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Design and applications of multifunctional mechanical metamaterials
for intelligent response

HE Liu,LIU Xuefeng, XIONG Shunkang, DENG Chang, YANG Lei’, YAN Chunze,SHI Yusheng

(State Key Laboratory of Materials Processing and Die & Mould Technology , Huazhong University of
Science and Technology , Wuhan 430074, China)

Abstract: Mechanical metamaterials achieve extraordinary mechanical properties beyond those of natural
materials by leveraging structural topology, multi-material integration, and multiscale design. These
artificial systems offer promising solutions to overcome the intrinsic limitations of conventional materials,
enabling their application in demanding fields such as aerospace, deep-sea exploration, and intelligent
equipment. In recent years, driven by innovations in physical mechanisms, design strategies, and
manufacturing techniques, the field has rapidly evolved from focusing on single-function materials to
multifunctional, programmable, and stimuli-responsive systems. Unlike traditional metamaterials with
static and singular mechanical responses such as low-frequency vibration isolation, negative Poisson’ s
ratio, or directional stiffness, multifunctional mechanical metamaterials enable dynamic control of force -
displacement behavior, Poisson’ s ratio, and wave propagation through structural reconfiguration. This
review summarizes recent advances in the design and application of multifunctional mechanical
metamaterials with intelligent responsiveness. We focus on the development of quasi-zero stiffness
structures, auxetic systems, and bandgap-tunable lattices, emphasizing their programmability and
multimodal responses under external fields. Finally, future perspectives are discussed, including the need
for highly integrated unit cell designs, in-situ adaptive modeling under multiphysics coupling, and the
exploration of novel physical principles, smart materials, and advanced manufacturing technologies. These
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efforts aim to shift the paradigm of mechanical metamaterials from passive architectures to active,

intelligent systems suitable for complex service environments.

Key words: mechanical metamaterial; multifunctional design; programmable metamaterial; multimodal;

multiphysical coupling ; quasi-zero stiffness
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Fig.1 Development trends and research hotspots of mechanical metamaterials
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Fig.2 Characteristics and typical models of QZS structures

[33]

(a)force plateau; (b)classical three-spring model; (¢)simplified three-spring QZS structural design
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Fig.3 Inertia amplification mechanism of staggered chiral structures

(a)staggered chiral structure'?!’; (b)destructive interference mechanism of staggered chirality

[38],
H

(c)bandgap performance comparison between homogeneous chirality (left) and staggered chirality (right)™"
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Fig.4 Heterogeneous pentamode structures

(a)classic diamond-shaped isotropic(left) and anisotropic(right) pentamode unit cell*”’; (b)heterogeneous isotropic(left) and anisotropic(right)

pentamode unit cell"**’; (¢)mechanical performance comparison between isotropic diamond and heterogeneous pentamode structures
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(a)staircase strategy ™ ; (b)bistable mechanical unit™**; (¢)series and parallel QZS structures'™’;

(d)multi-mode vibration isolation capability of programmable QZS structure'*’
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Fig.6 Programmable Poisson’s ratio metamaterials

(a), (b)static Poisson’s ratio structures and Poisson s ratio variation during compression™’; (¢)origami metamaterials

[60]

with elastic and rigid units"®’; (d)experimental principle of negative Poisson’s ratio in origami metamaterials'®’;

(e)programmable Poisson’s ratio origami materials
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