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Motivation
Traditional knee exoskeletons designed as simplified single 
hinges fail to replicate the human knee’s complex polycentric 
motion. This simplification frequently causes severe 
human‒machine kinematic misalignment, leading to user 
discomfort and secondary joint injuries. Existing self-aligning 
mechanisms (e.g., four-bar linkages or complex pulleys) 
significantly increase structural complexity, weight, and 
mechanical impedance. Human‒exoskeleton coupled 
dynamics are highly nonlinear, causing traditional or purely 
reactive controllers to suffer from severe tracking lags and 
chattering. 
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Main idea
Develop a novel biomimetic knee structure integrating the 

anatomical “optimal axis of rotation” with a dynamic pin‒cam 
tracking profile. 

 Incorporate a highly integrated, lightweight quasi-direct drive 
(QDD) system with elastic units to provide transparent 
assistive torque. 

 Propose a unified iterative learning (IL)-enhanced sliding 
mode control (SMC) strategy to perfectly synergize periodic 
gait learning with robust instantaneous impact rejection. 
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Method
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Results
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Conclusions
• The proposed biomimetic structure effectively eliminates 

human‒machine joint misalignment, ensuring seamless 
kinematic compatibility. 

• The IL-enhanced SMC strategy perfectly synergizes 
periodic learning with robust disturbance rejection, without 
requiring massive computational overhead. 

• The hardware‒software synergy presents an effective, 
robust, and computationally efficient robotic-assisted 
strategy for restoring natural walking ability. 
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