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Fig. 1 Schematic diagram of the biomimetic composite structure design: (a) marsh horsetail and spider web structures™2");

(b) 3D-printed thin-walled shells; (c) pomelo peel structure and microscopic schematic’®*); (d) polyurethane specimen and
scanning electron microscope (SEM) images; (e) physical image of hybrid bionic composite structure
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Table 1 Parameters of six bionic structures

Sample type Structure Parameters Physical mass/g
‘. R=40.92 mm
PLALC f ’g‘ R,=20.46 mm 42.10+0.20
‘ ﬁ £=1.50 mm
/,=45.00 mm
PLA-H2 1,=22.50 mm 44.90+0.25
t,=1.42 mm

"‘ R,=40.92 mm
PLA-CH @ 1,=22.50 mm 43.20+0.10
y ‘ ' £,=1.50 mm
1
”

PLA-C2-PU200 Ppu=200 kg/m* 70.90+0.10

PLA-H2-PU200 @ Ppy=200 kg/m* 72.6040.12

PLA-CH-PU200 Pp=200 kg/m’ 70.70£0.35

1.3 Ru%BESHEEHE

FEMATEN AL )5, SR R R M T2 26 PU-SSAR S S 45k o R I Bk B2 40« ¥ AB #} (iR
DiE ORI A R BRA WD S IR BT LG 1 2 1 IR &, R sh i ph de Pt i 7k, B 2R S W A
A I, 7 BRI AR TE M 5o R 2 s rh o FE bl R b, 0 H 0 35 5 R B 6 0 VR 1) % B R BRI
PERARERZGEW, REZRE, BEE58WE TRERRPES, #E 1 h FHEE., L& T 3/E 645
¥, tnE 1(e) Frows, H«Pu200”{t 3 PU B9 % 5 h 200 kg/m®,
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S THE SRR SRR BE A AR I, T 3R AS PLA A RHE A A T B9 R A7 -0 AR B e o B R 4 1 56 15

B N EHGH AR BN 3 mm/min (W R B RLAE AR 13107 s71), RO #, IR4ifrgiiifT, HEIR
BB 22 52 BUR A5 A, T A BLSE L SR AR I R T i A
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Fig.2 Layout of on-site testing: (a) quasi-static tensile testing of PLA
specimen; (b) quasi-static compression testing of biomimetic structures;
(c) specimen heating apparatus; (d) dynamic drop-weight testing

Ak AS R 45 44 1) 1 2 PE R, 1B HE I B (specific energy absorption, SEA) | I§{H JJ (peak crushing
force, PCF) . MCF LA K & 15t 71 %1% (crush force efﬁ01ency, CFE) VBN PEMN R0, BRI A
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E, 1 d

Pu=—= EL F(x)dx ®)
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FIHLIR AR 3 BY Be Ak : 97 1A 2 PR st B B L o 19 °F 65 B B DA B B 2 1) 2 S B o Bl I 3R Rp 2, 30
AR PR FL R 320 5 P 40 O A R T et i, R e AR R 0 1 0 KO T R SRR S LB R RS,
MOBHE B SR B, R T, I ERE R IR . OF B B BCRRIE R, PU IR LA R g2 ol 5
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o I[»)[LAtIS’I%A s1 —— PU200-S1
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s =
F F
3t Vi
0} Ep— @ o
W 3%
0 .. PLA .. -. Heat-PLA 0 . | 1 1
20 40 60 80 100 120 20 40 60 80 100

Strain/% Strain/%

K3 PLA Fl PU SERAAEAN J1- 8 128 (a) PLA BUREZE S IRAUIR TA0 T
TERAS LA 1 I 7-R AR 22, (b) PU SRR v TS P48 14 77 -1y A% 2k
Fig.3 Stress-strain curves for PLA and PU: (a) stress-strain curves for quasi-static tensile testing of PLA specimens
under ambient and heated conditions; (b) stress-strain curves for quasi-static compression testing of PU specimens

32 EBSEHTESHEENMANFETA

R VA R X 52 AR 5 K P 45 17 R 8 5 M), SRS 90 TR =2 i 0 3916 AR I A 5 in Bk B ) e AR 25 A
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REATRAA Ak O 32 R 5 2 7K ST 5% T B AR AR 2 R 7, 1T 245 40 19 5 052 7 B AR AT R LA R 7 32 5

TE A FT S5 R ST TR, A A B 5 b A0 W (8 7 3 BRI, T 8 9 BE Y S 2R 3K A8 AR B
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FMLIKSG, A T B EHEE G, AR T & 5 7o 0 0¥ 1 e it S, DA SE K fig R FE L
D[], 10 R A 2 R R A . REAARTT 5, T AR Ak S PR S P AR A 1 e 2 R 1 R R R AR 32 R
Tia) IR ) T 2 1 0 A, Oy S e ol S5 F T R A R S TR R AR T B T A5 A A

40
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-------- Heat-PLA-C2

——PLA-H2
) I -------- Heat-PLA-H2 30 -
——PLA-CH

25 [ @ (b)

20 |

z AL e Heat-PLA-CH z E

2 s =

s 8 20rh

o o

= = ——PLA-C2
—— PLA-C2-PU200
——PLA-H2
—— PLA-H2-PU200
——PLA-CH
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5 10 15 20 10 20 30 40
Displacement/mm Displacement/mm
Kl 4 D5 RN J1-0iA MLk (a) SEARSTHILE R IR T00 T [
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Fig. 4 Force-displacement curves of biomimetic structures: (a) force-displacement curves of the shell structure
under ambient and heated conditions; (b) force-displacement curves of the composite structures
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PCF. “F-15 J1. SEA. MCF I CFE, 45 RN 5 s . MKl S5(a) 7T LAF 1, B G450 09°F & 1 32 7 i B
%5 T PCF MR THIE FE . PCF 32 %2 2 M5 4 76 e 46 0 191 0% s ith 5 J i 2 3847 2y, I 65 0 I SR AE 2544
FEFRRE FE BT B BE A RF SR 8 RE ) o A SR AR i 418 w2 4 MR I 32 2% ¥ 4, DIl 22 530 PCF 5°F
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BORERAE S AR AR /DN, 45 04 () S8 AR I BE AR XU 55 o IX7E — BRI R Z8RN TR0 L JeE i 1, ST AR S
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CFE . 342 & (18] 5(d)) , RWIG5 I 52 T Ty &), 87 sl i)

WE 5(b) Fizn, I SEA $ebrkF, B G 45 R B0, M T R4, 2445191 SEA ##
Tt 256.43%~297.99%. #7RE W CHE T 58 4R IR T PU JIRAR B, ) SEA (45 FH 1% 5 0 7 5 o 5 HL At
PRI PESCFR . R, IR IR 25 R, SEA B LU 38 K fa 3, Ui 7E R Bl R B R T 8ok B FEfE
BEAR o X LB INAE RE ML AL EE TR i il 5 v TR L RE e 4 Y [ 20 Ak | A TR AR AR R DA K N AR
] 2 O SR R BRI AR I R o Fl ] UL, T BB B 1Y S B T R VR R R Ak R S TR S = A
P EAE R, RS — bR 5Tk . 32F—25 A\ CFE 1 B 43 B, JTEHLRR S50 (4 B 285 4 13.60 mm, &4 4514
W4 & 31.68 mm, & A5 45 H41 CFE 1 36% 42 5 & 63%, W 5(d) iR . % CFE fikT 40% i 4544 LU
AR I, FaE MEHR 22, 1M CFE i 60% W) 2 B F it 4 Fe B AR , i 4 o4 e A5 3 B & e 0%
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Structure Structure
(c) 40 (d) 100
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30 +
62.67 62.51
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520 ) 45.59
= ) 37.22
or 881 7.86 7.94
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Structure Structure
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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 composite structure based on mechanical
matching design was proposed. Three configurations of polylactic acid (PLA) bio-inspired shells were
fabricated via additive manufacturing, and subsequently filled with polyurethane foam through an in-situ
foaming process. Tensile tests, quasi-static compression tests, and drop-weight impact tests were conducted
to investigate the foaming-induced thermal effects on the mechanical properties of the PLA shells and the
structural response of the composites. Crashworthiness was evaluated using peak crushing force (PCF),
plateau force, specific energy absorption (SEA), mean crushing force (MCF), and crushing force efficiency
(CFE). Results show that the temperature rise during foaming reduces the elastic modulus and strength of
PLA while improving its ductility, thereby enhancing the mechanical compatibility between the shell and
foam. Consequently, the composite structures exhibit significantly increased plateau force and MCF, and
their collapse mode transforms from local instability to progressive stacked crushing, leading to stable
hierarchical energy absorption. Dynamic impact tests further demonstrate 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

070106-13


https://doi.org/10.1016/j.tws.2020.106995
https://doi.org/10.1016/j.tws.2020.106995
https://doi.org/10.1016/j.tws.2020.106995

	1 仿生薄壁-泡沫复合结构的设计与制备
	1.1 仿生复合结构设计
	1.2 增材制造薄壁壳体成型工艺
	1.3 原位发泡复合结构制备

	2 试验方法
	2.1 材料及复合结构的准静态力学性能测试
	2.2 仿生结构的落锤冲击试验测试

	3 结果与讨论
	3.1 PLA热处理效应与PU泡沫力学性能
	3.2 准静态压缩下复合结构的力学行为
	3.3 仿生复合结构的耐撞性分析
	3.4 分级吸能与力学匹配协同机制
	3.5 冲击载荷下复合结构的动态响应

	4 结　论
	参考文献

