. Intended to resemble the characteristics of the top-soil on Mars. 1.30 0.50-1.530 16-21 Brunskill et al. (2011} [7%]
1.50 0.50-2.00 1B-24
ES-2 Sandy material, based upon Red Hill 110. Intended to resemble the characteristics of the terrestrial medium-fine to coarse quartz sands. 1.45 0.00-1.20 23-27 Brunskill et al. (2011) [79]
1.60 0.00-1.30 25-34
E5-3 Sandy material, based upon Leighton buzzard DA 30. Intended to resemble the characteristics of the terrestrial medium-fine to coarse quartz ~ 1.55 0.00-0.30 3040 Brunskill et al. (2011}
sands. 1.80 0.00-0.30 3542
JMS5-1 Developed by the Chinese Academy of Science. Produced by the mechanical crushing of Jining basalt including small amounts of magnetite and 1.45 0.33 406 Zeng et al. (2015)
hematite.
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Numeration of the Lunar and Martian original samples and simulants.
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LUMNAR REGOLITH MARTIAN REGOLITH
n.a Mission/Simulant Reference na Mission/Simulant Reference
ORIGINAL SAMPLES 1 Lunar Orbiter (1966) Nordmeyer (1967 [29] ORIGINAL SAMPLES 1 Viking Lander 1 (1975)  Moore et al. (1982) [69]
2 Surveyor I (1966] Jaffe (1967} [30] 2 Viking Lander 1 (1975) Moore et al. (1987 [70]
3 Lunar Orbiter (1966) Moore {1970) [32] 3 Viking Lander 1 (1975) Moore and Jakosky (1989} [67]
4 Surveyor I and VI (1967)  Scott and Roberson (19697 [1] El Viking Lander 1 (1975)  Moore et al. (1982) [&9]
5  Apollo 11 (1969} Costes et al. (19707 [33] 5  Viking Lander 1 (1975) Moore et al. (1987) [70]
1 Apollo 11 (1965} Costes et al. (1971) [34] 1 Viking Lander 1 (1975) Moore and Jakosky (1989} [67]
7 Apollo 12 (1969) Costes et al. (1971) [24] 7 Viking Lander 182 Moore et al. (1982) [69]
(1975)
a8 Luna-16& (1970) Leonovich et al. (1974) [25] a8 Viking Lander 182 Moore et al. (1987) [70]
[1975)
9  Apollo 14 (1971} Mitchell et al. (1971b) [35] 9  Viking Lander 182 Moore and Jakosky (1989} [67]
(1975)
10 Apollo 15 (1971) Mitchell et al. (1972b) [35] 100 Viking Lander 2 (1975)  Moore et al. (1982) [&9]
SIMULANTS 11 J5C-1 Perkins et al. {1991} [41] 11 Viking Lander 2 (1975)  Moore et al. (1987) [70]
12 J5C-1 Carrier et al. (1991) [28] 12 Viking Lander 2 (1975) Moore and Jakosky (1985) [67]
13 JSC-1 McKay (1994) [42,43] 13 MPF Sojoumner (1996) Moore et al. (1995 [63]
14 J5C-1 Klosky et al. (1996) [44] 14 MPF Sojourner {1996} Muoore et al. (1999) [63]
15 J5C-1 Perkins and Madson (1996) SIMULANTS 15 J5C Mars-1 Allen et al. (1998) [77]
[45]
16 MIL5-1 Perkins and Madson (1996) 16 J5C Mars-1 Perko et al. (2006) [T&]
[45]
17 EJ5-1 Kanamori et al. (1998) [47] 17 JPL Lab 107 Perko et al. (2006) [T&]
1B FJ5-2 Kanamori et al. (1998) [47] 1% JPL Lab 82 Perko et al. (2006) [76]
19 FEI5-3 Kanamori et &l. (1998) [47] 19 MER Yard 317 Perko et al. (2006) [T6]
20 JSC-1 Klosky et al. (2000) [46] 20 MARS Yamnd Perko et al. (2006) [T&]
21 JSC-1A Klosky et al. (2000} [45] 21 MMS sand I Paters et al. (2008) [7E]
22 J5C-1A Alshibli and Hasan (2009 [46] 22 MMS sand II Peters et al. (2008) [7E]
23 J5C-1A Zeng et al. (2010) [49] 23  MMS dust [ Paters et al. (2008) [TE]
24 TIJ-1 Jiang et al. (2012) [50] 24 MMS dust II Paters et al. (2008) [7E]
a5 T2 Jiang et al. (2012) [50] 35 E51 Brunskill et al. (2011} [79]
26 GRC-3 He et al. (2013]) [51] 26 ES51 Brunskill et &l. (2011} [79]
27  CA51 Lu and Jiznguo (2014) [22] 7 E52 Brunskill et al. (2011} [79]
28 BP-1 Suescun-Florez et al. (2005) 28 ES2 Brunskill et al. (2011) [79]
(53]
29 E53 Brunskill et al. (2011} [79]
an  E5-3 Brunskill et al. (2011} [79]

31 JIMS5-1 Zeng et al. (2015) [80] 12
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Fig. 2. Mechanical characteristics (cohesion
up and angle of friction/shearing resistance
down) for the original Lunar and Martian
regolith along with the corresponding si-
mulants. The box-and-whisker markers in-
dicate mean values and ranges, where
available from the original source. The x
axis indicates bibliographical references as
numbered in Table 9.
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Table 5
Chemical composition of the Lunar original samples and their simulants.
Onide (wit%]  Original Lunar Samples (Mean values) Lunar Simulants (Mean values or ranges)
Apollo Missions Luna Missions Made in U5 Made in Japan Made in China
11 12 14 15 14 17 16 20 24 ML5-1  J5C-1 JEC-1A BEP-1 FI5-1 FI5-2 FI53 TI-1 CAS-1
(a) (a) (a) (a) (=) (a) (a) (a) (a} (k) (cHd] mdes (2] (a} (a) (a} (f] 54
502 422 463 481 489 45 43.2 41.7 451 43.9 43.9 47.7 465449 47.2 49.1 49.7 45 47.7 49,24
Tio2 7.8 3 1.7 1.4 0.54 4.2 3.4 0.55 1.3 6.3 16 1-2 23 1.9 1.7 6.7 2 1.91
AI203 136 129 174 144 7.3 17.1 153 223 12.5 13.7 15 145155 147 16.2 14.8 13.7 16.2 15.8
Cr203 0.3 0.34 023 035 0.33 0.33 028 - 0.32 - 0.04 0.02-0.06 - - - - - -
Fely 153 151 104 14.3 51 12.2 17 7 19.8 13.4 74 7-75 6.2 8.3 8.2 7.9 - 11.47
Fe23 - - - - - - - - - 2.4 3.4 34 5.9 4.8 47 5.9 10,76 -
Mni 0.2 022 014 019 0.3 0.17 0,23 013 0.25 0.2 0.18 015020  0.21 0.19 0.19 0.28 0.15 0.14
MgO 7.8 9.3 0.4 11.5 57 10.4 8.8 0.8 9.4 6.7 9 B.5-95 6.5 38 8.1 7.3 5.04 B.72
Caly 1. 107 10,7 10.8 15.7 11.8 125 151 12.3 10.1 10.4 10-11 9.2 9.1 8.4 7.8 B.21 7.25
Na2O 047 054 0.7 0.39 .46 0.4 0.34 05 0.31 2.1 27 25-3 a5 2.8 16 245 4.92 3.08
K20 0.le 031 055 021 0.17 0.13 0.1 0.1 .04 028 0.82 0.75-0.85 1.1 1 0.92 0.87 2,29 1.03
P205 0.05 0.4 051 018 0.11 0.12 0,12 0lé 0.11 0.2 .66 0.6-0.7 0.52 .44 0.4 0.39 0.58 0.3
Bal - - - - - - - - - - - - - - - - 0.06 -
NiC - - - - - - - - - - - - - - - - - -
Sr0) - - - - - - - - - - - - - - - - 0.09 -
5 o1z - - 0.04 0.07 0.09 0,21 O.08 0.14 - - - - - - - - -
H20 - - - - - - - - - - - - - 0.43 0.47 (.58 - -
Total 909 996 998 1008 1008 1005 997 1008 1004 995 Q8.9 99.33 9814 1002 100 Q8.9 0046

*m.d.: Manufacturer Data (a) Kanamori et al. (1998) [47] (b) Weiblen et al. (1990} [54] {c) McKay et al. {(1993] [55] (d) McKay et al. (1994) [42,43] (e] Jiang etal. 4
(2012) [50] (f) Zheng et al. (2000) [56] (g) Stoeser and Rickman (2010) [57].
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Table 8
Chemical composition of the Martian original material and their simulants.
Oxide (wi™]  Original Martian material tested in-situ (Mean values] Martian Simulants {Mean values or ranges)
YViking Landers Pathfinder Pathfinder MER MER Made in US Made in UK Made in China
1 2 Soil MER-1/0Oppy  MER-Z/8pinit J5C MARS-1  MMS-I MMSI MGS-1  Y-Mars JMES-1
(&) () (b (c) (d) (e} (b) (f) () (7] (h} (i)
5i02 43 43 44 42 4180 458 345435 40.4 43.8 45.57 4497 40.28
TiDz2 .66 0.56 1.1 0.80 1.08 0.81 3-38 1.09 0.83 0.30 077 1.78
Al203 73 7.0 75 10.30 B.60 10 18.5-23.3 17.1 13.07 0.43 13.31 13.64
Cr203 - - - 0.30 0.46 0.35 - 0.05 0.04 0.12 - -
Fe} - - - - - 15.8 - - - 146.85 - -
Fe203 18.5 17.8 16.5 21.7T0 15.60 - 124-15.6 10.87 18.37 7.57 16.00
MnC - - - 0.30 0.36 0.31 0.2-0.3 0.17 0.13 0.10 0.18 0.14
MgO & & 7.0 7.30 7.10 9.3 27-3.4 6.08 G665 16.50 14.32 6.35
Cald 5.6 &6.10 667 6.1 4.9-6.2 10.45 7.08 403 765 7.56
NaZO - - 21 2.80 1.60 33 1.9-2.4 3..28 251 3.66 223 292
K20 0.15 0.15 0.3 060 044 0.41 0.5-0.6 i0.48 0.37 0.42 0.08 1.02
P205 - - - 070 0.83 084 0.7-0.9 0.17 0.13 0.37 0.09 0.3
Bal - - - - - - - - - - - -
NI - - - - - - - - - - - -
Sri - - - - - - - - - - - -
503 6.6 8.1 4.9 600 557 G.B2 - 0.10 611 263 - -
l 0.7 0.5 0.5 0.90 044 0.52 - - - - - -
H20 - - - - - - - - - - - -
Total g58.8 758 9.5 Q9,80 00,18 9037 05,24 100.0 90,99 9947

(a) Banin et al. (1992) [81] (b) Allen et al. (1998) [77] (c) Foley et al. (2003) [82] (d) Rieder et al. (2004) [82] () Gellert et al. (2004) [84] (f) Peters et al. (2008) .
[7&] (g) Cannon et al. (2019) [85] (h) Stevens et al. (2018) [B6] (i) Zeng et al. (2015) [B0].



Table 10
Summary of anchoring methods in extraterrestrial environments.

[EWTEYVIKEC EpYAOTIEC S =

Helical anchoring (Fig. 3a) Focusing on the practicality of the helical anchoring method and its resistance to uplift; developed through Klosky et al. (1998) [87]
experimental work performed on JSC-1 Lunar simulant.
Suction drilling (Fig. 3b) A drilling technigue that takes advantage of pumping the grained soil out of the borehole by using cold gas Komle et al. (2008) [E%]

flow. For the case of the Moon, the lack of atmosphere means the amount of gas needed for the drill should be
included in the weight budget. On the other hand, the thin Martian atmosphere will provide an unlimited gas

TESOUTCE,
Circular wedge anchoring Experimental study focusing on the assessment of the effect of circular wedge anchoring applied on a Chang et al. (2010} [20]
(Fig. 3c) compacted Lunar simulant. The main goal is the establishment of verified anchoring standards (which can be

applied to the design of Lunar facilities) through the development of a function between pull-out force and
theoretical models of the failure mechanism.
Claw anchoring (Fig. 3d) The proposed method uses the Discrete Element Method (DEM) for evaluating the perpendicular {with respect Ebert & Larochelle (2016)
to the surface) and holding forces exhibited by claw anchoring. Both engagement and disengagement forces [91]
are referred to as perpendicular forces, since they are pointed into or out of the surface.

B AugerDniting | | Corer | | SuctionOnil

(b) 681 ™+
Fig. 5. Use of KOHLS-1. a) Prototype tile; b) Compression strength tests [93].

Thickness = 1.95
s
. All dimensions in cm.
()
Pullout

() ‘ (b)

Fig. 6. Proof of concept of the robotic construction of a 20-m VTVL landing pad. a) In-situ basalt Moon-scape; b) Paver deployment mechanism (PDM) [04].

Soil Ring

(c) (d)

Fig. 3. Anchoring and drilling techniques. a) Helical anchoring, Klosky et al. [87]; b) Suction drilling, Komle et al. [89]; c) Circular wedge anchoring, Chang et al.
[90]; d) Claw anchoring, Ebert & Larochelle [91].
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AttootoAec Apollo 1969-1977
Eykateotnoav oslopoypadouc o< 4 TIEPLOXEC

Fig.1 Apollo Passive Seismic Experiment Network
(Edited figure from reference [1])
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‘Eyvav tpocopolwoelg ue to SMSIM (Fortran Programs for Simulating Ground Motions from

Earthquakes) ResearchRobustnessResilience
o . 8]
ETiA€XBnKav KATIOLES o <

Acecle

xpovoiotopleg pe Baon 3 oevapla:
1) M, = 6.5; Rgp; = 30km

2) My, = 6.5; Rgy; = 25km

3) M,, = 6.5; Rgp; = 20km !
Kal ue otoxevopeva PGA 0.1g, 0.15g
kat 0.2g.

- .
Ve
.
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A

== Tarpet PGA=(0.1g-Average +- lo
w Tarpet PGA=0.15g-Average of 25 semsdasions
== Target PGA=0.15g-Average v/« lo

Spectral acceleration (g)
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(a)= (b)= o
Figure-S:-(a) Example-of-single-lunar-consistent-ground-motion-realisations-based-on-stochastic-simulations-for- o
the three-moonquake-scenarios-considered-in-this-study-and-(b)-Average response-spectra-=1c-across-the-25-
ground motion realisations. -for-the three target- PGA values =
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Tpiobdilaotatn eKTUNWON HOVOALTIKWY KATAOKEUWVY a0 Kataokevgg amo dtapopetika Soutka uEAN (mAivdobdouéc)
pPEYOALSo aro peyoAldo ue cuurtieon kat Seputkn eneéepyaoia

3D printing with moondust
Athanasios Goulas and Ross ¥. Friel
Wolfson School of Mechanical and Manufacturing Engineering, Loughborough University, Loughborough, UK

Abstract
Purpose — The purpose of this paper is to investigate the effect of the main process parameters of laser melting (LM) type additive manufacturing

(AM) on multi-layered structures manufactured from JSC-1A Lunar regolith (Moondust) simulant powder.

DESigI‘IJ’mElhDleUgjl'fﬂppr(lﬂl:h _ I-aser dlﬁlaﬂl[}ﬂ tEChI'ID'CIg)' was us’ed m al.lal.?.Se and COanFITI thE EImulal'It pGW'd'Ef matE'I'ial panl['E SIIEE a"d .....................................................................................................................................
distribution. Geometrical shapes were then manufactured on a Realizer SLM™ 100 using the simulant powder. The laser-processed samples were O P E N : n n

analysed via scanning electron microscopy to evaluate surface and internal morphologies, X-ray flucrescence spectroscopy to analyse the chemical : D I re ct Fo rm atl o n Of St rU ct U ra I

composition after processing, and the samples were mechanically investigated via Vickers micro-hardness testing. :

Findings — A combination of process parameters resulting in an energy density value of 1.011 Jmm® allowed the successful production of :

. o B : X . ) S— : = = =
ggxprggfg?g;;qgrﬂfen;tﬂlﬂ rggil;?e;mug:égrgga‘!aﬁﬁg porosity of 40.8 per cent, material hardness of 670 = 11 HV and a dimensional C o m po n e nts U S I n g a M a r-tl a n S OI I

Originality/value — This research paper is investigating the novel application of a powder bed fusion AM process category as a potential on-site :
manufacturing approach for manufacturing structuresicomponents out of Lunar regolith (Moondust). It was shown that this AM process category : :
has the capability to directly manufacture multi-layered parts out of Lunar regolith, which has potential applicability to future moon colonization. : I m U a n

Keywords Advanced manufacturing technologies, Ceramic multi-Component materials, Laser additive manufacturing, Lunar regolith,

On site resource utilization, Space additive manufacturing Brian J. Chow!, Tzehan Chen?, Ying Zhong® & Yu Qiao'?
Paner tvpe Research paper
100
I _ . . - . . . E B /Free (800)
=Table-1. Mechanical properties-of-the -laaer-smterﬂd-llnarfe oplith fnns1derld-m-this-st|1d',r_n o = ¥ 1 Bike
Material-propertyz Unitsz Value-(set-1)z Value-{set-2)= H £ = LN — 1, reinforced
i : S Flexible (360) ity
Densityl= kg/cm®= 2300-[13] 2000-[35]= H £ 10 I__I\}_JJ—-\_‘ ‘
Young’s modulus® MPa= 287 3[13]= 403 335 o e RO -
Compressive-strength! MPax 42 [13]= 3435 ol 5
w
Tensile-Strength MPax 042 054z H 1
. \ = . e e 0 20 40 60 80
Poisson’s ratios - 0.2/0.25= 0.20.25= H Average initial particle size (um)

T

Figure 1. (A) A photo of solid Mars-1a beam quasi-statically compacted with rigid boundary condition. The
curved ends show the boundaries of the steel mold. The width of the sample is ~1 cm. (B) Flexural strength of
compacted Mars-1a as a function of the initial average particle size. The average particle sizes are computed as
the nominal midpoint for each fractioned sieve size, i.e. the arithmetic mean of the bin sizes. The three series
represent the three lateral boundary conditions (names in bold) with the maximum compression pressure (in
MPa) inside parentheses.
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SXNUATIOMOC MIKPWV SOKWV yia SOKIUN Kapyng 3-onueiwy

Figure 8 MMS-2 simulants being placed in a rigid mould.
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Mpopatika dokipta 160mm x 40mm x 40mm - dUo taelg peyeBoug peyalutepa amo toug Chow et al. (2017)
Scientific Reports, Nature. ResearchRobustnessResilience
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APYIKEC TIPOTACELG VIO LELKTA CUOTAMATA LE DIKTUWUATA OAV OTATLKO
dopea Kat peyoAlBo oav TTPoCTACLA YIA TNV AKTIVOBOALQ.
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Fig. 9. Flat truss/trench Lunar base concept, Benaroya & Ettouney [129].
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Fig. 15. Proposed structure: a) Elevation; b) Plan and side views, Malla & Chaudhuri [137].
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BAPOC, KAL TIC EOWTEPLKECG TILETELC KAL EVOEXOUEVWE KOl TIC BEPUOKPATIAKEC LETABOAEC.

| q= 8509 Pa
o andk shield
"" (thic s b
’ »
I *\ »
l Magnesium structure .
(a) (b) : \—, i P=1.01325x 10" Pa
Foundation
- Dimensions Mmxl6SmxIm » =4 - -
Fig. 13. a) Dimensioning of shell and regolith cover of a Lunar habitat for six people; b) minimum thickness of the cast basalt shell, Aulesa et al. [6]. g i) - - ,,/ Iz
.-
\ " h.‘e:
S O T =
(a) (b)
/‘ "*\
/ \ /" "\

—

(¢)

(b)

(a)

Fig. 14. a) Rendering of a Lunar habitat module; b) a three-hinged arch as a cross-section of the module; c) internal pressure and floor loading applied to the

semicircular arch, Benaroya [135] & Ruess et al. [136].
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douokwteg (inflatable) KaTaokeUEC o€ BLAPOPETIKEG YEWUETPLEC UE OTOXO VA avaAdaBouv tnv @
’ ’ ’ ’ esearchRobustnhessResilience
£0WTEPLKN Trieon (TTieon atpoodaipag atnv Mn).

(b)

(a)

(a)
Fig. 20. a) Proposed inflatable module with Kevlar membranes, columns and arched ribs; b) wireframe of the inflatable module, Nowak et al. [147]. %ig. 24. a) Model created by filament winding; b) FE mesh for the analysis of toroidal structure, Harris & Kennedy [154].
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Fig. 25. a) Inflation phases of the “Astrophytum”, b) the five main layers of the shell, Borin & Fiscelli [156].
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Avarttuooopeva (deployable) oUGTAMATA TA OTIOLA  ResearchRobustnessResilience
avadEpovTal 0 EAAPPLEC KATATKEUEC LOVO, BA. KEPALEC.

(a) (b)

Fig. 30. a) Finite elemei

B Xx-, V-, and z-direction restraint A y- and z-direction restraint ® 7-direction restraint

Fig. 31. Different boundary conditions applied on the structure to simulate folding: a) Applied Rotations, b) applied moments, c) applied force, and d) applied
rotations and reduced z-restraints, Woodruff and Filipov [164].
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TplodLA0TATEG EKTUTIWUEVEG
KATOOKEVUECG ATtO PEYOALBO TToU
T(POOTATEVUOUV TO ECWTEPLKO ATIO
aKTLVOBOALD, OKPAIEC BEPUOKPATILEG
N KOl TITWOELG METEWPLTWY.

0 popEAG UTIOPEL VA EXEL WA TIOAU

oUVBETN YEWUETPLA YLa va Elval TTLo
Fig. 32. Contour crafting: a) Co-extrusion CC nozzle building walls with corrugated fill; b) & c) Dome structures built by means of contour crafting, [181]. 8}\a¢ p ld Katao KEUfl]
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Fig. 33. a) Schematic of the outpost structure; b) D-shape printer; c) exemplar structural element, Cesaretti et al. [185].
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Moonvillage by ESA

(a) (b)
Fig. 22. a) TransHub overview; b) ISS Transhab internal view, NASA JSC S99-05363, Kennedy [152].

International Space Station

Figure 3-4: Renderings of potential lunar village (credits: SOM)



[TooTATEIC yIa KATAOKEVEC OTN ZEANVN pb

ResearchRobustnessResilience

ONE MOON TEsoN FLUENTS

B
VOLLKE Y ZONE
uit ofter: e

59.10 m*

Soesnn

61.98 M3
ten=ion. The irner wall & £ i
- componed ol water ) ' 172.20 M3

STRUCTURAL STEFL BULKHEAD

ol mesh woven direc

STRUCTURAL STEEL COLUMN

DEPLGYABLE FLOOR SYSTEM

DEPLOYABLE BEAMS

MECHANICAL ACCE
133.56 M?
7358 M?
srrimcn
58.42 M»
e

4420 M7

STCEA SRR

CONPOSITE FLOOR PANELS

ACCESS LADOER COMPOIITE ST RUCTURALSHELL

STRUCTURAL WINDOWS

STEEL STRUCTU

Figure 3-6: Habitat in x-ray view
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Figure 5-8: The main load-carrying structure
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H meplocotepo dnUOdIANG TIPOTAOH E£lval TOEWTEC KATAOKEUEC VO TIPOCTATEUOUV TO EC0WTEPLKO TOUC OTIO TNV
OKTIVOBOALO KOl TIC TITWOELC ULIKPO-METEWPITWV EVK TIAPAAANAQ UTTIOPOUV VA XPNOLMEUOUV TaV OTTOBNKEUTLKOL
XWPOL yla TIoAUTIHA PpopTia. To SOULIKO TOUG UAIKO Ba sival peyoAlBog Kuplwg.

(De Kestelier et al. 2015)
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H meplocotepo dnUOdIANG TIPOTAOH E£lval TOEWTEC KATAOKEUEC VO TIPOCTATEUOUV TO EC0WTEPLKO TOUC OTIO TNV
OKTIVOBOALO KOl TIC TITWOELC ULIKPO-METEWPITWV EVK TIAPAAANAQ UTTIOPOUV VA XPNOLMEUOUV TaV OTTOBNKEUTLKOL

XWPOL yla TIoAUTIHA PpopTia. To SOULIKO TOUG UAIKO Ba sival peyoAlBog Kuplwg.

Mo TL ldouc TOEa WIAQME OUWC?

(De Kestelier et al. 2015)
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Ta 10fa elval KAUTIUAWTEG OOMIKEC MOPGDEC OTIOU n suotaBela Toug e€EapTaral amo TNV
KOTAVOLN BALTITIKWYV OUVAMEWY KABOAO TO LAKOC TOUC.
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MAlvBiva T0Ea Tou Ramesseum Apxaia AiBwva udpaywyeia oTn
ogtnv Atyuttto (AVN 2015) Segovia (Rodrigues, 2015)
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2 years after Hooke's death (1703), the executor of his will uncovered the latin anagram:

Ut pendet continuum flexile, sic stabit contiguum rigidum mversum
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As hangs the flexible line, so but inverted will stand the rigid arch
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Apxika eEctacape T0Ea oTABEPNC YEWUETPLAC KOl CUYKEKPLUEVA TA TTAPABOALKA OE OYXETN HUE T ResearchRobustnessResiience
NULKUKALKG OTOV UTTOKELVTAL 0TO 1010 BAPOC AAAQ KOl OE TIAEUPLKEG POPTIOELC.

t/R = 0.10748 t/R = 0.02386
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Mapatnpeltal AUTOOMOL CUUTIEPLPOPA KOL EV YEVEL VIO LEYAAEC YWVIEG B Ta TTAPABOALKA EXOUV KAAUTEPN
CUUTIEPLGOPA ATIO TA NUIKUKALKAL.
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Atk pac¢ mporaon
C&C

Aedopevng Tng EEMENC TNC TEXVOAOYLAC KAl ApaA Kal TNC TPLOOIATTATNG EKTUTIWONG TIOU ETIITPETIEL ResearchRobustnessResilience
HEYAAn eAsuBepla oTnV doutkn Lopdn, ATToPaCITAE VO TIPOXWPNOOUUE OE DOULKEG MOPPEC UE

HETABAAANOMEVN YEWUETPLA.

ApXLCOUUE ATIO TIC YPAMMES WBNTEWV TOEWV SL1aPOPETIKNG YEWUETPLAC OTA UTIOKELVTAL OE KATAKOPUDEG

KAl TIAEUPLKEG OUVALLELC.

0.3z, t/R = 0.16730
iy

0.3, t/R = 0.20648 0.3z, t/R = 0.14763
e

Parabolic Catenary



Atk pac¢ mporaon
C&C

BeATIOTOTIOLOUME TNV SOULKA Hopdn KE BAON Evav EMAVAANTITIKO alyoplBuo, Ttou BacileTal ResearchRobustnessResilience
OTIC OPLAKEC YPAMUEG WOBNOEWV KAl 0TAV OUYKALVEL dnuioupyouvTal Ta varying-thickness
arches (VTAs) n aA\ww¢ muscle arches.

Ta VTAs YAUTWVOUV TIOAU BOIKO UALKO, VW £lval Lkava va GpEpouv ta idta poptia oxedlacuov.

Input: A/f‘o =1 Input: A/A = 1




/ /
Alkn nuac rmporaon
BeATioTOTIOLOUME TNV SOULKN HopdN KE BATN EvaV ETAVAANTITIKO aAyoplBuo, CU e

Ttou BaolleTal OTIC YPAMMEG WONOTEWV Kal 0TAV GUYKALVEL dnuloupyouvTal ta ResearchRobustnessResilience
varying-thickness arches (VTAs) n aAAiw¢ muscle arches.

X (m) , X (m) X (m) ,
NKLKUKALKO napaBoAiko AAUGOELDEC
e . .'h.{'-*-i“ e o,
. P ™ . g&; i “%’5’3
S n & Apng e
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/ /
Alkn nuac rmporaon
Xpnowpotowvrtag ta VTAsS KAVOUUE 0TN OUVEXELD AVAAUON LE TIETIEPATUEVA OTOLYELA Yia VA SOUME CU C

KATA TIO00 UTIOPEL VA €XOUV AAAEG MOPPEC AOTOXIEC —OXL YEWMETPLIKEG, AAAQ TIOU VA £XOUV Va ResearchRobustnessResilience
KOVOUV LE TO UALKO.

Méy1o1n e@eAKLOTIKT KOPLOL TAOT

1'04 -e-Semicircular (0.10g) 4 Original VTA (0.15g) B Limit TLA {0.10g)
— Semicircular {0.15g) < VTA (x2 thickening) = Limit TLA (0.15g)
;j: —=Semicircular (0.20g) < VTA (x3 thickening) M Limit TLA {0.20g)
i A Original VTA (0.10g) & Original VTA (0.20g)--- Tensile Strength {420 kPa)
o YTA (%2 thickening) 42 VTA (x2 thickening)
A VTA (x3 thickening)} {,VTA (x3 thickening)
al
o 10°
..E.. I
K
e
2y
1{}2 1 1 1

50 100 150 200 250

L] I:l
Cross-sectional area (m~) h



/ /
Alkn nuac rmporaon
'ETol Aotmov au§noape ToTika To UALKO Kat kataAn&aue ota enhanced varying-thickness arches CU C

(EVTAS) Kal pge auTto ToV TPOTIO 0dNYNOAUE TNV aoToXla ATto Ta TPWTA ONUEld TWV VTAS 0TNV BAGN RescarchRobustnessResiience
KAl £TOL AQUENBNKE N OTATLKA ETTAPKELA TWV TOEWV.

607 kPa
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C&C

ResearchRobustnessResilience
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KN uac mmporaon
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/ /
Alkn nuac rmporaon q
H au&non TnG 0TATIKNG ETTAPKELAG ELVAL EKONAN KOl LETA ATIO LN-YPAUMLIKA OTATIKA availuon CU C

ResearchRobustnessResilience

(pushover).

Tf
Table 2. Total lateral force capacity of the reference arches by means of pushover analygis (1% sef)
ol Arch Type  Design lateral Cross Design  Lateral force Lateral Oversirength.
| P - Zf)Ki- _ % acceleration section force  capacity (KN)  acceleration |capacity/design
| (2) area (m’) (kN capacity (g)
| EVTA 0.1 4895 110.45 209.02 0.189 1.89
: Counterpart 0.1 4393 110.45 114.05 0.103 1.03
Bo dc 5 EVTA 0.13 52.84 280.37 42414 0227 1.513
Counterpart 0.13 82.84 280.37 270.89 0.143 0.966
EVTA 02 103.57 467.37 575.85 0.246 1.232
Counterpart 02 103.57 467.37 39046 0.167 0.835
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Atk pac¢ mporaon

|5lopopdikn Avaiuon

I5loTtepilodol TtapaBoAikwv EVTAs (Laupeg KAUTIUAECG) Kat TtapaBoAlkwV JEUYWYV TOUCG (KOKKLVEG KAUTIUAEC)

Natural Period (sec)

0.8

. --&-EVTA 0.10g

- .\-"\
0.7 RN, —e—EVTA 0.15¢
06 —e—EVTA_020g

L --a- CTA_counterpart_0.10g

0.5

\ —e— CTA counterpart 0.15g
0.4 S~ =g CTA counterpart_0.20g
0.3
O D A — it T e
0.1
0.0

1 2 3 4

C&C

ResearchRobustnessResilience
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Atk pac¢ mporaon
C&C

Auvauikn Avaiuon

ResearchRobustnessResilience

* My=6.5, Rep;=20km ATi0 auta ta Tpla oevapla TposkuPav 3 opadec XpovoioTopLwy yia va yivouv

* My=6.5, Rep;=25km OUVAMIKEG AVAAUCELG KAl 0T OUVEXELQ KAUTIUAEG TPWTOTNTAG.
* M,=6.5, Rgp;=30km
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Atk pac¢ mporaon
Auvapikn Avaluon - KaumuAeg TpWTOTNTAC

1.0

= = =
Lo = (=]

Probability of failure

=
(]

—EVTA-0.10g
—EVTA-0.15g
= =EVTA-0.20g
= =REVTA-0.20g

— Counterpart-0.10g
= Counterpart-0.15g
= =Counterpart-0.20g

0.11 0.13

PGA (g)

0.15 0.17 0.19

C&C

ResearchRobustnessResilience

48



Atk pac¢ mporaon Qb
Auvapikn Avaiuon CU C

! ’ ResearchRobustnessResilience
Katakopuon emitayuvon
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Atk pac¢ mporaon

Texvntn Nonpoouvn Kat NXavikn Laénon oTo oTaTIKO Kal SUVAULKO

Tduidx32

Tt

— A3l 28 04 sz
—h—[ > |~
V Convl - ' Reshape
Conv? stride=2 h
tride=2
Flatten FC

oxedlaouo TOEWV

Figure 3.1: Schematic representation of the autoencoder components

C&C

ResearchRobustnessResilience
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Atk pac¢ mporaon

Texvntn Nonpoouvn Kat LnXavikn paénon oTo oTaATIKO Kal SUVAMLKO oXESI0OU0 TOEwV
AauBavovTag uttoPnv Kat TIC BEPUOKPATIAKEG METABOAEG




Atk uac mporaon pb
Melpapata o€ HIKPN KALLOKA 0TOV GPUYOKEVTPNTN. CU C

ResearchRobustnessResilience

Tplod1aoTaTn EKTUTINON TWV JOKLUIWY DUYOKEVTPNTNC Yl TIPOCOMOLWON LEPIKNG BapuTnTac
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Atk pac¢ mporaon
Melpapata o€ HIKPN KALLOKA 0TOV GPUYOKEVTPNTN. CU C

ResearchRobustnessResilience
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Opaua pb
AnlJ.lOUleG. 8VOC 'I'[)\n[JOUC KG.VOVlO'TlKOU 'I'[)\U.lO'lOU Yld. TO 0')(85[0.0'].10 GVBSKT[K&)V CU C

KOTAOKEUWY EVAVTL GUOLKWV KATATTPODWV 0 EWYNIVEG TIEPIBAANOVTLKEG GUVBNKEG rRobustnessResiience

« Moviua poptia: (dia Bapn, yalapec amobsoelc peyoAiBou

« Kivnta ¢popTia: CUYVEC MTWOEIC UETEWPITWY, AVEUOC YAUNANC TTEoNC/vYnAnc TayuTnrac
(Apnc)

« TUXNUATIKEG OPATELG: KOOUOTEIC UE POUTTOTIKA LUNYAVIILUATA, KOOUOCEIC UECWYV UETAPOPdC,
K. T.A.

. Zstculec OpacELC: /lElTOU,O)/lKOT/}Ta ,usra amo ouvrBeic £5a¢1m:c Jtsyspastc, Oiovel
Karappguan yla m)(upsc £5a¢zm:c OIEYEPOTEIC (a)(gcftaauou) AUTO mpoUmobsTeL TNy
EKTIUNTN TEITULKING ETTIKIVOUVOTNTAC (OEIOUIKEC CIVEC)

. 08p|J.0Kp0.0'l0.K€C OpAoELC: akpalec Bspuokpactaksc uerafolec (amo —170°C orouc 130°C
orn ZeiAnvn)

. Konmcn KU,OICJC' aTro KUKAIKEC POPTIOEIC TTOAAWY KUKAWY AOYw UEYydANC Otdpkelac
E0APIKWYV OIEYEQTEWY
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