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Perceptive Motion Planning with Friction Constraints for
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Abstract: The legged robots, such as quadruped robots, have the advantage of being able to traverse
through complex, challenging environments. For this to be possible, the robots must be aware of
the complex area to traverse and plan the desired footsteps according to the desired walking direction
considering the environment. In this paper, we describe an end-to-end framework pipeline from
environment perception to footstep planning to let the quadruped robots traverse complex
environments with friction constraints. The environment perception extracts planar regions that the
legged robots can step on from the 2.5-dimension height map with the collected point cloud data. To
overcome locomotion over rough terrain, footstep planning optimizes the desired footstep by con-
sidering the friction coefficients, and body pose planning determines the pose using robot’s states on
stairs. The entire computation process of the environment perception completes to detect the planar
regions within 80 Hz, and the motion planner generates the optimal foot trajectory and body trajec-
tory to get a specified location. We experimentally validate our approach with the quadruped robot
Canine by autonomously navigating stairs, stepping stones, and gaps over simulation environments.
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[Fig. 1] Overview of the proposed perception processing and
motion planning framework for the quadruped robot
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[Fig. 2] Overview of the perception pipe. From top-left to top-right: Staircase terrain created in the simulation environment. Point cloud
data for staircase terrain compressed into a 2.5-dimension height map with 3 cm resolution using pose data from the state estimator. The
height map is segmented using PCA to get surface normal vectors and BES to segment the plane. The segmented planes are filtered for

noise and margins for edges by erosion process
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2. System Overview
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[Fig. 3] Overview of the motion planning pipeline. Desired
footsteps and body pose were optimized using environment
information from perception, the robot’s states from the state
estimator, and user input. Desired motions were configured
keyframe and generates reference trajectories for control
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3. Terrain Awareness
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3.3 Filtering
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[Fig. 5] Use map data to determine the states of the robot for the
staircase. The difference in the number of search candidates for
footstep planning in the filtered map is used to classify four
states; On Ground, Start Stairs, On Stairs, and End Stairs (From
top to bottom). When the number of candidates changes, the
robot switches to the next state, and body pose planning is
applied to each strategy
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4. Motion Planning and Control
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[Fig. 8] Results of the Canine walking over three different simulation cases using our motion planning framework in the Raisim. The
friction coefficient y is the same in these three results, 0.2. From top to bottom: Staircase with 30 cm tread and 13.5 cm riser. Staircase
with 20 cm tread and 15 cm riser. Stepping stones at a 5 m distance. Gap with 5 cm. Uneven terrain
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[Table 1] Result of staircases, stepping stones, gap and uneven
terrain with 0.2 friction coefficient

Tread | Riser | Avg. Speed [cm/s] Success Rate

[em] | [em]

Baseline | Ours
StairsT | 30 13.5 3.7 39 13/20 | 20/20
StairsIT | 20 15 3.4 38 520 18/20

Baseline | Ours

Stones . . 43 4.1 17/20 | 20/20
Gap . . 2.9 2.7 16/20 | 20/20
Uneven . . 34 32 4/20 16/20




8 =3:5}3) =X 4208 4135 (2025. 3)

oo e~~~
On Ground
T
- ~T
|
|
g - | B
8 |
3
& |
| i
I On Ground
2K
- On Ground Start Stairs\\ On Stairs Roll Fitch Yaw
Rl ! | I T T i T I I i
0 10 20 30 40 50 60 70 80 90
Time [s]
¥ T T \ T T
a5 : | \ CoM LF RF LB RB|_|
' R : X
1 | § X
015 %X x& & LR & i z I {‘ WX g x: 1
o1k ) w» B X , | |
: 1 I | |
0.05 1 ! s
| |
g or
-

-0.1 X
X x x X 1 % * %
015 - x ¥ x f I I 7
1 * 1 } ¥ ? I |
—02 st S (v S SIE S|
* T ™~ P
025 On Ground Start Stairs On Stairs End Stairs On Ground
e 1 | | | | | |
0 0.5 1 1.5 2 2.5 3 3.5
X [m]

[Fig. 9] The snapshots of climbing the stairs (top), the orientation of body (middle), global positions of body and foot (bottom) while
climbing Stairs case II with a friction coefficient of 0.2. These results show that the pose of the body and footstep are determined by the
four states on the stairs. In the results for foot positions, the cross represents the position where the first step was taken, and the line

shows that the slip occurred during locomotion
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[Table 2] Maximum slipped distance of feet about different
friction coefficient

Friction Coefficient
0.8 0.4 0.2 0.1
Baseline | 1.684cm | 6.172cm | 8.095cm | 17.655cm
Ours 2.002cm | 2216cm | 4.639cm | 8344cm
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