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Abstract:

Addressing the challenge of safe interaction in dynamic human-robot collaboration scenarios, a three—level collaborative
optimization framework, namely "perception—decision—feedback, " is proposed. This framework integrates multimodal
perception, adaptive control, and haptic feedback technologies to achieve a unified balance between safety and efficiency. It
constructs a multi-source heterogeneous perception model, which achieves spatiotemporal alignment of visual, tactile, and
inertial data, with a collision prediction accuracy rate of 92.3%. A dynamic impedance controller is designed, which reduces the
peak collision force by 64% during sudden contact. By employing wavelet—CNN encoding and cross—modal haptic mapping
mechanisms, the operator's perception accuracy rate is improved to 92.7%, with feedback delay less than 15 ms. Multi—
scenario experiments demonstrate that the system performance significantly surpasses traditional methods.
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