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Abstract: To address the lack of active stiffness regulation in conventional helical springs and the
complex performance evolution of composite materials under thermo-mechanical coupling conditions, this
study investigated a shape memory alloy hybrid composite (SMAHC) helical spring. A material-structure
integrated design method based on a helical direction matching strategy was proposed to achieve
bidirectional stiffness regulation of the spring under thermal excitation. A two-dimensional hybrid weaving
process was employed to fabricate specimens by interlacing polyester fibers with alloy wires in different

helical directions, and an analytical stiffness model was established based on micro-mechanical theory. By
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designing a Cr20Ni80 control experiment, the thermal softening effect of the matrix and the phase-
transformation-induced strengthening effect of the shape memory alloy (SMA) were quantitatively
decoupled. The results showed that the proposed analytical stiffness model exhibited good predictive
capability, with the overall error between theoretical predictions and experimental results controlled within
2.5%. The helical direction matching relationship between the SMA embedding direction and the
macroscopic helix direction of the spring played a decisive role in stiffness regulation. Specifically, forward
embedding could compensate for matrix softening through phase-transformation recovery force, resulting
in a 15. 6% increase in stiffness, whereas reverse embedding acted synergistically with matrix softening.,
leading to a 37.4% reduction in stiffness. This study reveals the bidirectional stiffness regulation
mechanism of helical springs based on helical direction matching and the superposition of torque vectors,

providing new design insights and theoretical reference for the lightweight design and environmentally

adaptive control of automotive intelligent suspension systems.

Key words: variable-stiffness helical spring; smart materials; shape memory alloy; bidirectional

regulation of stiffness; helical direction matching
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