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Abstract

Upper limb motor dysfunction is commonly seen in the sequelae of stroke, spinal
cord injury, neurodegenerative diseases and other conditions, whose functional
recovery often relies on long-term, repetitive and progressive motor training.
Traditional manual rehabilitation is restricted by human and site conditions in terms
of training intensity, repeatability and parameter recording. Wearable upper limb
rehabilitation robots can provide controllable force assistance and trajectory
constraints at key joints such as the shoulder, elbow and forearm, laying a foundation
for the quantifiability and traceability of motion trajectories, interaction forces and
training dosage, which helps improve the standardization and accessibility of
rehabilitation training. Compared with fixed end-effector traction devices, wearable
exoskeletons place more emphasis on human-machine geometric consistency,
controllability of force transmission paths, as well as comfort and safety during
long-time wearing. Therefore, their mechanical design requires a systematic trade-off
among weight reduction, stiffness, transmission performance, limit protection and
maintainability.

Based on the components and assembly relationships of an engineering prototype,
this paper conducts research on the structural design of a “wearable upper limb
rehabilitation robot”. Firstly, the typical training movements and degrees of freedom
requirements are clarified, the overall composition, assembly layout and structural
design objectives are proposed, and the decomposition ideas of application scenarios,
ergonomic constraints and acceptable indicators are supplemented. For key
mechanisms, the force transmission and positioning key points of modules including
shoulder joint, elbow joint, forearm rotation and optional wrist rotation guidance are
elaborated. In terms of transmission and actuation, the selection of low-backlash
reducers, torque margin and inertia constraints are discussed, and an estimation
example of elbow joint driving torque is provided. Regarding joint alignment, the
influence of human-machine joint center deviation on end-effector error and force

control performance is analyzed, and structural compensation and adjustment



measures are proposed. Combined with impedance/force control requirements, this
paper incorporates expressions related to structural design, such as forward
kinematics, Jacobian mapping, force mapping, transmission relationships, joint-space
dynamics and gear geometric parameters, into the discussion, forming a closed-loop
description of “structure-sensing-safety”. At the safety and process level, mechanical
limits and soft limits, overload and emergency stop, skin pressure constraints, as well
as key points of material processing and assembly are sorted out, and ideas for
verification and evaluation are presented.

Keywords: wearable; upper limb rehabilitation robot; exoskeleton; structural

design; impedance control; joint alignment; safety mechanism
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