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 Humanoid locomotion on granular terrain remains a significant Results of a comparative study with MPM simulation

challenge due to its complex interaction dynamics Terrain ~ Name  success rate? (%) error vel. (m/s) error yaw| (deg)
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» Evaluate policies on diverse granular terrain simulated by material point
method (MPM)|[3] (grains rendered for visualization)

* Vanilla-rigid can only walk on hard surface (basalt), but no success on
soft terrain (sand and poppy seed)

tilt: 3 velocity: v twist: ¥ » EXxplicit granular contact modeling is critical for robust locomotion
30 resistive force fi * Ours performs better than vanilla-GM
A » Adapting gait to inferred terrain condition also stabilize locomotion

n 1 nr
n/4 4 . /4
0 1 0
-1/4 4 -n/4 4 ;
-2 - ~n2 T —r

/2 -
F.;=&na5 (8,7, ¢)]%]ds; 3"
material parameter fresistive force "’; -

-nf2~m/4 0 n/d ni -n/2~n/4 0 n/4 n2 -n/2-nf4 0 /4 n2

v Basalt Dry sand
e Teacher Policy R | 7 Simulation ~N ’g +— vanilla-rigid ¢— vanilla-GM  —4— ours %\ ; vanilla-rigid $— vanilla-GM  —$— ours
! VAF | = 1.5 N
. | I 2 2
Privileged S; | | 5 =
| , —»{ Encoder Decoder |4 310 32
Proprioception s+ | / | S S
History | | / = oL
------------------------------------ 0.5
o o
. . . 4 (ab)] T T T (ab) T T T T T
Proprioception oy > Polic > 0.5 1.0 1.5 > 05 1.0 1.5 2.0 2.5
Yy < . < .
Commanded velocity (m/s) Commanded velocity (m/s)

5 1.0
- = 0.6 - a
.--. -lc% 0.4 L I I I I I I I I I I
Fncod Teacher o == 4 0 1 2 3 4 5 6 7 8 9
Proprioception Ot i NCOUEr Decoder J ‘2 0.12 : \ R
. _ 1'*"- : » — ~ — right
History e by 3 0.09 \ A 1
Il <
. . 6-7{‘ 9 z = 0.06
Proprioception o; % | R @
e © 0.03
e -~ - - o ’
"y 2 sy - 1 @)
- , ' | 5 0.00 . . . . .
Loosely packed sand area 0 1 2 3 4 X 0 / 8 )
Time [s]

 Leverage 3D resistive force theory (3D RFT) [2] to simulate
granular terrain interaction physics in IsaaclLab
 Employ teacher-student RL with terrain-encoder to train a

* Deploy RL policy on the Unitree G1 over basalt, dry sand, and beach sand
» Our policy (ours) outperforms the baselines (vanilla-rigid, vanilla-GM) across all tested
terrains, particularly at higher speeds

terrain—ada_ptive Iocomotif)n poIiC:y | | N  Ours predicts low terrain stiffness and adapts swing foot clearance on loosely packed
* Enable policy to adapts its motion to inferred terrain condition sand area
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