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RESEARCH ON COMPLEX TERRAIN
PERCEPTION AND AUTONOMOUS
FOOT-TERRAIN CONTACT PLANNING
FOR HEXAPOD ROBOTS
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Abstract

Abstract

Legged robots possess a natural advantage in traversing complex outdoor terrains
due to their ability to independently control their legs, interact with the environment, and
select discrete footholds. Among these, hexapod robots are particularly suited for mobil-
ity in complex environments owing to their superior stability, load capacity, and terrain
adaptability. However, navigating outdoor environments requires robots to address both
geometric obstacles (e.g., tree stumps, steep rocks) and non-geometric obstacles (e.g., silt,
sand pits). While tactile perception offers accurate mechanical parameters of terrains, it
lacks remote prediction capabilities. Conversely, visual prediction methods, often reliant
on supervised or self-supervised learning, depend heavily on the involvement of experts
and struggle to adapt to dynamic environments. Furthermore, complex terrains impose
geometric and contact constraints on robot motion, and the exponential increase in gait-
coupled foothold decisions with increasing legs makes it challenging for hexapod robots
to identify viable contact sequences within limited timeframes. In heterogeneous terrains
like sand-gravel mixtures, remotely planned footholds often fail to ensure stable support,
necessitating active environmental interaction to locate reliable support areas. To address
these challenges, this study investigates the perception of complex terrain characteristics
and foot-terrain contact planning for hexapod robots to enhance their mobility in complex
environments.

To enable autonomous physical characteristics perception of terrains across diverse
environments, an unsupervised learning framework based on the normal/tangential foot-
terrain contact model is proposed. This framework incorporates incremental online visual-
tactile fusion perception with cognitive conflict resolution capabilities. In terms of visual
perception, an unsupervised terrain segmentation method is developed using contrastive
learning and superpixel segmentation technique. For tactile perception, mechanical pa-
rameters of terrains are designed based on a unified foot-terrain contact model, and a foot-
terrain contact trajectory is designed to capture contact forces and displacements for fea-
ture identification. An enhanced incremental self-organizing neural network is employed
to cluster the extracted features, creating the corresponding cognitive layer. Finally, a

spike neural network-based associative layer is designed to map tactile and visual cogni-
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tive clusters, enabling the robot to establish a forgetting mechanism and resolve cognitive
conflicts.

To ensure successful navigation through complex terrains, a parallel planning method
for contact sequences, considering multi-constrained reachability, is proposed. This plan-
ner generates feasible contact sequences within limited timeframes while satisfying envi-
ronmental and robot-specific constraints. A novel Monte Carlo Tree Search (MCTS) node
scoring mechanism is introduced to propagate information from trapped nodes, acceler-
ating the search process. Leveraging the parallel nature of MCTS, the algorithm explores
more contact states within constrained time, addressing the combinatorial explosion in
hexapod robot contact planning. Motion stability, terrain, kinematics, joint torque, and
collision constraints are integrated to construct a comprehensive reachability condition,
enabling rapid screening of feasible sub-nodes during MCTS expansion. Simulation and
comparative experiments in challenging terrains are performed to validate the algorithm’s
effectiveness.

For terrains with mixed mechanical characteristics, where remote perception and
planning fall short, a trajectory planning method for foot-terrain interaction is proposed.
This method enables real-time identification of reliable support areas in complex terrains.
The dynamic motion primitive method models foot-terrain interaction trajectories, with
expert-defined trajectories used to learn basic interaction strategies. Reinforcement learn-
ing is employed to construct residual modification terms, enhancing the generalization of
the trajectory-planning strategy across diverse terrains. An iterative interaction strategy
is also introduced, using encoded results from each interaction as input for subsequent
interactions, improving the success rate of locating reliable contact areas.

Finally, a hexapod robot hardware and software framework are developed to vali-
date the proposed algorithms. Experiments on terrain perception and feature prediction
are performed to demonstrate the algorithm’s ability to construct real-time, step-by-step
predictive models of environmental mechanical features. Traversing experiments in var-
ious terrains, including discrete planes, trenches, 3D steps, and rugged wooden surfaces,
are conducted to verify the algorithm’s superiority in handling constraints and locating
reliable contact areas. A comprehensive navigation experiment showcases the integrated

application of the proposed methods across multiple terrain environments.
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