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ABSTRACT

In this study, we designed a drop test system considering lunar surface environment and
tested landing gear of experimental lunar lander. The lunar lander would be landed at soil
place for soft landing. When the lunar lander touches down, the acceleration of the lander
is largely affected by mechanical characteristics of the lunar soil. Accordingly, a drop test
using lunar soil is needed to verify the performance of the lunar landing gear. Because the
lunar soil is not available generally, we developed a lunar simulant KAUMLS(Korea
Aerospace University Mechanical Luna Simulant) based on mechanical properties of the
lunar soil of NASA’s LUNA PROJECT. In addition, drop tests on steel plate and dry sand
are performed to evaluate impact characteristics by the surface environment.
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Fig. 1. Comparison of load bearing capacity
for lunar surface[5]
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Fig. 2. Touchdown model on lunar surface
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NN ke BA EA FEHEFY  bearing
capacity©]™, k 9} k2 o] 2 &xo wep 4
A== EA bearing capacity®]™, A, v '3
o A mighE & sj=¢f WA ot

z

F= Az [k +kyz+ k] 3)

F,= A,z [k, + sz + kg (4)
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2.2 2 5Hd & KAU Mechanical Lunar
Simulant 7l &

g Akl dEE A7 A wet @ 2
3 TEE A g EAE Y AT T4l
FA4E glom, o w f-Eyets HEd
=, 48, =, AU S9 =7kelA Table 1
£ Jhgslon, A&EHd A
I 7] 71E AT F EAE
e g 7IAe] Ade 9% AT
gollet. olell wet 7|E HEAE= 7IAH
88ta JE-S 25 EAREY sl

2 Aol Agstaa e & EAEE F
ANG AEEHoR FAZFTF Ao #odA
ge e AEe adsA ga 4=
(grain size)®l, YETZE, YALE 5 7IAF A
At B3l @ &

O

lunar soil 141639 Y=
bearing capacity= 4.45 kPa/cm©]t}.

2 dAFdMe @ EAE HES st 65w
of xFAHE AASATE EFA HAl(sieve sizes)
A71E 7)1F S Z Table 29 sieve sizesE 273 3}
Mo, Fig. 35 w435t 2+ Held djFetes E
9] Hl&S Table 29 #o] YeR) AT
Table 25 7]F2 2 ZFAE o] &3le A4
3l YEHEE AR oL, & A4
3l AlgE 2A-E X9} $d3 HlE

&3t Fig. 49 2L @ EAE
KAUMLS(Korea aerospace university mechanical
luna simulant)& 71% st

7N
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Fig. 3. Grain size distribution for soil 14163
(from Graf 1993, data from King)

Table 1. Current development status of lunar

simulant
Apolio Lungr CA$—1 JSC-1 | FJS-1 |KOHLS-1
14 Soil China | U.S.A | Japan Korea
14163 | (2009) | (1994) | (1998) | (2010)
SiO» 481 47.3 49.24 47.71 49.14 54.56
TiO» 1.7 1.6 1.91 1.59 1.91 0.7
A0z | 17.4 17.8 15.8 15.02 16.23 16.73
FeO 10.4 10.5 11.47 10.79 13.07 -
MnO | 0.14 0.1 0.14 0.18 0.19 0.18
MgO 94 9.6 8.72 9.01 3.84 2.32
Cao 10.7 1.4 7.25 10.42 9.13 5.44
NazO 0.7 0.7 3.08 2.7 275 2.28
K20 0.55 06 1.03 0.82 1.01 3.38
P:0s | 0.51 - 0.3 0.66 0.44 0.21
LOI - - 0.52 0.11 0.43
Total | 99.6 99.6 99.46 | 99.01 98.14 | 91.48

Table 2. Grain size distribute for KAU
mechanical lunar simulant

Sieve sizes (um) Weight Percentage (%)
2360 ~ 1180 4
1180 ~ 600 6
600 ~ 300 8
300 ~ 150 10
150 ~ 75 17
Finer than 75 55
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Fig. 4. KAU mechanical lunar simulant
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Fig. 5. Grain size analysis results for KAU
lunar mechanical simulant

KAUMLS®| Q=i ¥t 298S &elstr] 9
dS 43l bearing capacitys 33T
AEHAL 04 ~ 2000 me] A4 HYES zte=
golA fJ= E47IE o83 FAHsASH, S
e A¥= Fig. 59 22 EXE EHIATh
KAUMLSE 67119 FA ol ofs) /M= odr] o
F lunar soil 141639] HFYEL} thh Zo|=
Bolu} HukAel & EXxXe @ EYS EAY
< FQl A

2 Agolx sEE KAUMLSS  Bearing
capacityS A4EL7] 98t A FS T8
o AP PE o EE ZRAENA FHPHE A
P 243 TAI} FYWA 4255 em’F Y9
AP A 1360 cm’ol 7.0kPadl ¢HEE 2%
A" AFE o]&te] T ATHe]

HAAPE B ZH¥E KAUMLSS dzxd
Rejo] F bearing capacityx= Table 3¢ Ue}
welow, el Wl weh KAUMLSS it
bearing capacity= 5.59 kPa/cm®} 7.47 kPa/cm
2 24 Atk o= & 399 4.0~6.0 kPa/cm

tp lo,

Table 3. Grain size distribute for KAU
mechanical lunar simulant

Indentation Depth Bea”'?g
[em?] Surface (o] capacity
arealcm [kPa/Cm]
KAUMLS 1.17 5.59
4255 Dry sand 0.21 33.53
136.0 KAUMLS 0.94 7.47
Dry sand 0.16 41.79

9} 8.0~20.0 kPa/cm H$ o] FX3ti lom,
A ST dxd 29 bearing capacity B th
71EAMZE lunar soil 141639] Bearing capacity$!
445 kPa/cmoll A 3hS HolH, o]o we}
g B 545 19sh] S8 AEE KAUMLS
7t EGY VA BAS T3] BARS &

3 &g,

3.1 HJAEE st AlEEA
w AgelM % SRFA F5EA Ha)
ARA71E Fig 63 2tk A9 AAde FHYs)
£ fEdshs 4 Jhls B, wojdo] A2d &
Aot A5ZA, EF X 502 74 Hih
T4 7tol= g2 AF 50 mm FEEI AP
A &
%

Electro magnetic
holder

Primary
shock absorber

Secondary
shock absorber

Fig. 6. Vertical drop tester for impact test
of a lunar landing gear
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Fig. 7. Shock absorber of the landing gear
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Table 4. Property of crushable aluminum
honeycombs

Honeycomb
a b

[mm] | 0.06 | 0.05
[mm] | 9.525 | 6.325
[MPa] | 0.55 1.17
2140 | 2000

Property

Foil thickness

Cell size

Static Crush strength

honeycomb area [mm?]

Fig. 8. Crushable aluminum honeycombs
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7] Ao 98-S slele] 27FZFS 2Ld 5 = for steel plate
AFFAA A AHst= Aot B AFdAM= c e :
BASL AL 290 vhol B olBRl ETE | velogty | | Maximum
U] 2 mme %7 WSE sty %7 F [m/s] Acceleration
Zo] sug Uz Aledigon T HAL First |Second | Third [a]
Fig. 83} #t}. 2.56 378 | 290 | 04 15.2
i o 3.03 379 | 395 | 189 15.4
V. B Ex oAl H
3.60 394 40.2 314 16.8
2548 FAFFAA] A axde
= AREEEE 3 m/solM FHFAS At 3
5 AL 2313 FLSHA 10 g5 VIEewE A 25
Alst At il
2 A7elMe 71F 291 30 m/sg Hluws |
95t 25 m/s, 35 m/s o Wg AFES F7F oy
2 Ao, Ad zdome spww ¢
KAUMLS®} @7 = 5 Aol g Ads .l
F712 F3ste] AdxAd wE HuE £33 of .
%iq—'_ B 03 6 0.602 0.604 0.606 0.605 0.61 0.612 0.614 0.616 0.618 0.02
9354 AE5EE(V)E dskEol(h) 2 Time [sec]
BA V= v29(981m/s*)h & o] &3t} T3l Fig. 9. Force-time curve of the landing gear
g Z2Agoz A z-d3Auth. FEFAY AF on the steel plate
B7HE fal AHEE EYY FA= 1989 ml=
¢ Surveyor 7] AFO2 AW D REN T o] FAo] B F A=} Ao FEI}E &
AE vIES 2 150 mmeZ ZA3sIATH3]. 7P AR E gtow diliene wE ko] 4
Aol =43 HelE = l}'%o]- APE= graoz =7 Jede stas 2= 9t
S F 2ES dEH= T ® HUUMEE,
A5 F FAFFE AU 4% wss 2y 42 dxH ZEfffolM el HEHAIH
S welsh go] EgFe $RS EFdtw YL 4
4.1 ohetst "o oA el SetAE T QA Abolell SR ol AA JNAH =40 F
GRS HE o|Xd we GAF o] o Mt @ BEAEY A% BlE&EAR dste] df
. 3 . FoZ Ax & F glo] 71 dFdM s 225
93k Ade] Hetd A5 W AHE BRed ] _ = sl
A== A Holok @k olo] wep werg A o) $AMNBAM dEE RAES AL
K " R Bekg ARl e AgdAel 2ol Y
AS BARE] 98] 5 mmeo] ARl FaA] 0 T T T C .
B¢ FYsgov, GeAEe Fa 29w ¢ U0 €9 SIE FHAASES ey SivE
AG3 Jlerel 2AELE G2uy &UZo o] 45 W= Table 60 A|7H-3tF :LEHE—_E
45 WE Table 59 e 2om, 3.0 m/se]  Fig 109 UEHUIRic A8 e #jel 5o e
Gal&me A Azt mE &% dlolEE Fig 9 FE %%6& Z‘é{r%’%ﬂwiﬂ_ SetA gy 2
o} 7t 2o HHEARRE Qs F4 x7|d F473]
G E A 30 m/se GEEEdAd Ry S/HEE ste @]l UEA 9L, Fig. 99 H
A2 F Jurt AW =g s £7F =As  wete] FEHA FHA He As Sl =
Zo] 238 kNO.Z =4 Hglon, 0|3 2AZ:= I TAFFTE EFvF UFY WP
Ao AEE GFVFE FUFo] exHer ¢ & dUA Foe FE AFFA L 19 2w
= Hyggozn FHAAURA FF7 ojFoiA. o FFHH EFvlwE sAYFAA A9A F7t
EI B AN st Yaksoo wel olFoxen, ¢FulyE YT AAY ¢
747y 152 g9 154 g, 168 g2 ZHAHA<H, 7F #F2de AS FAsAH. EIF HetEE
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Table 6. Lunar lander drop test results on the

dry sand
- Compression displacement | Maximum
e [mm] Acceleration
[m/s] : )
First |Second| Third (0]

2.57 38.6 16.1 0.7 4.37
3.09 39.0 395 0.3 6.45
3.60 39.5 39.8 17.8 6.48

Force [kN]
P

o
3]

i M
0501 | | | | I | I I I
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Time [sec]

Fig. 10. Force-time curve of the landing gear
on the dry sand

e B
645 g, 648 g2 FAa3t= S &9l

4.3 KAUMLS®| oA 2| HstAlE

KAUMLSS 9] Alge dzxd ESd 22 150
mmzolo] & HAE Yo FPHAT AP
53t AZE FAVMERY ¢FuE YUF
A=W = Table 73 221, 30 m/s9 3}
TolMe Azt wWE &% W EZE Fig 113
2. KAUMLSH A9 Fsir e Adxd =
Aol A FASHA AW AHEaHR=Z
AlzE-3kg A zAA FE AF F43] S7H
= @l YA @skew, 5 AL gho

ZE BYRY ¢ e AHEFS Hole RS
g 4 AT = BA Y AN SR
291 g, 538 g 580 g2 10 ght} 2 S
oy, xH EHE AL AFxH BHo
10~30 %2 @& 7IEEE HYS A3
At S}A|¥F Table 63 Table 794 H

o A ]

upe} o] 4FwlF UFo wIFFLS
AzH 2y Hoh KAUMLSIA F
Btk 2 EAEE YRt O

-~
ol
o
rr
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Table 7. Lunar lander drop test results on
the dry KAUMLS

Veloot Compression displacement | Maximum
eloctty [mm] Acceleration
[m/s] : ;

First |Second| Third [a]
2.56 39.3 20.1 0.2 2.91
3.07 39.4 39.4 6.2 5.38
3.60 39.3 41.8 224 5.80

Force [kN]
o

o

o
3]

P

\ . . . . . . . . .
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time [sec]

-0.5

Fig. 11. Force-time curve of the landing gear
on the KAUMLS
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AEEEEE
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M35 AT 4 AAJT KAUMLSH 9] Al
FeAes SAUF FFEe AUAY do] =
HE AHES AlFERTG AoFes & RS F
AT F Ao, ole GEG] B} vl
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