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Fig. 2.3 Landing test of Vented Airbag[23]
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Table 3.1 Simulation Parameter

Simulation Time Time 6 [sec] (from touchdown)
Time Step Size dt 0.0001 [sec]
Spacecraft Mass mo 200 [kg]
Leg Mass my 10 [kg]
Leg Length (Height Direction) Ly, 1 [m]
Leg Length (Width Direction) L, 0.577 [m]

[

Leg Position (Height direction) Hy,Hy 1.5 [m]

Leg Position (Width direction) Wi, Wy 1.077 [m]
]

Body Height dy 0.5 [m
Body Width di 0.5 [m]
Spacecraft Static Stable Angle 0. 35.6[deg]
Damping Ratio (Width direction) Cuw 2
Ly,
Damping Ratio (Height direction) Ch Cw X 7
h
Natural Frequency (Width direction) fw 1 [Hz]
Ly,
Natural Frequency (Height direction) fn fuw X 7. [Hz]
h
Spring Constant of Leg k (27 f)? x mq [kg/sec?]
Damping Coefficient of Leg c ¢ X 2¢/mok [kg/sec]
Diameter at Foot Pad drpp  0.28]m]
Foot Pad Height Hpp  0.1[m]
Static Bearing Pressure Po 3.4 x 10*[N/m?]
Frictional Constant Cq 3.3
Initial Density of the Soil P1 1.6 x 10°[kg/m?]
Compressed Density of the Soil P2 1.6 x 103[kg/m3]
U
Table 3.2 Simulation Condition
Vertical Velocity (at touchdown)  V, > —3 [m/s| (from touchdown)
Horizontal Velocity (at touchdown) V, —2~ 2 [m/s]
Slope Angle 6, 0~ 30 [deg]
Step Height H, 0~ 1.08 [m]
Initial Attitude Angle 6 —35~ 35 [deg]
g
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Table 4.1 Optimized Attitude Angle

(0,]deg], Vi [m/s]) Optimized by Impact force | Optimized by Contraction lenght
(0, Vi) = (0,—1.0) | 6y = 12.2[deg] 0y = —15.0[deg]
(04, Vi) = (0,—0.5) | 6p = —35.0[deg] 0p = —8.0[deg]
(04, V) = (0,0.0) 0y = —27.4[deg] 6o = 0.0[deg]
(04, V) = (0,0.5) 0y = 35.0[deg] 0o = 8.0[deg]
(04, Vi) = (0,1.0) 0y = —12.2[deg] 6y = 15.0[deg]
(04, Vi) = (5,—1.0) | 6y = 16.2[deg] 6p = —15.0[deg]
(04, Vi) = (5,—0.5) | 6p = —35.0[deg] 0y = —7.0[deg]
(04, Vi) = (5,0.0) 0o = —31.9[deg] 6o = 0.0[deg]
(04, V) = (5,0.5) 0y = 35.0[deg] 0o = 8.0[deg]
(04, V1) = (5,1.0) 0y = —8.4[deg] 0o = 16.0[deg]
(04, Vi) = (10, —1.0) | 6y = 20.2[deg] 0o = —14.0[deg]
(04, Vi) = (10, —0.5) | 6y = 22.1[deg] 0o = —6.0[deg]
(04, Vi) = (10,0.0) | 6p = —35.0[deg] 6o = 1.0[deg]
(04, Vi) = (10,0.5) | 6y = 35.0[deg] 6p = 9.0[deg]
(6,, Vi) = (10,1.0) | 6y = 35.0[deg] 0y = 17.0[deg]
(0,, Vi) = (15, —1.0) | 6y = 24.2[deg] 0y = —14.0[deg]
(04, V) = (15,—0.5) | 6y = 25.4[deg] 0o = —6.0[deg]
(04, Vi) = (15,0.0) | 6p = —31.3[deg] 0o = 2.0[deg]
(04, Vi) = (15,0.5) | 6p = —19.1[deg] 0o = 9.0[deg]
(04, Vi) = (15,1.0) | 6p = —5.2[deg] 6p = 17.0[deg]
(6,, Vi) = (20, —1.0) | 6y = 28.3[deg] 0y = —14.0[deg]
(6,, Vi) = (20, —0.5) | 6y = 29.4[deg] 0y = —6.0[deg]
(04, Vh) = (20,0.0) | 6y = —35.0[deg] 0o = 3.0[deg]
(04, Vi) = (20,0.5) | 6p = —22.1[deg] 0o = 10.0[deg]
(04, Vi) = (20,1.0) | 6p = —9.1[deg] 0o = 17.0[deg]
(04, Vi) = (25, —1.0) | 6y = 35.0[deg] 0o = —13.0[deg]
(04, Vi) = (25,—0.5) | 6 = 35.0[deg] 0o = —5.0[deg]
(04, Vi) = (25,0.0) | 6p = —35.0[deg] o = 3.0[deg]
(04, Vi) = (25,0.5) | 6p = —30.5[deg] 0o = 11.0[deg]
(04, Vi) = (25,1.0) | 6y = —13.0[deg] 0o = 18.0[deg]
(04, Vi) = (30, —1.0) | 6p = —35.0[deg] 0p = —12.0[deg]
(04, Vi) = (30, —0.5) | 6y = —35.0[deg] 0o = —5.0[deg]
(04, Vi) = (30,0.0) | 6p = —35.0[deg] 6o = 4.0[deg]
(04, Vi) = (30,0.5) | 6p = —32.6]deg] 6y = 11.0[deg]
(04, Vh) = (30,1.0) | 6y = —17.9[deg] 6o = 18.0[deg]
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Table 4.2 Comparison of Impact Force [N]

(04[deg], Vi, [m/s]) By impact force | By contraction length | 8 =0 | 6y =6,
(04, Vi) = (0,—-1.0) 3921 6873 9542 9542
(0, Vi) = (0, —0.5) 3029 6618 9350 | 9350
(6,, Vi) = (0,0.0) 3037 4678 4676 | 4676
(6,, Vi) = (0,0.5) 3029 6618 9350 | 9350
(6,, Vi) = (0, 1.0) 3921 6873 0542 | 9542
(0, Vi) = (5,—1.0) 4054 6646 7118 | 9285
(04, V) = (5,—0.5) 3530 6667 7114 9374
(0, Vi) = (5,0.0) 2037 7047 7047 | 5964
(6,, Vi) = (5,0.5) 3046 7295 7133 | 5634
(0, Vi) = (5,1.0) 3801 6920 7954 | 9762
(6,, Vi) = (10, —1.0) 4059 6418 6819 | 8998
(6,, Vi) = (10,—0.5) 3803 6609 6892 | 9179
(04, Vi) = (10,0.0) 2912 6191 5983 9295
(04, Vi) = (10,0.5) 3067 5875 5805 4863
(6,, Vi) = (10, 1.0) 3809 6993 5705 | 9381
(0,, Vi) = (15, —1.0) 3920 6107 6528 | 8800
(6,, Vi) = (15,—0.5) 3844 6389 6645 | 8928
(6,, Vi) = (15,0.0) 2042 6531 6360 | 9225
(0,, Vi) = (15,0.5) 2065 6845 4472 | 6634
(6,, Vi) = (15,1.0) 3326 7013 4221 | 4910
(6,, Va) = (20, —1.0) 3535 5779 6226 | 8587
(0,, Vi) = (20, —0.5) 3784 6122 6362 | 8732
(6,, Vi) = (20,0.0) 3006 6470 6285 | 9027
(6,, Vi) = (20,0.5) 2872 6207 4923 | 9422
(6,, Vi) = (20,1.0) 3056 7566 3632 | 4977
(6,, Vi) = (25, —1.0) 3552 5479 5007 | 8280
(04, Vi) = (25,-0.5) 3787 5868 6063 8582
(6, Va) = (25,0.0) 3478 6255 6095 | 8804
(0,, Vi) = (25,0.5) 2821 6529 5465 | 92905
(6,, Vi) = (25,1.0) 2031 6955 3551 | 7940
(0, Vi) = (30, —1.0) 4152 5166 5563 | 7967
(6,, Vi) = (30, —0.5) 3057 5542 5743 | 8334
(04, Vi) = (30,0.0) 3619 6036 5841 8638
(6, Vi) = (30,0.5) 2826 6406 5577 | 9084
(0,, Vi) = (30,1.0) 2877 6454 4070 | 9715
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Table 4.3 Comparison of Contraction Length [m]

(04[deg], Vi, [m/s]) By impact force | By contraction length | 8 =0 | 6y =6,
(04, Vi) = (0,—-1.0) 0.241 0.177 0.208 | 0.208
(0, Vi) = (0, —0.5) 0.229 0.171 0.186 | 0.186
(6,, Vi) = (0,0.0) 0.228 0.163 0.163 | 0.163
(6,, Vi) = (0,0.5) 0.229 0.171 0.186 | 0.186
(0, Vi) = (0,1.0) 0.241 0.177 0.208 | 0.208
(6, Vi) = (5, —1.0) 0.242 0.173 0.208 | 0.215
(04, V) = (5,—0.5) 0.228 0.173 0.188 | 0.196
(0, Vi) = (5,0.0) 0.231 0.167 0.167 | 0.175
(0, Vi) = (5,0.5) 0.229 0.168 0.100 | 0.174
(0, Vi) = (5,1.0) 0.238 0.177 0.213 | 0.199
(6,, Vi) = (10, —1.0) 0.242 0.172 0.209 | 0.219
(6,, Vi) = (10, —0.5) 0.234 0.171 0.190 | 0.204
(04, Vi) = (10,0.0) 0.232 0.170 0.173 | 0.187
(04, Vi) = (10,0.5) 0.230 0.166 0.197 | 0.168
(6, Vi) = (10,1.0) 0.224 0.175 0.221 | 0.188
(6, Va) = (15, —1.0) 0.241 0.169 0.207 | 0.222
(6,, Vi) = (15,—0.5) 0.235 0.167 0.189 | 0.209
(6,, Vi) = (15,0.0) 0.230 0.170 0.175 | 0.196
(0,, Vi) = (15,0.5) 0.231 0.170 0.200 | 0.180
(6,, Vi) = (15,1.0) 0.232 0.171 0.224 | 0.176
(6, Vi) = (20,—1.0) 0.237 0.169 0.204 | 0.223
(6, Vi) = (20,—0.5) 0.234 0.166 0.186 | 0.213
(6,, Vi) = (20,0.0) 0.231 0.167 0.173 | 0.203
(6,, Vi) = (20,0.5) 0.232 0.173 0.198 | 0.191
(6,, Vi) = (20,1.0) 0.236 0.173 0.222 | 0.178
(6,, Vi) = (25, —1.0) 0.228 0.166 0.199 | 0.222
(0, Vi) = (25,—0.5) 0.231 0.165 0.183 | 0.216
(6, Va) = (25,0.0) 0.231 0.164 0.172 | 0.208
(0,, Vi) = (25,0.5) 0.233 0.171 0.197 | 0.200
(6,, Vi) = (25,1.0) 0.239 0.178 0.221 | 0.190
(6,, Vi) = (30, —1.0) 0.221 0.163 0.190 | 0.217
(6,, Vi) = (30, —0.5) 0.227 0.163 0.179 | 0.216
(6,, Vi) = (30,0.0) 0.230 0.164 0.172 | 0.212
(6, Vi) = (30,0.5) 0.232 0.168 0.196 | 0.206
(6, Vi) = (30,1.0) 0.241 0.178 0.221 | 0.201
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Table 4.4 Comparison of Stability

(0,]deg], Vi [m/s]) By impact force | By contraction length | 6y =0 by =0,
(04, Vi) = (15, —1.0) Stable UnStable Stable Stable
(04, Vi) = (15,—-0.5) Stable Stable Stable Stable
(64, Vi) = (15,0.0) Stable Stable Stable Stable
(04, Vi) = (15,0.5) Stable Stable Stable Stable
(04, Vi) = (15,1.0) Stable Stable Stable Stable
(04, Vi) = (20, —1.0) Stable UnStable UnStable | Stable
(04, Vi) = (20, —0.5) Stable UnStable UnStable | Stable
(04, Vi) = (20,0.0) Stable Stable Stable Stable
(04, Vi) = (20,0.5) Stable Stable Stable Stable
(64, Vi) = (20,1.0) Stable Stable Stable Stable
(04, Vi) = (25,-1.0) Stable UnStable UnStable | UnStable
(04, Vi) = (25,-0.5) Stable UnStable UnStable | Stable
(04, Vi) = (25,0.0) Stable UnStable Stable Stable
(04, Vi) = (25,0.5) Stable Stable Stable Stable
(04, Vi) = (25,1.0) Stable Stable Stable Stable
(64, Vi) = (30,—1.0) UnStable UnStable UnStable | UnStable
(64, Vi) = (30,—0.5) Stable UnStable UnStable | UnStable
(64, Vi) = (30,0.0) Stable UnStable UnStable | Stable
(04, Vi) = (30,0.5) Stable Stable Stable Stable
(04, Vi) = (30,1.0) Stable Stable Stable Stable
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Table 4.5 Optimized Attitude Angle by stability index

(0,]deg], Vi [m/s]) Optimized by RVI | Optimized by RSI
(04, Vi) = (15, —1.0) | 6y = 23.0[deg] 6y = 23.0[deg]
(04, Vi) = (15, —0.5) | 6y = 22.4[deg] 6y = 22.0[deg]
(6, Vi) = (15,0.0) | 6y = 20.2[deg] 0y = 18.1[deg]
(04, Vi) = (15,0.5) | 6y = 17.3[deg] 0o = 15.8]deg]
(04, V) = (15,1.0) | 6y = 13.7[deg] 0y = 14.5[deg]
(04, Vi) = (20, —-1.0) | 6y = 28.0[deg] 0y = 28.0[deg]
(04, Vi) = (20, —0.5) | 6y = 27.6[deg] 0o = 27.9[deg]
(04, Vi) = (20,0.0) | 6y = 26.4[deg] 6o = 25.9[deg]
(05, Vi) = (20,0.5) | 6y = 23.5[deg] 0o = 22.1[deg]
(6,, Vi) = (20,1.0) | 6y = 20.9[deg] 0y = 20.1[deg]
(0,, Vi) = (25, —1.0) | 6y = 33.0[deg] 0y = 33.0[deg]
(04, V) = (25,—0.5) | 6y = 33.0[deg] 0y = 33.0[deg]
(04, Vi) = (25,0.0) | 6y = 32.4[deg] 0o = 32.1[deg]
(04, Vi) = (25,0.5) | 6y = 30.3[deg] 0o = 29.9[deg]
(04, Vi) = (25,1.0) | 6y = 27.3[deg] 6y = 26.2[deg]
(04, Vi) = (30, —1.0) | 6y = 35.0[deg] 0o = 35.0[deg]
(0,, Vi) = (30, —0.5) | 6y = 35.0[deg] 0y = 35.0[deg]
(04, V4) = (30,0.0) | 6y = 35.0[deg] 0y = 35.0[deg]
(04, Vi) = (30,0.5) | 6 = 35.0[deg] 0y = 35.0[deg]
(04, Vi) = (30,1.0) | 6y = 35.0[deg] 0o = 33.0[deg]
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Table 4.6 Comparison of Stability (Stability Index)

(0,]deg],Vi[m/s]) Optimization by RVI | Optimization by RSI | 6y =0 by =6,
(04, V) = (15, —1.0) Stable Stable Stable Stable
(04, V1) = (15,—0.5) Stable Stable Stable Stable
(04, Vi) = (15,0.0) Stable Stable Stable Stable
(04, Vi) = (15,0.5) Stable Stable Stable Stable
(04, Vi) = (15,1.0) Stable Stable Stable Stable
(04, V) = (20,—-1.0) Stable Stable UnStable | Stable
(04, V) = (20,—0.5) Stable Stable UnStable | Stable
(04, V) = (20,0.0) Stable Stable Stable Stable
(04, Vi) = (20,0.5) Stable Stable Stable Stable
(04, Vi) = (20,1.0) Stable Stable Stable Stable
(04, Vi) = (25, —1.0) Stable Stable UnStable | UnStable
(04, Vi) = (25, —0.5) Stable Stable UnStable | Stable
(04, V) = (25,0.0) Stable Stable Stable Stable
(04, V) = (25,0.5) Stable Stable Stable Stable
(04, V) = (25,1.0) Stable Stable Stable Stable
(04, Vi) = (30, —1.0) UnStable UnStable UnStable | UnStable
(04, Vi) = (30, —0.5) Stable Stable UnStable | UnStable
(04, Vi) = (30,0.0) Stable Stable UnStable | Stable
(04, Vi) = (30,0.5) Stable Stable Stable Stable
(04, V) = (30,1.0) Stable Stable Stable Stable
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Table 4.7 Comparison of Impact Force [N] (Stability Index)

(0,]deg],Vi[m/s]) Optimized by RVI | Optimized by RSI | 6y =0 | 6y = 0,
0,, Vi) = (15, —1.0) 4950 4830 6528 | 8800
(04, Vi) = (15,—-0.5) 6011 6569 6645 8928
(04, Vi) = (15,0.0) 7776 9700 6360 9225
(0,, Vi) = (15,0.5) 7852 6783 1472 | 6634
(0,, Vi) = (15, 1.0) 7110 5724 1221 | 4910
(0,, Vi) = (20, —1.0) 3445 3459 6226 | 8587
0,, Vi) = (20,—0.5) 5629 5206 6362 | 8732
0,, Vi) = (20,0.0) 6330 8019 6285 | 9027
(0,, Vi) = (20,0.5) 9004 9527 14923 | 9422
(0,, Vi) = (20, 1.0) 6258 4996 3632 | 4977
(0,, Vi) = (25, —1.0) 3054 3057 5907 | 8280
(0,, Vi) = (25, —0.5) 4279 4052 6063 | 8582
(0,, Vi) = (25,0.0) 5930 6325 6095 | 8804
0,, Vi) = (25,0.5) 8157 9010 5465 | 9295
0,, Vi) = (25, 1.0) 8137 7916 3551 | 7940
(04, Vi) = (30, —1.0) 7822 7819 5563 7967
(0,, Vi) = (30, —0.5) 8578 8576 5743 | 8334
(8,, Vi) = (30,0.0) 9149 9149 5341 | 8638
(0,, Vi) = (30,0.5) 9658 9658 5577 | 9084
0,, Vi) = (30, 1.0) 7769 10006 4070 | 9715

-53 -



450000000000000

000000000 00DOO00DO0O0OO00DbDO00DOOO TabledgO O OO
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Table 4.8 Comparison of Contraction Length [m] (Stability Index)

(0,]deg],Vi[m/s]) Optimization by RVI | Optimization by RSI | 8y =0 | 6y = 0,
0,, Vi) = (15, —1.0) 0.238 0.238 0.207 | 0.222
(04, V1) = (15, —0.5) 0.227 0.225 0.189 | 0.209
(0,, Vi) = (15,0.0) 0.209 0.203 0.175 | 0.196
(0,, Vi) = (15,0.5) 0.187 0.183 0.200 | 0.180
(0,, Vi) = (15, 1.0) 0.180 0.177 0.224 | 0.176
(0,, Vi) = (20, —1.0) 0.237 0.237 0.204 | 0.223
(0,, Vi) = (20,—0.5) 0.230 0.230 0.186 | 0.213
(0,, Vi) = (20,0.0) 0.218 0.217 0.173 | 0.203
(0,, Vi) = (20,0.5) 0.201 0.197 0.198 | 0.191
(0,, Vi) = (20, 1.0) 0.181 0.178 0.222 | 0.178
(0,, Vi) = (25,—1.0) 0.231 0.231 0.199 | 0.222
(0,,Va) = (25,—0.5) 0.231 0.231 0.183 | 0.216
(0, Vi) = (25,0.0) 0.225 0.224 0.172 | 0.208
(0,, Vi) = (25,0.5) 0.213 0.212 0.197 | 0.200
0,, Vi) = (25, 1.0) 0.197 0.194 0.221 | 0.190
(0, Vi) = (30, —1.0) 0.214 0.214 0.100 | 0.217
(0,, Vi) = (30, —0.5) 0.223 0.223 0.179 | 0.216
(0,, Vi) = (30,0.0) 0.221 0.221 0.172 | 0.212
(0,, Vi) = (30,0.5) 0.218 0.218 0.196 | 0.206
(0, Vi) = (30, 1.0) 0.214 0.209 0.221 | 0.201

gboguuogbboobuogboobboobuoboobboobuoobooooon
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goo
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(00 = _24[deg]7<997 Vh) = (207 0))
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(6o = —22[deg],(6y, Vi) = (20,0))
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(6o = —20[deg],(8,, Vi) = (20,0))
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(6o = —8]deg],(0y, Vi) = (20,0))
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Fig. A.29 Stability Evaluation
(6 = —T[deg],(8,, Vi) = (20,0))
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(90 = _6[deg]7(69’ Vh) = (20’ 0))
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(90 = _4[deg]’(097 Vh) = (207 0))
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(6o = —2[deg],(8y, Vi) = (20,0))




gbobbobooboobooboob

m Origin 0.5 m  Origin
@ Stable ® Stable
% Unstable 0.4r ®  Unstable
0.3r
E EO.Z*
EY Y
2 £ 01r
< <
2 R
E 3
g £ .01
N N
2 'z
= = 0.2 OO X XXXXXXX
QOO PO X XX XXXXXX QOO X XXXXXXXX
QOO PBOXXXXXXXXXX -0.3 GO XXXXXXXXXX
QOPOOX X XXX XXKXXX GO X XXXXXXXXXX
PO O XXX XXXXRXXX -0.41 OXXXXXXXXKXX
OXXXXXNXXRXKXXX OXXXXXXKXRXKXX
GO XXXXXXXRXRXRXXK -0.51 R AKAKAKKXXKXXXRXX
10 15 20 25 30 10 15 20 25 30
Slope angle[deg] Slope angle[deg]
Fig. A.35 Stability Evaluation Fig. A.36 Stability Evaluation
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Fig. A.53 Stability Evaluation
(6 = 17[deg],(6,, Vi) = (20,0))
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Fig. A.55 Stability Evaluation
(6o = 19[deg],(0,, Vi) = (20,0))
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(90 = 18[deg]7(997 Vh) = (2070))
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(‘90 = 20[deg],(99, Vh) = (2070))

000000000000000000000
0000000000000 00O0OCOFOMIX
00000000000000000000x
0000000000000 0000OCOMX
0000000000000 000OCOOCFOIMIX
00000000000000000000 X
0000000000000 000000 X
0000000000000000000 X
0000000000000 000000xX

0000000000000 00O0 XX XRXXX

10 15 20 25 30
Slope angle[deg]

m Origin
® Stable
% Unstable

Fig. A.58 Stability Evaluation

(6o = 22[deg],(8,, Vi) = (20,0))
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(6o = 29[deg],(6,, V1) = (20,0))
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(6o = 31[deg],(0,, Vi) = (20,0))
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(6o = 33[deg], (6,4, V1) = (20,0))
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(90 = 30[deg],(99, Vh) = (207 0))
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Fig. A.68 Stability Evaluation

(‘90 = 32[deg]7(997 Vh) = (207 0))

10 15 20 25 30
Slope angle[deg]

m Origin
® Stable
% Unstable

Fig. A.70 Stability Evaluation

(6o = 34[deg],(8,, Vi) = (20,0))
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