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Fig. 1 Schemati¢ diagram of the biomimetic composite structure design: (a) marsh horsetail and spider web
structuresl?5-7], (by 3D-printed thin-walled shells, (c) pomelo peel structure and microscopic schematic(?8], (d)

palyGréthéhe specimen and SEM schematic, (e) physical image of hybrid bionic composite structure
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Table 1 Schematic Diagrams and Parameters of Six Bionic Structures

Sample type Structures Parameters Physical quality (g)
“ R =40.92 mm
PLA-C2 f ’a‘ R,=20.46 mm 42.1+02
‘ﬁ} t1=1.50 mm
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t
= 1,= 45.00 mm
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tL=1.42 mm
L
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g m
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Fig. 2 Layout of on-site testing: (a) quasi-static tensile testing'ef PLA specimen,

(b) Specimen heating apparatus, (c) quasi-static compression testing of biomimetic structures, (d) dynamic drop-

weight tesfing
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Fig. 3 Stress-strain curves for PLA and PU: (a) stress-strain curves for quasi-stati¢'tensile testing of PLA
specimens under ambient and heated conditions, (b) stress-strain curves for quasi-statie.compression testing of PU

specimens
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Fig. 4 Force-displacement curves of biomimetic structures: (a) force-displacementeurves of the shell structure

under ambient and heated conditions, (b) force-displacement curves of thé.composite structures
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Fig. 5 Impactresistance analysis of the biomimetic structure: (a) peak force and plateau force, (b) specific energy

absorption, (c) average crushing force, (d) crushing force efficiency
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Hierarchical Energy Absorption and Dynamic Response of Bionic
Thin-Walled—-Foam Composite Structures Based on Mechanical

Matching Design
GAO Dandan', YAN Hao!, ZHOU Ying?, WANG Tao!, HUANG Guangyan!
(1. State Key Laboratory of Explosion Science and Safety Protection, Beijing Institute of
Technology, Beijing 100081, China;
2. Applied Mechanics Laboratory, School of Aerospace Engineering, Tsinghua University,
Beijing, 100084, China)

Abstract: To achieve the synergistic improvement of load-bearing stability and energy absorption
in lightweight protective structures, a bio-inspired thin-walled-foam compositeystructure based on
mechanical matching design is proposed. Three configurations of polylactic agid(PLA)-bio-inspired
shells were fabricated via additive manufacturing, and subsequently filled with poelyurethane foam
through an in-situ foaming process. Tensile tests, quasi-static compression experiments, and drop-
weight impact tests were conducted to investigate the effects of foaming-induced thermal conditions
on the mechanical properties of the PLA shells and the structural response of the composites.
Crashworthiness was evaluated using peak force, plateau force, specific energy absorption (SEA),
mean crushing force (MCF), and crushing force efficiency (CEE)? Results show that the temperature
rise during foaming reduces the elastic modulus and strength of PEA while improving its ductility,
thereby enhancing the mechanical compatibility between the shell and foam. Consequently, the
composite structures exhibit significantly increasedplateauforce and MCF, and their collapse mode
transforms from local instability to progressive stacked crushing, leading to stable hierarchical
energy absorption. Dynamic impact tests further\démonstrate the superior load-bearing and energy
absorption performance of the composite structures under high-energy impact. The results highlight
the synergistic role of geometric configuration, material matching, and thermal-mechanical
coupling in regulating the energy absorption behavior, providing guidance for the design of
lightweight bio-inspired proteCtive structures.

Keywords: hybrid biomimetic” design; additive manufacturing; thin-walled-foam composite
structures; thermal-mechanical coupling effect; hierarchical energy absorption



