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Abstract

The next generation of exploration as of 2021 will require landings at sites of scientific interest
such as crater medians, rim tops, vertical holes, volcanoes and canyons[1]. Since these terrains of
scientific interest are rugged, efforts are being made to land on stable terrain. However, rugged
terrain increases the measurement error of the velocity sensor and the residual horizontal velocity
component, which poses a tipping risk for the spacecraft[2]. However, it is difficult to implement
complex or heavy tip-over control mechanisms when the system design is constrained by low-
resource spacecraft.

The landing mechanism with landing legs consists of four main legs and eight secondary legs,
two for each of the main legs. Both the main and secondary landing gears have a metal honeycomb
structure inside the external cylinder. At the time of landing, pressure is applied to the inside of
the cylinders of the main and secondary legs, and force is applied to the honeycomb structure. The
shock is then absorbed by the plastic deformation of the metal due to the collapse of the cavity of
the honeycomb structure. By absorbing the shock during landing, the aircraft is prevented from
tipping over[3].

In this study, we propose a method to improve the tipping resistance of the landing gear without
adding any special device mechanism by focusing on the shape of a part called ”foot pad” which
is installed on the tip of the the landing gear. The landing mechanism with landing legs has been
using the dish-shaped footpads used in the Apollo era up to now [4]. The footpads are the only part
of the landing mechanism that makes contact with the surface of the celestial body during landing,
and they directly generate the interaction force between the spacecraft and the surface. Therefore,
it is possible to control the force generated on the spacecraft during landing by designing the shape
of the footpads and the mounting angle, etc., and to improve the tipping resistance.

In this study, we formulated the relationship between the forces acting on the lander’s fuse-
lage by the footpad shape based on Resistive Force Theory (RFT) as the interaction force model
between the footpad and the regolith. Based on the mechanical model of the lander consider-

ing the interaction force with the soil, the footpad shape was designed to generate torque in the
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direction of preventing the lander from tipping over when landing with lateral velocity, and its tip-
ping resistance was evaluated by detailed landing response analysis using dynamics simulation.
The interaction between the footpads and the soil has been tested extensively during the Apollo
missions[4]. By reflecting these results, the simulation is close to the lunar soil. By using the RFT
model of the interaction force between the spacecraft and the celestial surface, the relationship

between the shape of the footpad and its mounting angle is analyzed.
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Fig.2.1 Space Exploration Roadmap[1]

(2)SLIM[21]. (b)OMOTENASHI[22].
Fig.2.2 JAXA’s Lunar Lander.
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Fig.2.3 Landing Place[5]
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(a)Flat ground
(b)Slope, valley bottom

Fig.2.4 Examples of objects of interest for lunar scientific exploration[6].
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Deorbit
f descending phase
Hohmann

transfer phase e mm—-
Attitude ——> ; 80m
100km 5k adjust phase T :

Terminal ——> 2 Skm
descending phase

Lunar surface Landing
C = %Y Y
VA A A Y A A A L L L L o A A & 4

Fig.2.5 Example of landing sequence.
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Fig.2.6 2 step landing sequence[7].
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Zhend. 7Ny ZREFEED, TT7 Ny JI X o THEEZTINT 5. A4 71— 23K
WBRATAREH 8T 22— MDD, FBIEZAT S . A RERANI EI & &I & FRXh 2 5 &
LN ZED AR TV, BIEOHIT, 22O MBI VW T 3.

(b)Sky crane([9] ... G

(a)Airbag[23] (c)Landing gear[24]

Fig.2.7 Examples of each landing mechanisms.

231 IT7NvIBEEEH#E

HETHD THEREREICHKINI LZIHY EDLF 9 513, Fig2.8 IR T LT 7Ny 7
KBFENREBTHEICEML, 4 OB 7 > 7> %M 2 e TEBREITIE [23].
KEHFEFEICBWTIE, 1997 FIKEAFEL 72 NASA @ Mars Pathfinder, 2007 f£12 K212
F3% L 7= Mars Exploration Rover TIZEMERDEHZ T ADA o777 Ny 7 TES Z & T
BIRINE1T - TW/2. Fig.2.9(a) I MarsPathfinder D=7 Ny 7D A X —I%/RT. TT7 vy
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N & B RS IB RO REREE S 720, YOHA»HE F L THREICHEREHE
ThHb. ZDDEERICEBHIHORED L, EEERLELa 2 VEICHEST 5. Ly
LEDBS, WEEEPZ T Ny ZICBLNZ ZICED B Y RHHTE R L 72 5 7= 5
ROWHENINETHZZ, VNT Y FIREIDERLEWEAABEILTLES 225,
FEARMINE T2 AR LB TE S, FEIADO Y Y RA ¥ MERICIEARN
XTH5.

DM ERIRT 272912, ESA OFFEIT % ExoMars TENRY MIZ7 Ny 7 IR S
EERIRUERE SIS ST Wz [8]. Fig.2.9(b) IR T X 5 ICHEEMIKHICT 7 Ny 721K %,
FHIRFIC L 7R BRL T 7 Ny JWNEZHAEI T2 2 & THEEEZEMNT 22 2 I NT v
REBGIET 2205 bDTH 3. HIEKO—HDOAE T Ny I TES /20, BEERETIIIERD
ZRBAI 7 Ny ZXDERTHY, ORISR DH 2 EEOEBVNTELES 25T D EREA
RET®H 2753, HEDRMICIE U THRAOHHE 2 EREEICHIET 2 DB D %720, EERIER
IR ER XN 5.

Fig.2.8 Example of Lunar 9[8].
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(a)Conventional airbag system[25] (b)Vent airbag system[8]

Fig.2.9 Examples of objects of vent systems.

232 RAMIL—EAMERE

2012 4 Mars Science Laboratory(MSL) I TS X N7z EREMEMETH % [9]. I MSL T
HAwsnzflz2Rs. ZHUE TS a— b 257 ZAXBHNZ & - TRGEZ TV, B ({117 5h 7z
O—NZPEEIELZE VI HTRTHZ. 27Ny S CTREEVZEESIEZePHE LV
EDD, RIDTFET H2KETH—NDO XS BREEYEEESE 570, I N,

L2 L, HRIERKIITFELRVWDT, AAA 7L =D X T7 Y a— bEHT 0
Hush 2 HERIEVEEZ LN,
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Descent
Stage
Un ull
l

Umbilical
Retraction
Line

Umbilical \

Bridles (3)
ﬁﬁzze

Fig.2.10 MSL Skycrane configuration[9].

2.3.3 BRHZETT 3 AEKE

BIERROEHRIINER L TR HHEEIZ VDX, 7RaEETHW N XS RERE
HAIOKERET D 2 [10]. 7 KR o ERER O /VE & A RERIBEHE ORXX % Fig2.11 1IZ7R3. 2L T
Fig2. 12 IF ¥ ¥ F oY= 2 502", 7 RalAoHEEMEETIXIH Y #O Lunal6
FLIE, 7 XY A D Surveyor AL TED, HEOEHK 45 - 55, Fig2.12 D4V FD
FrYYRIX—V25, A RATINADRL Y — |k 2\ o FETOHRERE D & R E R IR
HEHZ 5. KEEETIEZ XV A Viking, Phoenix 72 & 2375 FEIEEHE 2 FH L T\ 7z,

CNODERERANTRICIEZ 7 v > v T T N INZD LT Do T EEIIERE i 2
I 5N TWS. Figld4@) 27 5y %y TATIAINZH LT Z2RT. SEDEHEERIC
X o THEBEROEEZIUNT 2 AR > TWB. £z, EETIERERE & > ok E 8=
PRI, AIZE X 2 ROl CRTERBIRIN 217 5 75 & il S AT 3 [26].

APEHA ORI ERERFOMIE ORI NY VY REMIZ 2 Z 2T X 3 -0 EREE R ERED ]
RETH2r bz, FFTOBHENE L, KEUREREKTD > THHHTRETH % 2\ 5 R
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RO, FRRERMEIEZ T v bty REMHEN 2T E N U TRTHEMS 2728, KEKRMT
DREEYNASEARDEZAN T 2 Z e ZRHIETE 24, FEHIADEREICDHEL TV E X
5ND. L2LEDNS, FUEFEEEORRS H-> T, MERAWVONTE - EREREMIEA
N & TREY O DI IO BRELE L TB D, SmEHIHEC O W TIIEMEIICE &
STV oz, FIZIE7 RadtEics T 2 A5 REMOG X, B o T E 7 b E
2.1m/ LUT, BEAFEE 1.2m/s AT, PRAEZBOMEZ 6deg LIT, ZEAEE 2deg/s AT &
WS HDTH o7 [10].

AREFRIC L o THIBIZ RIS 2 2 L I3EBRINE WA TEERKRA, ¥ P TH L. BEERIE
MLUABRWSANCEELTLES &, REOHEERICL D EENIFEINLD, KEEM R0
BHTERRo7D, 7Y T FHBHERISRITERARZ2ZELT, I v¥ayOFRTHAA]
REICR 2N D 5. JAXA 23D TEHE L Tz SELENE-B TIX & FERIHEE L 7255 D
7o DITHRIR I S EHERIRINS y RE2RT CTIEZFFAT Gt 3228, BEXEADO
72ODAT AR EHEET 2HDPHEF STV [15]. L LAEDXS, BRIZHFRLIGAI
RGP BHIEH DB EICERENZ N Y, FEEE PR LR WVERET 8 LT RS
B2 ZeroRARRESNT.

Fig.2.11 Apolo 11 structure[10].
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Fig.2.12 Chandrayaan 2 structure[11].

Inverted tripod style Cantilever style
Primary

/N

Secondary
strut

Fig.2.13 Structure of landing gear[12].

2.4 EHERINEBDORIEN

AIET IRz X 512, BRI T —HORBEEZHE 2 DX SR OMETH 5. BRER
BN E BRI Z M o THB Y, BEROERZILIN S 2 H CHEIIH 21T o TW0 3.
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AHITIEZ O RIRIENE DO BHENT L2 5T 5.

241 NZHLOIZSvIvTILIEE

NZH LT Ty T v T 21X Fig.2.14(a) ISR & 5 288 D28/ % 7E b 5 RERE O
HEIANF -2, REOEMNLVIC X o THIR T 2 AR > TWS. ZH b % Fig.2.14(b)
RS EMNE BIFNCELD A5 Z & THRERD BRI BV TR B2 1 U C X 72, k72, #k
TIPSR D S RIERFEMOIEBITOI TV 3 [27].

NZA LT Ty Y aEBETHRO BNMERIRIMTH 223, BEEEREFHT 2L,
—EHEH LN LTy aa7 EEMEATERVOT, FHAncH LB L 2SR E 2
FA FPETNRBRT 2 223 TES, EEEOHTHREND 3.

_Outer Cylinder
' Secondary Strut

' \’ /~ Inner Cylinder

e ] 4

- Honey /

Comb
Primary Strut

~Honey-Comb rInner Piston

=]

Outer
Cylinder

(a)Aluminium honeycomb structure[4]. Secondary Strut

" Honey-Comb

(b)Strut of landing gear[27].
Fig.2.14 Shock-absorbing part of landing gear.

242 EEhE - TRILFIHaELE

NZHLT Ty aMOBEEFERT 272912, Fig.2.15 1R 3 EH) & R RN & >~
>SMEID (Momentum Exchange Impact Damper) % HW /2 EREISEHIEIS X 7 L08R SN
TW53 [13]. MEID DOJFEZ Fig.2.15 @ With MEID (127" & 5 R EZEZHRD FOHITHH
N5, HRFESHIENRICE Z 2 HR2NINEROEF R ICEHT 5 2 & THIFIRRIZMD %
EHEZ2MHEIT 2. COFEMEERERFIICHL, BEEO VU ANY » FICX B2 en
TZ 5 [28].
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L2 L, 2D MEID TR DBEX NI v o8~ 2Dk & &2 UChHEE L, H /R 2 755
T BAREMEDI D o 7= KD MEID I & EN 2 Ml Z Wik T 2 72012, 134 5 IERITR MEID
(NF-MEID) X =X 1 %$#% L72.NFMEID X, /£2£® MEID 238k b, XV EE% ok
T2 e EERRH R FEH L, FHihoEE) & % (KT % % [14].Fig.2.16 3, NF-MEID O
BE % 7R LTV 5 NF-MEID 138§k, BEEE, X Vv, BIUR b v STHEINATVS.

PERD MEID X H =X L3 BLD, B R—< RIEEEBICIR > TOABE TS X7
LD B THEE T WIR W Fig. 217 WCHEZEBREE G Y Ny » FORE#ER ZRT, kil
DFEZN TN EEINIHENCEIRNTH 2 Z e HRENTED, NF-MEID ZHW3HE T %
ANE - TEIENDTPS. — T, o MEID ##r Ot E M INTE ST, Hitn
WEZe Bbh3.

AN IR 2 ZEREE D A DS » P REETEET X 2 - EEELAE V. Ly
L, BIfE[FE ET MEID O/ DEEIE - T VISR BERLBINTHET 22
B I2 572, WAEEOMMAFEL 125,

Without MEID
Impact Target
source object
With MEID
Impact Target Damper
source object mass

900 _00 @

Fig.2.15 Concept of MEID[13].



18 B2E WIRER

Momentum

Impulse

/ Van » & &

F 7777777 P77 77 7777272727277 7 7 r 77 -
Ground Landing Gear extension Momentum offset

Fig.2.16 Concept of NF-MEID[14].

vily

5
3=

ot of gra

of the body [m)

the center of gravity

of the body [m]

h
Height of 1h
-
=
a
4
E
>
3
=

Max, rebound: 49.2 mm

Heighi of

)
TE] 1 15 2 (1] 05 | 15
Time |[s) Time |s]

(a) with NFMEID (b) without NFMEID

Fig.2.17 Vertical displacements of the body[14].

243 TUOT17/1CITUOT 1 T ERER

1|

NZHLZ Ty aa7 Il X2ERERMOS S 0 OO LT, Ry 7 ThHbZk, T
2B B EITRNCAN R EBRIRE RO E > T\ B 72, KT HREE ORI O IREEICE
DETRIRA—RELEET LN TET, FEMTIIRZRICERETZROVATREEI SV W
S eNEFLNS. 22T, BEMIMOLLD7 7 F 22 —XZ2HBHL T, HD T X—%
EEHORIICEDLETHIES 2 2 b CiEEEZM EXE2 (7274 723720747
BREML PR EINTWE. IAVT7 7 T4 TREMERE LT, 77F2x—% (DC E—X)
TRMEEZZFL, WOBHA > v—&X > 224l 2 2 & THEREISE ZHE$ 2 Tk [29]
PRE XN TS Fig2.18(a). 7z Fig2.18(b) DL S, 77 F 2L — &R LTRK—LAL%E
HRHL, FREEZHOCHE e OEEER 0122 &5 ICHlEExE 2 2 CHEEHO
P—2 %2 K320 [30] R EPRERINTWE., LirL, ZL7 277 4 THIHEITS 12
ERE AT RE R B ML 7 B — X DR I B 72, BHFIRDE L WA IEE A HE LW,
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T IT. WA Y R THERBIOAZAEL T 51777 4 TEERDTE
RINTWD [31]. EHREHKDAEES L OO MFEEEICSC TRERREZVIDEZ S 2L
T. BEIZIHS %, Fig.2.19 CHMETAZ W EEROR 2 RS, £I7 77 47X R
38y TR NI LT EBERY 4 XORTOARIINE L, EROEENEMZ S5
WKEEMX 2 MW TES. £oT, EEANOHBWAREESBVEEZI SN,

Displacement sensor

Acceleration Sensor

Aluminium

\#‘/ / frame
Actuator 'lﬁ' ,_:5 "'-_ \ .
4 : Ball screw _ _

Encoder .
%% " I
- | 4 E

- -
.—."- y
o
—

v

Footpad

(a)DC[31].

(b)Motor[30].
Fig.2.18 Shock-absorbing part of landing gear.

Nitrogen :
Compensating glalg,ttg Piston Kiston rootped
Chamber ym o L . £
:_“, ________________ dl - ml --------------------------------- - I—— 1 e \
I Q ..................... ’} ’ Ny
N '*,r\: ‘—: ]?11\ i--’é MRF Flow
< I s=/\s=—//\\. __ Route
L | D L d . Magnetic Field
Cognecting Coils Magnetic ~ Bypass Connecting
Cylinder Core Cylinder  Cylinder

Fig.2.19 Semi-acitve damper using magnetorheological fluid buffers[9].
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25 7ROFEICHSITZ 7y /Ny RelLdU XOWBE(ERD
DETILEL

BREHE L TRODMBHAEZEEIZ VO, 7RaitETHOY SN X 5 REERZ DT
HY, JHECEHYFIT SN THE 7y oy RIZERERNICE W THE—RIKRRE & #3250
THYH, K REREOMEBEMEHA N ZERNICETC B IEMNTH 2. $hbDD, BERD
Ry FRY T BT BNNEIEANCLITY R Ty bXy FOMHEERIOA TS
D, LIURANT v by FIZRIZTHIEIEREROES 2G5 570, KETHEELBERED
FHNTE, LIV Re Ty bty FOMBERTZ X< HBELTBIREDLDH 5. 7R gt
WZBWT, ERER OZEENFT O 72 D OB 2 EBMEFIZ8IThbN . 2O\ oA
F1%,” Lunar Module Soil Mechanics Study” & LTEZ&®H 5N TV [16]. PN % [
Ry UTHEEXA F I 7 2DBHBITON TV, BRI HEICERET 2B oA RS
WA EICEET2HA L RELER > TV, 7y by RO AHBAOHZEHS %
WRT XD ICHEE Y = — X (Impact Phase), #iF D 7 = — X (Slide out Phase), ##tik (Static
Equilibrium) OZEFEICHFEL, ZRZ2hD 7 = — XS B ERMTbh:. Z0OHM
&, 7y FoSy FOZEEIE, 7 bRy FIEL 3 TOMBBRREES e THho 7.

VIHIEE 7 2 — X 7y by FHOHBRICHEZEL, HRNE2Z T2 72—X
Wh7x—X  HERIZT7Y b3y RBEEDTZ72—X
By 2 — X 7 v bty RERIE L -IRRE

WIHAEEE 7 = — 20 LT Fig.2.20 1IR3 & 5 72258 %2 AWV T T EZEERD, 1D 7 = —
TR LTI Fig.2.21(b) 1275 & 5 2B 2 AW TKEA M EERBE M ThN . I
WBHOWOREZER L &L 2V 22w, HE LoENREZBHERET 2720, EBiZ
1/6G MEEMZHE S WTER S = tikik e, 7027 — L o 3R IK O /7 %2 F W TR 23T
b, ETEEFABIE 7 VR —)LT 21 [\, 1/6 27 —)LT 362 FEfTHhNTz. KFT7 A EE
EHRBIE TR S 1/6 A7 —VEBOATON, 363 BOHBI{TON. ZhbD%
BORBEEL THEONT—Z025, LY ZANDT v b3y FEER D SHEER T 0¥
R e T DG B, BIEROEEEITICHC ST,

7RaFETTONI X511, BROEBREZITH> 2Ty by Fe HEOMBIER %
EBERNCE T UL T 22 21IC&D, avPa—&YIal—YaryEHWTERERZ T
352 e AA[EEIC/ 5. HA®D SELENE-B O &ERENIFNTICEWTD 7R gt & FfICE
TiRRER L PR EM L, Z2ORBERE ML THEMEANDEFMEETT - 72 L THERE
XEDT I 2L —a VAT HbRTWS [32].



25 FZAROHEICBIIS 7Yy PRy ReL a3y RoMEEHA oS 21

Lo L, FEBedE L CERBNCE T UbE#EHAT 2 Z e R 2 01, 7Lz
BHREBP LR WEERRONE. 7y b3y FIBRBR Y ORI OEZRIC X 2 EEREI LT
WIGE, HiCEREELZEEL TEHDART X — X EGRETo - ECHIZICHEER 1T
NEAER T 2R0END 5.

FFEIZ, SELENE-B THiFT SN2 EMERHNET VIS Y I ab—vave, HEK
27— VE TN OWHIIEANDEROEEEH O EITO> Y, ¥I a2l —Ya v e ERTIIR
RBEHERTIENMEINTWS [33]. ¥Ial—yaryTHWSR-HEERET L
X, BEGUDCBEENERAICERL, BEENEIWTRICLST —EL LTV L LM
WZRRIE S A ICEE TR WEE, KEAMCL IV ADEIL 720, KITORBZELHE
M2 D, TECRDEBEZENICED S ET VTR RIATERVWETI L 5. XEITEOHHZITS.

7

Main Shock Strut
/ Piston

> initial Condition on
' . Velocity Vector

Mecharical Strength
Oblique
Fv(t)
FH(i)

A Impact Phase , Momentum Transfer

Acceleration of Soil
B Transition

Mechanical Strength
C  8Slide out Phase {

Drag } Fv{f)

Momentum Transfer FHm

D Static Equilibrium

Fig.2.20 Impact phase division.[15]
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-—1/4" Thick Steel Tracks
-~~~ Teflon Slippers - 8 Pieces
Air Cylinder
Air Piston & Sensor Carrier
etabbies TiFed (Instrumented Strut) Instrumented Footpad
Driv \vneel

(B)

Flywheel Ru.n(‘rd\

Rubber Co rd
Rubber Co: rd Eng:g Kl='
& Anchor: i‘ixed Rul bbz Cord Stops
D-'“"‘"’ 1 Side Rails rriage Release
_fa arruge =
= H < 1/4" Thick Steel Track
/ H — Teflon Slippers
Cam Rod 7.7 R e N:‘?..._.-_»,,-v | —soil Bi
Support Pipe (Soil Bed) - &

_Sousx w Long____False Bottom
Back-Up Whe 1 i LT o 0 =
Full Diameter
(a)Impact test setup. (b)Drag test setup.

Fig.2.21 Experimental setup in Lunar Module Soil Mechanics Study[16].

26 v bk/INy RICEAT BH3E

BRERRE L TRDEHEEIZVDIE, 7HRaGtETHY LN X5 REEREIORETH
D, BIZEICE D o Tnd 7 v bty RITERERICE W THE—RKIARTE & #ils 2 58467 C
Hb, AR RIERIOEEER DR ERMNEL X2 TH L. ZHUCHET 258D
WTAREI TS 5.

2.6.1 7w bkrINy FRARDZELICHES REDEIL

Sutoh & FEZEF ¥ KKHDZNZHUTB VT, Fig.23 IRTHIROEL 2 3FED 7 v
F oSy ROERERBREZITY, ZOZEENEMGEE L7 [17].Fig2.22 ICEEHABEO Yy 7 4 ¥ 7 %R
T.LAVARAYI 2T Y bEREFEDLAFRDO LTI v Moty REKEAMAICBEIXE, LT
BRI 72 Fig.2. 24 I2KBRICT T 2L TR & HOBREMEZ RS, HERFEER D 5 Flat,
C4,Round, ¥ 7 v b %y FOBIRDBESDICR B LN T FE L MI/NX L k2 MER
DRONTD, ZHUIXT7 v Pty FIBRRICE DL EN AW OENENT 5 Z 3B LT
W3rEZIHNS.
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23

Sleeve sensor )
Weight

Solenoid

T : latch

Landing
direction

Notch

Loadcell

Footpad

(©

Fig.2.22 Sutoh’s equipment used for the experiment[17].

(a) Flat edge (b) C4-chamfered edge (c) Curved edge

Fig.2.23 Foot pad used for the experiment[17].
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200 50

Atmosphere = Atmosphere H—
Vacuum Vacuum mm—

40 F

150 |

30 F

20 F

Force [N]
g
Penetration depth [mm]

50

(a) Force (b) Penetration

Fig.2.24 Sutoh’s experimental result of landing[17].

262 HEmRDIERCEEZEZIZEDEESEH

BE R S 3R E DB IO W IIHEFEEE 7L 2 W EREX 4 F 3 7 RO R 21T -
TW3 [18]. ZoBRIFMIEHD L TV ANDIL TR EREEINCE 2 2 BTN TED, £
DTS DTEIRS A E 2 E R 72 E DEREEHOZR S FHEI LTV 2.

HAuwsiiz7 v bty FOEIR%E Fig.2.25(a) IS8T, EEHER % Fig.2.26(a) IZHIHIZ & #
HiL 72358 OB AEEDERE > I 2L — a YOI E R, EHIOBRBEICHERE S I 2
L—>a v CERRZAMICHARENREL TVWE IR0 h5. ¥Ial—aryTlE, BEE
NPRE VT DIEMNEREPELE D T2@E b, EGm (B0 WCEEBFREET 5.
—HEETIE, KEAMOINIBEHOBENIXIZE ACFERET, LIV R TFT3ICoNT
HETHEEZOND. T, EMOBRMI, M OIERBEIELDO LZ2E5 Z & Tk
% 150 2 AN EEE 2354 UG L 9 ) 2T 3 2 1o CHE S A D [alfiz f
ZlELTW EZHNS.

Fig.2.26(b) I Fig.2.25(a) IZ/RE N7 v b8y RBEHINZEREY I 2L —> a3 Y ER
9°.2-2landing &, 72 l, & 2 WOIEICEHT 258 % R L TW% Nominal T, BRI
DIRIZY I 2L —2a Y e EBRTRRZAMICHEENEC TS, I 2L —Ya Y TIIE
BNDIRZ T DI OERRDEL L D T 28 5 /- DIRE 7 A (B OE) 12 [E#E 234
CTW3A, FEETIIKFEAMORINIEOBRICIXIZ AYRERT, L3V AT T
BIZONTRET 2 EZONS. D=0 OB OERRLELD L2l 2 7
», ZEITH (EOME) 203 34E L, MtEfl % & H Tuw 4. 60deg attachment % Ball pad
T TRHEDREI SR VED, WTEZELRVY I 2L —Y a YORBRIGEWEH % L



26 7w oSty RICEHT 2HH%% 25

TV, ZORERP S, 7v b8y NERPERERENCHEL G252 Pbh 5.
COWMENSLDLPD LI, 7y bRy FOL IV ANDOEEAERLIRDELT 2, Z
o DM Bz 2RHZE TR SINIMEEFRNET AV TCRBEROBEHNHL < k5. ERY
AHIICE PR ZBHY VY —ADRON TV EHE, 7 v by FOBIRELEHT X 2 BREZEH A~
DB FHMT H7-DIL, IERCIZER L7 T u—FERGIT 208N D 5.

Linear guide rail

rope @

Horizontal velocity

'\‘1>

electromagnet

Nominal 60deg attachment .l Ball
Horizontal \ % \ 4
velocity r
e

{’ Lander
. ‘ Godeg / y 3 ‘)a'v,a
’:')\ ‘ / *

10ceg o
>

Pull manually

\ Landing surface (silica sand No.6)
(a)Foot pad used in experiment

(b)Experimental outline diagram

Fig.2.25 Nohmi’s experimental condition[18].

o 150 o 150
= 1-2-1 landing > 2-2 landing a Gvn? sensor
3 100 & 100 - « Optitrack
Z 50 14 : Z 50 /d\ —Simulation
o ] o . f ¢ .
= « Gyro sensor >
Lg‘,; -50 « Optitrack lé, -50
£ 100 —Simulation £ 100
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Time [s] Time [s]

(a)Angular velocity by the front landing gear.

: 100 = )
1-2-1 landing Aj 2-2 landing
—N e o
. nominal\ o

\/ T
A « nominal
« pad angle 60deg \

sphere

-
(=]
Q

o

« Pad angle 60deg

Angular velocity [deg/s)
)
S

Angular velocity [deg/s)
)
s

200 200
sphere
300 — Simulation 200 —Simulation
0 0.1 0.2 0.3 0.4 0 0.1 0.2 03 0.4
Time [s] Time [s]

(b)Angular velocity influenced by pad shape.

Fig.2.26 Example of difference of landing response between simulation and experiment[18].
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2.7 HHDIC

AREETIIEEBOBERILIC OV TERE Lz, BRETERIFHINTW2ERE*E ST 25
FEASAE C I 0 & BN RIS 2 B A LT D, 2B T 2MENERAICE Zhbh
TWaZehbhrol. £, WA Mo TnE 7y bty RIZOWT 7 RuRrs
MEDED SNTWBE—, HEERHNETFTMCHE S I aL—Yarvy, BEEZr—L
ETNVOWHBANDEBEDOEREREH DL EZITo, I al— a3y e ERTIIER %)
ZRT ZEPEHREINTVS.

RETIXZ DETFTIVICE D - T,Resistive Force Theory(RFT) I2HWT 7 v bty Ry 135
DHEBEERANEZETAMMET 228 T, 7v b Xy FIBIROZR  BEKICIER T 2 hoMERE
EREL, MEENEEEDI2MROH 2 7 v %y REIRREHEH 2 1RR T 5.
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E3E

=FEEE D IEfd |- Resistive Force
Theory Z AW ETILIBE

3.1 IZLC®IC

HRKBEREYDEAXKEDORMEE, LIV RIS MrvwdtEIcEbDhTWS., L a
Y ZIZE AN DEADOEZER, KGR/ NERDOEZIC X 2 FHELOFEIT X D ET M
INGEAEIEY) T, I 7u Y TOMNT23£<, ADBHIIHIBIICE2 DD m »
LET m D o TV 5. BREAITRIE RN 2 D B RES A E T 208, RIRKM & il s
2 DIFAREHEHICI DI oNTzT7 v by ROATHS. LT, 7v by RO
REBYNCEETT 2 2 & T, RIFKKRED BRI T 2 T DIEHOH T 22 Z, BRER DL
BB E 2 IHIT 2 e N TEZEEZILNS.

ARFETIX, Resistive Force Theory IZHEWT 7 v Xy Fe HHOMEB/ERANTZET VLT
28T, 7v bRy FIBIROZR L BEKICER S 2 hoBREzERL L, MREEE D
BMMBDH B 7 v bty NPIRERGHEE Z1RER T 5.
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3.2 Resistive Force Theory

T OB RAHEER T T ACE S W THEMEE 2R T30S 7 o —F13,
BERMSCXKERE R — AN EOREM 2 2 g ETREOREHITB W TEZ L Dfilnd
5. HWEEE L TEOMBER 2D S ZRDEIET Z X =2 X (Terramechanics) &
M, 1960 E1RIC M. G.Bekker 12 & D Blah X 17z, Bekker (T Hlg & 1258 ¥ O T DA
BAERNZERS (BEIGS) R (BAWIES) KL, 2R 20RO T EEP—
MHEABRBRIC X DICTET LV EREL TS [32]. Bekker i£1X, Wong % Reece 512 & D
R XN [15], HEEOETHRERZFHEIT 2 1FEET A LTALKFHEINTWS. L LS
5, Bekker IKIZEZED TICKEVHIGAOBEA ZHiTR L LT, HEiD 55 b3 0 cibhic
hAAATERLZ AR EABIT 2 2 LI K DRI TED, MTEIKREZL RoL5E
HERIR 2B LR OWIIRICH U TSGR D D 32722 R 5 720, #HT 5 Z L3k
2V, ZAUTXT LT Li 513, Bekker JEZ MY T2ERDT I XA =7 RARbBFiEE L
T, Resistive Force Theory (RFT) %424 L7z [19]. RFT 3D & 5 pkiik L x2B83 2 4E
VoG IR 2RO a Ry N OEBZEN T2 L 2BRLTERINTED, UToD
Rz #5o.

o bR AR NS EN 3 2RI T % R R HEE T RE
o BHMELTEIRE L7t LT & Al RE
o NERYHENRT X —RIBHIHTERZRAr— ) 7757 7R VDDA

RFT T3, MR 2 BEIT 2 WIS 2 013, ZOBNINCHERT 2 hoEReb
BT OEBENS L WS IERBEVTW S, WKk 2585 2 WHEOMINE BT %
A o, 1%, BFO GB.1) £51ckahs

O = 2z x(B,7) (3.1)

ZIZT g WL T E GFRX), BIRIEHRENC$ 2 /NI oM X [, ¢ 1I3BEI T MM,
WBHAMRERX D7D OFEEHAB I UKEHRDENTH 5. Li SIFERFEEEOHRARF T/
BOFzeBEEE, BMES DD DENZHE L [19]. T T, ag, & B,y ICIRWKTFE
WEERT BT o7DT, ZOHEMEREE B,y ICOWTHER 7 — V) &L, o, 2%
DT oo CHEE L 7.
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_ mp. ny
rax(B,y) = Z Z[ mnc0s27r( - + 27r)+

m=—1 n=0 (32)
By s1n27r(—ﬁ + ﬂ)]
b 2
11 ¥
ra(B,y) = Z Z [Cm,n cos 27r(7 + §)+
m=—1 n=0 (33)
Dm,,sm27r(—’8 + Q)]
n 2

T, 7—=VZREM; = (Ann> Bun> Coins D) 1, FIRROKEE DRI 2R TR —V &~
777 7RG TERET 22T, MAKROEEIC XS 3T IXIEFABEOMEE RS Tabled.2 1245
MRRIC BT 3 EFLE N7 — V) B2 RS, 2 ORERD & — IR T 5
— 7 =V B Mo = 1) BRI, TEBOBEHOFZHLPELRS>THYRF =V 77570
R E WY ECERE T A2 TIENZFEARER Z LR ENTz. Ry —V 77 7 7 ZIEF
I T EBRIC KD BEZIT/E Z ek s. —k 77—V R My ZHWBED B,y DFES57
fi% Fig.3.11 \&/RT. (3.4) TRI N2 MNERTITIER T 2 £ 2 Miko#E17 A Bl O HifE T
oL, L&t (3.2),3.3) OENIEKEH WS &, MAkRFE2BES 2 WRIC/ER S 2 K1,
DIFD 3.4) koickxh 3.

Fz,x = fo-z,x (|Z|S’ﬁS’yS)dAS
S (3.4)

:faz,x(ﬁs,)’s)ldsdAs
s

S AR DET AR dAs,  Izls.Bs,  vs BERZNMIEROM/IMEIROEE, LT E, U
Zf, BEIAMMATHS. RFTICK 2 RANHEEDZYMIIEHRNTREINTWS. Fig3.1 12
RT LI, 777Xy bD COED &S BEMREZ LB EEREIEL 3 2 B3
% RITOHEEMEIXERME L IR L TZOBEIEOEBIRED RS —HLTE D, -7 {HDORE
X 10% INTH - 7-.
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Fig.3.1 Measuring Resistive Force Theory (RFT) relations in the vertical plane[19].
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Resistive Force Theory (RFT) relations in vertical plane for different granular materials[19].
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Table3.1 Generic Fourier coeflicients M[19].

Ann n=0n=1 DB,, n=0n=
m = —1 0.000 0.000 m=-1 0.000 0.055
m=0 0206 0.000 m=0 0.000 0.358
m=1 0169 0000 m=1 0.000 0212
Coom n=0n= Dpyn n=0n=
m = —1 0.000 0.007 m =-1 0.000 0.000
m=0 0.000 0253 m =0 0.000 0.000
m=1 0.000 -0.124 m =1 0.088 0.000

a_zgcncnu (V/Cl'ﬁ) Iat
1 ] n I 1

/2 | J /f

B 0 b
/2 | ‘ ‘-5-‘ A ! -1 7
/2 0 x/2 lo‘z /2 0 x/2 @,
£ Y

Fig.3.3 Impact phase division[19]
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Fig.3.4 Experimental results for intruders of complex morphology[9].
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3.3 RFTZHW3RICEEIT SR

HIETCIR Rz & 512, EEEIER B2 B L2 7 v oty REIREGH 21T 5 B REFT 134
HDTHEMPEEZEZ N0, REFT BP0k 554 THIEMICHAEERNIZH#ETZ 2D T
WBRVWZEICHFEET IHEND 5.

HAHEANDOEREEEZ 2756, BERP X v F27 203 5B1021% 3m/s T2 O FE 5 [AHE %
ForahTws. LaLl, RFT O B8R TETFAEEERICB VT, EHEROWEEERD
FCORIERDFRDOBEEE X Icm/s TH o7z, D X5 BERERELSEVGE I,
KT 20 520 2 RN BEENCEN T 2 3 O KENT, MToEEidEHcE s xhtw
3. —HT, BEEED Im/s ZBZTL 28, NTOEMELKINCEEL TL 3 2 1
ENTVDS. MRARANOYIED ERE LRI, Z DR INTEED 2 T L3 2 THD R E D
HDHEWVIMEDD D [34].

ZZT, RFTICXWEIREIN AR NZFHNIHEL A% L, KOZDIT O &L 5 ICEIYIE Y BIYIE
DHDETRT Z & bIBEZ N TV [35].

2
FGM,(x,z) = FRFT,(x,z) + @) (x0)Vy; (3.5)

—7T, AREET v Moty FOEEVE TRO R IHEEIZ RFT Z AW FI237E8E 512 & D #Hds
INTVW3S [17]. Fig351m3 L1, 7y bo%y RPL IV RIZHEHET L2 2T
KIBE 2200 —=2%Fb, 7y bty FOUTHRICHEEL TVWEDIEFEICT2D2DDE—7
THHIeDbhProTVWE, ZOXIRBERDPEL 2 Z i, MOMIEIL— 1Tk hiREX
N7 TR EBIEREL S BHLPITHR o T WS [36]. Z2IT, TD2O0DDKIY—7HD
HED=DIZRFT W, #UIRAT -V 777 7 REHRET 5 THEBEE BLES
TARENELNTVE. ZDL EDVE FHEIZRAT 1.5m/s TH o 7-.
DEDHENPSREIND K12, RFT DEREXA F I 7 AT EDOEEHEHTZ 20
S IFHHE TR WE D3 D 5. ERER OFIA D IFE 7 ES 2 TS 2 72 DIIZENNIEZ 28I
BOLEZRBENP DB EZ NS0, RFT OEAREOATTHDIIHRZRHTE 2A[0EHED D
5. Z ZTARMETEIANLE 7 un—F & LT, MHAEH#EEIZ RFT OREAREEZDF
FHWsZ L, BEERHOERINZFMZITS 2 & T RFT Z2&REX A F I 7 Af@HTicH
WABRICHBE T RELICOVWTREL L ST 3.
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Fig.3.5 Time histories of the force acting on the footpad and penetration depth in the footpad
drop test[17].
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3.4 7w /Ny FEREREHC & B eI

B RERE DR E DELNCM T AR E R R TWCEHET 2 2 e R 256, BRI M
DINIETR VD, EEIOFEREZNZ V. LErLAENS, HEDOBRETIEZE Y DidEk
COHEN S, BEMEOENCHREMAMEEDEL 5. L RAEREIIIEEYBEET
%78, BEEYEEITELZ & o GBI KR ERMATRE LR BREE R 2 dEZ S
B, MEHTAEE 23 - - BRI RAREICHE S 2 2, B bimfle—xX > yp4E
U, BT 2 EREE .

—JT, 7y by KL TV REEMMT B, 7 v bty K eBAEARE L O ERRIC
XoT, EREIZHERET 2N 2 1OMAPERT 5. ZORITERIKICAET 2 Mo 2
FIRGIE AR B 5 Z e 3 HRAR, BEDEBEIZIHIT 2 e TE2EZIHN5.
AETHIALZED1Z, 7y by RBL Y R 5521F 5 01%, Ik - B i AE O
ERELRZFS. RFT KBTI 2ENBEEOS A2 b5 X512, FRCIDHIFAEIC X -
TRERFERZTS. LedoT, 7y by RO, FHCHD T AEZEYNCEETT
5ZrT, MEEEEZEDZ N TELZEEILNS.

7y %y FOEDMIFERETE LTIE, BREESL I) RICHEE T2 2H< & 51,
Fig.3.6 D EMNIR T & 5 CHIECH L TKEIRIRD I o2 Z e B—&kNTH 3 []. —FH
T, FIZIEAEMD X517y oty MIERAEZSITIRDIT2 Z T, BEZHET 2
NEMZ, »oMEIZIHT 2 KXY, EREKROEEIZINGIT2 by 2REXES 2
EHAHRZEZ OGNS, ZOBEZHICHEIE, XELETEMERAEEAM EXE2 7y b
Xy REUY M AEICOWTHRETE1TS.
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Fig.3.6 Concept of overturning prevention by footpad design.

3.41 EEEOFBRIOZEETIL

7w Xy FIER EBIRICHER T 2 1oBREERILL, 7 v bty RBREHEICHS
T3 M7 OBFREZHL2ICT S, UFTIE, Fig3 7 ORI E5% 426 2 50HEE
BELTXAFIZREMZITS. T2 TRAIEINZME & U TEE 2 2 Ot AICRE L.
Fig.3.8 IR T L S ICHEEMKOMG 25 BT 2 | R X 250, Thbbikd MR
INE BT WA OENICRE LT 2 RITE T TN T 5. #AIZ x, y Bl5 17 o f i E
L z #E b oEEERO 3 HHER D OMlGkE T5.

Footpad

Fig.3.7 Four legged lander.
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Surface

.\ v
Part of footpad dS
Center of footpad

Fig.3.8 3 DoF statics model of lander.

fx,y:fsfax,y(ﬁs,)’sﬂdlsds (3.6)

& w,, BITE r, ODRAFBOFIRTHZ2HE. TOLE, Byld7 vy MRy REET—HR
W25, 7y %y RHRIDODILTEZ d, £ L, 7v b8y RPERICHEICEBE LTS
T2, 7y by FIMERATAZHEUTOISCRINE. FRD 7 v %y FOBAX
BNHDEIIIRTZENTES.

fx,y = rpwpdogax,y(ﬁa 7) (37)

342 Ty bkNy FRORTAEL FILY DER
MR B T 5 1 g DALENRZ ML rp(g) 1d, 7 v M8y FRDLDOMENRS b &,
7w bo%y FEEEROMEERITAI Ry ZFWTLLT O (3.8) Ko ickEh 3.
r1i(q) = r; + Ryilg, 01" (3.8)
279 bty FEOR qRBUIZHERY blvy X, 7 v bty FHIDEICB 23 EAR

7ty &7y bo%y FHDEEID OAEE wy ZHWTETO (3.9) L5ickEN 5.

vi(q) = ¥+ Ryilg, 0" wyy

3.9
=vy; + Rle[q, O]Ta)fi ( )
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ZZT, XEEXNGEITH X =[0,- 1;1,01 TH3. EXED, HqlZBIF37 v bty U
BURD TIBADRAHIEST 1 71 IZLLT D (3.10) &S 1eREN 5.

w@]
vsix(@)|

T v bty RO NI AE By, IKOZRBAME ) T2, HIREIIHT 202 A B 131
To @B.11) k512 EIN3.

%@:—mf{ (3.10)

_ ﬁ(),' +0 (Vfix > 0)
pi= { — (6 + Boi) (Vfix < 0) -11)

5. Kq BT HKRED S DINTE digy (&, UTD (3.12) K H12REN 5.

th{dm@%mw)@MkaM» 512

0 (r/v(@) = G (ryix(@))

Z :.T, Tfix(q) Z Tfiv(q) X T'fi(q) D x 5‘263\(\: y E‘X_:éj\‘fa’b D , G(rfix(q)) 0i, T fix(q) 6:?3”6%?%@0)
BIERITEARTHS. MIREPFHTH2L X, Gx)=0TH%. DLzHER2L, 7v
FoSy RICZEL 2 HHR T £y 13 RFT IKHESWTLIFO X 5 1R S h 5.

w, /2
Soeyti = {rptf‘ Ay (Bis vi(q) di(q)dg (3.13)

w,/2

BEARICHEH T 2 AL Z I TO LS 1I2REI N 3.
7, =r' X'R" f, (3.14)

ST = i fy] TBB. LEDoT, MBOEBHRRIUTO (3.15) X5 RSN D,

m fx
[ m :lf)
J T

ZIZT, Nfufhy b7 0id, UTO@EYTHS. m FEEOER, JIIEEOENEE—X
Vb, g EENINFEETH .

(3.15)

.
y
9

fx :fo+fo (316)

fy = fry + fry —mg (3.17)

T=Tr+ TR (3.18)
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3.5 &HDHIC

A F Tl1Z RFT(Resistive Force Theory) iIZE W T, BRI B RERFICHIZR-7 v F oty R
Ml < K Ih S EREE T VR L 72 RFT \3EMER IR T EARET, Ml E LR+
BRI RX—RDRAT =V 777X b —DOTRVWEWSRHEZRESL, 7v by FIEIRY
HEMERNOBERZRTDITEL TWD L Bbhsh, BINEOEENEZ oMLY, EH
AJREPEDS DT8R 7 b 2. RE LR O BUEMNTIC B W TIE RFT OEAARFICHE S 7 v b
Ry NERERGET L BREEFH O THIZITS .
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5 PEH BB BN & Rr D B MRS S PE 3 2 B8, RIRRME & #filt 3 2 1375 BT 12 Y
DI SNTZT7 Y by FDATHB. Lo T, 7y by ROBIRZEYNCHKETT 2 2
T, RERMD OGRS 2 HOIMERDIE AR E X, BFEROZRBEEL i E % 3
LEMTELEEZIOLNS.

AREETIX, Resistive Force Theory IZHEWT 7 v Xy Fe HHOMEEERA T EZET VLT
5Z8T, 7v MRy FIBIROZR L BEKICER S 2 hoBFEzER L, MHEREEE D
DMRODH 27 v by FIBIREGHESH 2R T 5. $4, ¥y Iar—>aickd
7 v bty REIREREHC & BTN EAIR O T HIZITS .

4.2 HICMHREIER e mi 72 7 v bty RIBREEGET OBRANRE 2 23S 5. 3.3 i
TIFBEROFHIIEET VEHWT 7 v by FIBIREBIRICER S 2 b v oBfRZ 21k
L, BB ZRIET 28R DH2EZO6NE 7y Py FORDNFar7sF¥Far—>ar
RS, 3A4MTRENFES I 2L —2a TV, BRELET7y Py Faryrg4F¥al—
¥ a v OMEREIER LR 2GS 2. 35 HTAEDOE DL T 5.

42 BINTA—RZIZTDOWT

421 2Zal—>3aYNFX—%

ERERODEEB XY A XX JAXA 23ETH 3 2 H ERFEFGER SLIM 2E /NI S 5 2 ¢
L, %87 X —&% Tabled.1 IZRT. ANOEREZBEL, EHREEIATLEODDE L.
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Y3 2l —3 3 vI2iE MATLAB 2020a Z W, 4 XD >4 27 v 22 & DEEGE (3.15)
PRUERNC RN, BEES ORBIZA Ty 13 0.005 e Uiz, F72, 7v bo%v RT3
KD (3.8) 25t BT 27D DE(EEITDO AT v 71E, 0.0l mZAAL L.

Table4.1 Parameters of the lander in simulation.

Symbol Parameter Value
m Mass of lander 150rkg]
J Moment of inertia of lander 100 * 10? [kg * m]
hy Height of center of gravity 0.4[m]
rp Radius of lander 0.4[m]
p Width of footpad (z axis) 100[mm]
wp Width of footpad (x axis) 100[mm]
g Gravity acceleration 1.62 [m/s]
e Scaling factor of terrain [1.0, 2.0]
y(0) Initial Height 0.1 [m]

422 RT—=UDTT7I2DHE

AHRETZ2TBIILIVATEDODRTVWS ERETS. AL IV RIZEBIFS RFT DR 7 —1
V777 7 REBFHALLICHR o TWRWDT, 7HRA I vy a &) BF I HEREE
[16] T, Bekker DEEIGHET M X DHEET 5. Bekker DEEILSIETILTIE, E
NHEXTEDOBERIIULT DL S TRENS.

k.
P = (z + k¢) I’ln (41)

ZZT. hF RO T &, b I FIROFNMETH S, k., k, BEU n I TEER L ITIZA,
THOBIXERITMETH S, k ZTOMBENC K 2EREE, k, ETONBEEAICX ZE
AR, n 3BT TH 5.

—/T, RFTBOWTEN L TEDOBEBRIIUTO LS TR S.

p: = {a(B,y)d 4.2)

T L& p=0, y=nr/2, Bekker DEEILCHETILERUT X512, FEtRpHIFE I
L CHEIEAADIRNEZRT. Bekker TEF UL D REBXN BT RFT ICX hHEEXA
LENBELVET S L,

(%i+k¢):gazﬁxg) 4.3)
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(ke/b) + ky)
=~ 7 (4.4)

(0, (/2))
£72%. Tabled2 DT X=X, b=02mERAT 2L, (=083 LitETZ%. AELT
HoTHGFMC Ko TART =V VT 7 7 7 ZRPEBBU[EMELRH 5720, K¥Ial—>av
TRERRATF =V 7772722 LTL =1,202 F2—2Z2H0, IBEDEVNELKT 2. —
BINCAT =) Y77 7 7 ZABPREVEETELE N 2 2R L, HRBNERATIL 257

D, HEILPLIRZEEZILNS.

Table4.2 Lunar terrain parameters.[9]

Symbol Parameter Value

ke Frictional coefficient 0.82 x 10°N/m3
k. Cohesive coefficient  0.14 x 10*N/m?
n Exponent of sinkage 1
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Table4.3 Foot pads used in simulation.
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AREITIX, BIRZ7 v oty RO A Bp &, WEGTICERET 2D TE RKRAE
REFTRENETT R EE Ve DBIRZIAS DT 5. SEIOMETIX, BRERICHRIAIZBTEE
Rl AR O ARERID FIR IS 2 5825 X 5.

431 >Zal—>aYBEOT7vy kY RIZDOWT

AHEITIX Fig4.1,Figd 2 IRT X5 W=AR LD 2 ED 7 v oty FORM E
fE Bs, BEDR E 22X B2 DY, 7 v bty FOED T D BRIEIC O W TREE 2
fTo7-.

-k

Fig.4.1 Shape of the triangle foot pad used in the optimize simulation

)

Fig.4.2 Shape of the circular foot pad used in the optimize simulation



43 IKFAMEEZE T 2EKROMERAE S I 21 —>a > 45

432 KFAFEREMERSIal—>a ER

LA I B R AT RE AR A ST DR FETHEEE] S I 2 L — 3 3 ¥ CORABE T AR vpax 120
WT, 7y b%y FOMDMNITAE L ZDRIROBEFRIEICOWTHREEZ T o2, £ X7 —V
VT T 7 7 RIZOVWTIE, BRIRTDT —ZATE=1,2 DIET vpax BDREL 2D, TR
BN (R =V 7 77 7ZBKEWNV) 1T 7y bty RPTEE T 2R 25 7
DI FLFHORNE X FTEEPHE L VLWV B RLTWE EEZ SN,

=ARNY FOBER

=AY FORBWTOKELMEEMIRE S I 2= 3 Vv & Bp DBEFKRE
Fig.4.3~Fig4.4 IZRT.(Q E3XCh 7 —~< v T O) E 2 RTAHT7—~v T ThHB. Zhd &
D,FZAENKREL R TV ZEIMDMNIAELZHFHET 228 Typa DRELRSZ
EHDh 5. SEOEERD S TIEIED A2 60deg THIZ MDY 180deg (3K (7 v b
Ry RHEMICHE < 72 AUR72 51F ) TR FEEANOMLEIED & 7o 7. £ 72, #
NITXRTDT—ZATL=1,2 DMET vypaxr DRELARD, TEHIE (RF—V V77 70K
MREV) IZE 7w by RO il 2 K038 < 72 % 72 T 1 L FHGERDE = 350
DEHELVWEWI I ERLTWVWEEEZILNDD, —HDIr—ATRERAT =) 7 77 ZH
INELTRBIEE Vipar DVPELK BB T — A HAZIT HNT. ZhZ, BEDPLT LT <R
TR, BREZBOEMBRKELRD, EEILL T Rok I eEREEZILNS.
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Fig.4.3 Triangle foot pad of landing simulation result with horizontal velocity
vy ==3.0[m/s],{ = 1.0
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Fig.4.4 Triangle foot pad of landing simulation result with horizontal velocity
vy ==3.0[m/s],{ =2.0
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4.5 Circular foot pad of landing simulation result with horizontal velocity
vy ==3.0[m/s],{ = 1.0
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Fig.4.6 Circular foot pad of landing simulation result with horizontal velocity
vy ==3.0[m/s],{ =2.0



43 IKFAMEEZE T 2EKROMERAE S I 21 —>a > 51

433 BI7vw /Ny ROEBRGE

%7y by ROERD AT AEDZENIC X 2004, AEE, MI#EE, Ly oRHEINE %
Fig.4.7~Fig.4.18 1271 3. HlENE v, = 2.0[m/s] & L THRAEEAT - 7=.

THR/INY R ORISR

Fig.4.7~Fig.4.8 IZFM 7 v bty R D (a) IZHitH,(b) 1A EE, (o) AN, () iR+
DAY DMV DRI EZRT. 7y by FOWMD I AEZKEZ T2 LEmEHFHAD
AIEENKE RS, K, BRSO 2 MHRE A FAO M Lo OFRAMEIE 7 v bty RO
DT AELZHET 2 e TRELLBRLZIEDODP ST AT =V T T7 70X =1DKNH
=2 KD BBIRICMDERAR M, BN MLV IDBKREL B o ZVERT =V T T 72
ZIWRKEWHDT7 v bty RRTEE Fil S 2FMPE L RBZHET IO &S BiERMBE LN
EEZLNS.



52

Angle® [degree]

i | x10*
S 1? =0 —_—
fP =20
Jyﬂiﬂ -
‘il' =60
<
£
=L
0‘.2 0‘.4 016 018 i 1‘2 1‘4 1.‘6 1‘8 2 i 1‘2 114 1‘6 1‘8
tt] U
(a)Angle[deg] (b)Angular velocity[deg/s]
5 x10°
—_— JP =0
({P =20
(]P =40
3, =60
Ng o
E
=
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
I
(c)Angular acceleration[deg/s?]
Torque timescale
5000 T T T T T T T
ﬁp =0
A?P =20
4000 fp =40 | ]
n'ip =60
3000 —
2000 b
g
Z., 1000 B
~

-1000

-2000

-3000

I I I I I I
0 01 02 03 04 05 06 07 08 09 1 11

t[s]

(d)Torque[N -

Fig.4.7 Time history of lander

I I I I I
12 13 14 15 16 17 18 19 2

m]

¢ =1, flat pad.




4.3

KEFFREEE T HEEOMEEE S I 21— a >

53

Angle® [degree]

| x10*
—_— JP =0
0 \ i
Hl’ =60
1
w2
3
£
2
E
< 5k
o
a
0‘.2 0‘.4 0‘6 018 i 1‘2 1‘4 1‘6 1‘8 2 780 0‘2 0‘.4 0‘6 0‘8 i 1‘2 1‘4 1‘6 1‘8 2
tt] U
(a)Angle[deg] (b)Angular velocity[deg/s]
| x10°
‘{P =0
({P =20
(]P =40
05k Hp =60
]
E
= 0
| \
=<
Al ]
15 - - - - - : - - -
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
I
(c)Angular acceleration[deg/s?]
Torque timescale
3000 T T T T T T T
2500
2000
1500
,E 1000
Z
~

500

-500

-1000

-1500

I I I I I I I I I I I I I I I I
0 01 02 03 04 05 06 07 08 09 1 11 12 13 14 15 16 1.7 18 19 2

t[s]

(d)Torque[N * m]

Fig.4.8 Time history of lander { =2, flat pad.



54 FA4TE Ty by FEIRERD AT AEOREL

=AY RORFRBIGEHER

Fig.4.10~Fig.4.11 \CB E A Bs = 90[deg] D 7 v b v ¥ (a) IZHifH,(b) 12 AEE,(c)
WA IE () ISHRIRHLE D @ b L2 OIS E % 7R3 Fig.4.12~Fig.4.13 1|2 BH = M &
Bs = 135[deg] D7 v b ¥ (a) WNiAH,(b) W AHEE,(c) ICHMIEE,(d) ISHKRFLE D @ b
NI ORHEIBE RS, 7y by FORAZAE B = 90[deg] DIRFINIAH, AR, FAIEE D
ZEHEDEoNRDP o7 7y %y FOZAKED By = 135[deg] DIRFIZELD 1T A E
PEMXE D Z 2T, M, AEE, MIEE, ML DOIREICED DB AR TER. &
T, AT =V 777X 0=1DHB=2XHbEARTMbIERA IV, BNV K
XL BT, TNFRT =V T T 7 7 ZBREVTHT7 v by R 1H & il 3 2 KGR H3
T RDPBETZIDI I RERI[EONLEEZLNS.

(b)Mounting angle 135deg triangle footpad

Fig.4.9 Triangle shape foot pad used in time response simulation.
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Fig.4.14 Circular shape foot pad used in time response simulation.
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Fig.4.19 Simulation Result of Average Torque Relationship between Pad Shape and Pad Angle
vy = 2.0[m/s],vy = =1.5[m/s],{ = 1.
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Fig.4.20 Simulation Result of Average Torque Relationship between Pad Shape and Pad Angle
vy = 2.0[m/s],vy = =1.5[m/s],{ = 2.
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Fig.4.21 Simulation Result of Average Torque Relationship between Pad Shape and Pad Angle
vy = 2.0[m/s],vy = =1.5[m/s],{ = 1.
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Fig.4.22  Simulation Result of Average Torque Relationship between Pad Shape and Pad Angle
vy = 2.0[m/s],vy = =1.5[m/s],{ = 2.
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