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Abstract: Inspired by energy absorbent natural tubular biological structures, a bionic multi-tubular carbon fiber
reinforced composite was designed. This bionic material was fabricated using 3D printing and UV curing, incor-
porating heterogeneous interfaces to significantly enhance toughness and impact resistance. Experimental results
demonstrate that the bionic structure material exhibits an extended yield phase and exceptional deformation
recovery in static compression tests, with the specific energy absorption of 44.6 J/g and specific strength of
130.6 MPa/(g-cm™). In three-point bending tests, the material shows a prolonged plastic deformation region. The
fracture toughness is 1.54 times compared to carbon fiber reinforced composite. For impact tests, it effectively
absorbs energy with restricted crack propagation, and the destruction of heterogeneous interface. This study

provides biomimetic insights for the design of impact-resistant composite materials, especially in application fields
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such as national defense and aerospace that require materials with high toughness and high strength, it demon-

strates extensive application potential and promising prospects.

Keywords: bionic tubular structures; 3D printing; carbon fiber reinforced composites; heterogeneous interfaces;
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Fig.2 Design and actual images of different test samples: (a) Impact test sample; (b) Three-point bending test sample; (c) Multi-tubular structure;

(d) Compression test sample
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Fig.3 Morphology of the horse hoof under optical microscope:
(a) Original hoof sample; (b) Stained hoof sample
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Fig.4 SEM images of the fractured horse hoof: (a) Microcrack
propagation; (b) Fiber bridging between multi-layered tubular walls

PO O AR SR R i B A 2 R R A B
(K1 5(a)), 5 BRET 2 9 52 5 b1 ORE S5 H A A 25
o NIRRT A R N B AR A SE B, XA
A HEAT DRI O LR ai b, 4521
IR B FE 1 2] KA (18] 5(b)). Hirr, T 4k
HER A GARHZE S 0.6 mm, O [ AL B &R 2
Vi N 0.4 mm, BE— 2 il i B T R GoBE O
RAFHL 20 000 175 ) WLEE 07 26 B4 409 BT, 355 A b
WLEEEN 53 A ) A 0L (18 5(c))o HAARTIT
TEAT M 7r FREC DL B, DT RUK B (FDM) 4T B Y
ik 2T 2 3 5i0 52 5 4R R B RO B HE R 10 4544
TEEM oy LI, S Ak 3R 2 B I 11 1 3R i
FEF I P, GRG0 b, RBLH RAF
M S P . DL ESSMRAE SRR, i A seit
M2 HEERGWE LR T8RS, HF R
2 8] 1K B R F IR 45 5 ROR



-+ 2572 -

EaMB=ER

Fl5 PidiReFAEp R IEE I RAE . (a) B BESSHY
(b) WERBIFELG A ; (c) SHITbPRL 45
Fig.5 Structural characterization of the biomimetic carbon fiber
material: (a) Circular tubular wall structure; (b) Internal filling structure;

(c) Heterogeneous material interface structure

SR B 25 7 2 R I R F 52 15 A 245 44
MEHUEMERE RS . 5, K A SRS
e £F 24 1 58 B2 5 M RHRE & 43 591 L) 2 mm/min (1) 38
RIEAT R 45 (B 6(a)). 7E 90 4h 19 314 45 0 B Bt
R RE S B LR T, R AT A AN 5 A 45 R b R
[ 4555 43 %) g 1585 MPa A1 1197 MPa. i T 1
RAFRW G I TE, P54 456 R i Al ) 44
ik, y52.9MPa. Fifig AR 3G hn, PAANEE &2
g Je e By B AN g AR RE AL B B . AR Z T, (iR 2
HE ARG R AR JE IR B B A, A A K
B 6 11 CF 6 122 35 5] 60%) . 456 5 1 FE fh 2
T (B S1) o, BB AR R BE 3G m, de4F
Y 1R A G RIS, T AR 5 R AR D) 2
B Z 2R IE S . R, DN 05 A 25 4 b )
7 i T B B S 0 il 4 0 B e 3 Bl R A K IR S
5 22 245 RE (] 1Y) J2 0] B 24 %5 D AH G o (5 AR 2544
MBI 2 2 W RN B R K i R, R B3

(a)
- - - Carbon fiber plate ,
300 | Bionic structure I
7/
7/
1
/
< R
& 200 + 1
s 2
= LT
N e
- F
1~
100 - i-F
1
B3
1 1 1
0 20 40 60
Strain/%
) -
- - Carbon fiber plate -
—— Bionic structure e !
100 F - :
_ -7 i 1
2 S ' !
% 4 1
£ ) ! ,
A 50 , ,
h ; 1
/’/I I !
Iy P /
I , /
7
//"// y ,
4,
1 1 1
0 10 20 30
Strain/%
1000
(©
Foam filled Rubber core
e honeycombl2”  lattice™!
= 100 ¢
t\g Aluminum foam®®! Our work
§ Luffa sponge!** 3%
172} -
= 10 B | A
2 ©_Traditional
S I“ﬁ ;P honeycombl®!
[ L
=} Coconut >
£ 1 mesocarp®! Metallic square latticet?
o
o Expanded Metallic square
polypropylenel?®!  latticel*)
0.1 L 1 |
0.1 1 10 100 1 000

Specific strength/(MPa-(g-cm™)™")

6 (a) # A B - RS 25 (b) “JR4i-MIE” #hEk;
(c) DS HA MR B R} L)

Fig. 6 (a) Stress-strain curves in static compression testing;

(b) "Compression-recovery" curves; (c) Comparison of bionic materials

and other typical materials®*"

AT R ST ), Ik R P A o A T A A
N HA A ) e R BE

KA R - 57 A — ARG A 25
XERPRHIU PERER 2 (4] 6(b), B IEl S2). 7EJTfiE



Y05 ¥,5% . 3D AT EIs A 22 S AR 0 BE 45 4 i T 4k 33 0 52 5 M RL ORG24 P fE - 2573

MOEHAIS AL b, KPR MR 0 R 46 2 5% . 15%
H130% N A8 J Bl . AN AR S 1 8% ([ S1)
T, A SRR R E A R S5 R LB 4T 4 Bl 3%
PR M Z R Ty . AR 4R i i I
fiE W i (44.67/g) FILE 5 B (130.6 MPa/(g-cm ™)),
I 5 Al i 0B R AT X EE (B 3R S2), & B
HHme k5 (5 6(c).

K = 0 il g WF 5% 05 A= 45 0 X A k)
M52 (B 7). WG B SRR T By B, WA A
LIS R B Sy WA B e MEXE Ini Ea. T E
WM R, 05 A 45 ARk NI EE FH X ik 2F
P AR . A BBEAS Y B BE IS, i 2T 4 Al
IRFWEAE J1 2 168 N, T A5 25 25 ¥ 4R 1 K i
P K IE . BhJG, 5 A 25K b RE 25 14 Jin %8 0
H 129 160N, JFFETEWE(H ) J5 5 BN 22 1 98 1
ARG X8R (R EE 0), MR 45 ASTM E1820 A7 1Y
HEATVRE 5 A 25 R b Rk ) D 240 1 G
24 13.2 MPa-m"?, & filk £F 4 A W7 24 39) 14 19 1.54
o BRI F , 7 2R S5 F MR W (8 ) 22 30t 41
FAMIEO T, BEY R TSR X, KU
WA R

15 A AR 25 ¥ R R E = A R R B
WRFEWNZIE, 567704 Wos i iE K iy
AP AR Y X (5] 8). X A R i 5 il A2 JE e
2 W5 A R B I ) 45 1 BT o 1 2R 1)
P, SHAASWPUEIREREA . it — B HR
PAFPORE AL A A5 il I B SR AL, a2
T o5 A= 235 ¥ L R i 7 4 338 580 A2 MR G 24

- — - Carbon fiber plate

200 - Bionic structure

150 |
Z
3
s 100
23

1
50
0 5 10 15 20

Displacement/mm
Bl 7 =2 i A B - (088 i 2%
Fig.7 Force-displacement curves of two materials

in three-point bending tests

10 mm

FHI e

~
~~.
~~.
~~o

-
e
-
-
-

K8 =riEhEE R ((a), (b)) DiEERRGS MR 5
(), (d)) MREF4EAR

Fig. 8 Images after three-point bending: ((a), (b)) Biomimetic structure
material; ((c), (d)) Carbon fiber plate

SUEAHETT TS, SRR, (iAES Mk
M RaE R, JF Ry ez 3 0 B R, R
AN RMEVE B A ) o X AT O 5 ik 4T
A3 o 5 G AORDE BUEE IR LG, 5 3 R N AR
TEZFEHSOFREY R, BRSO T
JE o Ui g R i 2 ARG R ok T R
SRR, R T RE R AL, R IL S
I

K FH Vs e oo 00 DA 07 2B 25 4 68 A RLE i
i PERE 2 (1K1 9). filk £F 4 Al L2 5 A 45 #4 #1 kE
il £ 1% 50 mmx50 mm i i, 7E 15T MVEEE T
ATl . FERIRBYEL, PSR AR R L ) b
B B LM KO, Bk £ 4E Ay il £ B BE
Ui, S o R A B L B £ 4 AR Y W ) 0
4500N, 7E K%y 2mm 0L I I8 B WA Ty 5 T
175 £E 25 46 B4 R 0 W (B 7 B4R (-3 500N), 7E K 2y
7mm WAL RE IR B FERBIWEE T 5, REF4E
M B A — B 3mm (i #1248 e IX &, Ho[A]iE
SO R AR I A 3 QU i v 5 ]



EEMRER

£ 2574 -
5000
- - - Carbon fiber plate
—— Bionic structure
4000 % »
H \ .'\”/1&;' ~ i
N[ ‘4\[‘ ! H:i;\"";%‘?f\;‘: e
Z 3000 F f* X 'n’:"‘,:y ; Small crack
Q h
5 wj (d)
B 2000 - A
Iy {
I /
1000 | / /
‘ Crack
: | mm
/
0 1 2 3 4 5 6 7 8
Displacement/mm SR S

9 il PR B R Y - (38 il £

Fig.9 Force-displacement curves of two materials in impact tests

[AE ) oh s BB AL, 0 A 205 4 et 0] 32 23 o KR
(9 SR P AR T SR WS, PR ™ A Y S A SR s b
SR EE ¥

it e, FEGE A TR A R S A
WL 5 (&1 10(a)~& 10(d)), i i i S ik =2
s ok M vhili it 5 B = 4E RS . RAEST R,
BREF AEARAE 15 vhili N7 A T WE MBI,
T E R SCRZE IG5 Wi AR 25 R R REAE vt IX
oL B RERTE 2 A N g, AR 8OET
Ji R o Ath 22 F AR Z5 4 . AR 2 A N R 45,
R BR 5wV 45 6 bR 2 845 RER IR 30
B ey, Mo T vhids B WU . B AT bk
MM Re 2, (5 A S5 A RN R A 2 T ik
LR YEAR A IMEPE R IR o BBR 05 A 5 40 A BHTE 32 %]
h A R B B S M A T T RE 2 A B
TRAP T4, B2 i T A2 B ol 7 02 9218 3
Ky, K BEAR T 450 7 AE e pal s BE Y Wl R, il
ARSI E, A A TR SR

R T MR R 05 A TR £ 4 A A o o R
TG RO, AT R — BT T 2K
K, shf e RS BRE N 2. 4T, 6], 8]
Fr10J. B a8 R WA IR R
[ 25 7 22 4k (K 10(e) . & 10(f). 7E A7 P R ob
I A o, P BT IRET A A A B B AR A
Bk (67) 5, BURE shs o AR IR 25 R
TF i PR R S B 2T 4 R m i o e, R 2 )2
BRE LML R —wepid (10)) 5, ®
SR 5 e £F A 0 ST S B 2, O HLAEAE R
M) 2 245 450 Z R AR 3 T M8 . ik,
AT A Rl 2 v o BRI 30, S 5 A RL A T 1Y

. .1 hm X ~] mm

10 fiA45HrE (), (b)) FIBRAFHENR ((c), (d)) 7€ 15 whiti) %L
SURBIEDL; () ZUR bl M 5 = S5 RIS 3 1K (e) F
55 5 U (f) whifi J R R
Fig. 10 Crack formation and damage in the biomimetic structure
material ((a), (b)) and carbon fiber plate ((c), (d)) after 15 J impact;
Micrographs of bionic structural material after the third (e) and

the fifth (f) impact in multiple impact test

IrERRE B AT IR, 22 SR RE L s f T YT
Y, mAMMBELS AL, B2, ik
SR 1R B 2 AL A 22 AR AR 5 F 1 I REATL
[ g O U v X

3 &Fig

B EWhE . PUohh g5 R R BT . O
23 LK B3 o) Al B S AN DG T, W T A
BT v o e BE B M B — B B 3 RS AL A
BHMF R EH R Z — o HARFWEMM g . 5
R SRV E A RS INT et NG DN -5
RO R R fE . BT, AR T
I i 22 T BRI 4 e He o R A Y R
I T AR T —Fh O A 2 5 AR G R e T At 4
SR A A RHR IR E ik, BAEMGEE AR
M RE W RE T b RE T . 45 A sDATEN S
SO AR K4 T B 2 EE SR
Z 5 L 2 A MR, AT AL S8 3D ATEN A
GARL, M AR A R R I S 0 o
A W R AR ook i PR RE . BARZSIR AT

(1) MRS EgR LR, 54 R R B 5
T IR B B G BB, Bk TR R A



3D FTENA A= 2 T IR W AR 25 40 ik 2F 4k 1 98 52 6 R R S vk

-+ 2575 -

(LRSS EA - INT R S DRI WAL AT A AP S
HEE

(2) =B s, P A MR A ) 4
AL G R £F b, (0 LI PE AR I g ) 1o o,
IR IE S, R TR PR S R e

(3) mhifi Mgl R it — 2D R W], H1E G0k £ 4k
WAL, P54 b RHE B R AL RS Tk B )y, H
Z RN AN, RE R MOICRE T R O

(4) 510 o3 da s, 22 T IR G A0 Ji 2k A AR
IRy RG] A S B R I, WER T TR
QLRI I RE R, 00F T 05 AR i g5 i1k
B

i BTk, ARSCNHR R Z EE R AR
MR, RGBT IR T 8 B A i 4T 2 1 5
525 MR E W BE R I AT MR . X — BUR N
HEMB RSO sRAE T OB BT L, IR
AN T AR BT i as i R e At 1 8 5 K ik
1 I T T

S Z ik

[1] GUG X, TAKAFFOLI M, BUEHLER M J. Hierarchically en-
hanced impact resistance of bioinspired composites[]J].
Advanced Materials, 2017, 29(28): 1700060.

[2] DALILI N, EDRISY A, CARRIVEAU R. A review of surface
engineering issues critical to wind turbine perfor-
mance(J]. Renewable and Sustainable Energy Reviews,
2009, 13(2): 428-438.

(3] EZ2WR, XGEHI, Fidsh. el AE s e 2 Sobhet e Hhr R

U rhi tERELriR (7). ek, 2022, 39(11): 5049-
5061.
WANG Anni, LIU Xiaogang, YUE Qingrui. Low-velocity
impact resistance of carbon fiber reinforced polymer com-
posite and its cables: A review[]]. Acta Materiae Composit-
ae Sinica, 2022, 39(11): 5049-5061(in Chinese).

(4] IR, BB K, 21, 55 MR- BOR AT YRR A it PR A W i

S PPRMITE whifi PR RE S AL (], S A M R4, 2021,
38(1): 165-176.
ZHANG Chen, RAO Yunfei, LI Qiangian, et al. Low-velo-
city impact behavior and numerical simulation of carbon
fiber-glass fiber hybrid reinforced epoxy composites(J].
Acta Materiae Compositae Sinica, 2021, 38(1): 165-176(in
Chinese).

[5] NING F, CONG W, QIU J, et al. Additive manufacturing of
carbon fiber reinforced thermoplastic composites using
fused deposition modeling[J]. Composites Part B: Engi-
neering, 2015, 80: 369-378.

[6] RITCHIE R O. The conflicts between strength and tough-

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

ness[J]. Nature Materials, 2011, 10(11): 817-822.

HUANG W, RESTREPO D, JUNG J, et al. Multiscale tough-
ening mechanisms in biological materials and bioinspired
designs[J]. Advanced Materials, 2019, 31: 1901561.
BARTHELAT F, YIN Z, BUEHLER M ]J. Structure and
mechanics of interfaces in biological materials[J]. Nature
Reviews Materials, 2016, 1: 16007.

WEGST U G K, BAI H, SAIZ E, et al. Bioinspired structural
materials[J]. Nature Materials, 2015, 14: 23-36.

EDER M, AMINI S, FRATZL P. Biological compo-
sites—Complex structures for functional diversity[J].
Science, 2018, 362(6414): 543-547.

CHEN P Y, MCKITTRICK J, MEYERS M A. Biological materi-
als: Functional adaptations and bioinspired designs[J].
Progress in Materials Science, 2012, 57(8): 1492-1704.
MEYERSM A, CHENPY, LINAY M, et al. Biological mater-
ials: Structure and mechanical properties[J]. Progress in
Materials Science, 2008, 53(1): 1-206.

NALLA R K, KINNEY J H, RITCHIE R O. Effect of orienta-
tion on the in vitro fracture toughness of dentin: The role of
toughening mechanisms[J]. Biomaterials, 2003, 24(22):
3955-3968.

NALLA R K, KINNEY J H, RITCHIE R O. Mechanistic frac-
ture criteria for the failure of human cortical bone[J].
Nature Materials, 2003, 2: 164-168.

MCKITTRICK J, CHEN P Y, TOMBOLATO L, et al. Energy
absorbent natural materials and bioinspired design
strategies: A review[J]. Materials Science and Engineering:
C, 2010, 30(3): 331-342.

GONG S, NI H, JIANG L, et al. Learning from nature: Con-
structing high performance graphene-based nanocom-
posites[J]. Materials Today, 2017, 20(4): 210-219.

LEE S, NOVITSKAYA E E, REYNANTE B, et al. Impact test-
ing of structural biological materials[J]. Materials Science
and Engineering: C, 2011, 31(4): 730-739.

HUANG W. Impact resistant and energy absorbent natural
keratin materials: Horns and hooves [D]. San Diego: Uni-
versity of California San Diego, 2018.

Wi, Z2a, MRE. 7 EMERZ SRS fabibd kR 1]
HAMEHR, 2023, 40(4): 2365-2376.

XU Jing, LI Yan, FU Kunkun. Impact resistance of horn-
inspired tubular composite structure(J]. Acta Materiae
Compositae Sinica, 2023, 40(4): 2365-2376(in Chinese).
GUPTA S, MOINI R. Tough cortical bone-inspired tubular
architected cement-based material with disorder[J].
Advanced Materials, 2024, 36(52): 2313904.

GUSTAFSSON A, WALLIN M, ISAKSSON H. The influence
of microstructure on crack propagation in cortical bone at

the mesoscale[J]. Journal of Biomechanics, 2020, 112:


https://doi.org/10.1002/adma.201700060
https://doi.org/10.1016/j.rser.2007.11.009
https://doi.org/10.1016/j.compositesb.2015.06.013
https://doi.org/10.1016/j.compositesb.2015.06.013
https://doi.org/10.1016/j.compositesb.2015.06.013
https://doi.org/10.1038/nmat3115
https://doi.org/10.1002/adma.201901561
https://doi.org/10.1038/natrevmats.2016.7
https://doi.org/10.1038/natrevmats.2016.7
https://doi.org/10.1038/nmat4089
https://doi.org/10.1126/science.aat8297
https://doi.org/10.1016/j.pmatsci.2012.03.001
https://doi.org/10.1016/j.pmatsci.2007.05.002
https://doi.org/10.1016/j.pmatsci.2007.05.002
https://doi.org/10.1016/S0142-9612(03)00278-3
https://doi.org/10.1038/nmat832
https://doi.org/10.1016/j.msec.2010.01.011
https://doi.org/10.1016/j.msec.2010.01.011
https://doi.org/10.1016/j.mattod.2016.11.002
https://doi.org/10.1016/j.msec.2010.10.017
https://doi.org/10.1016/j.msec.2010.10.017
https://doi.org/10.1016/j.jbiomech.2020.110020

- 2576 -

EEMRER

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

110020.

ZIMMERMANN E A, LAUNEY M E, BARTH H D, et al.
Mixed-mode fracture of human cortical bone[J]. Bio-
materials, 2009, 30(29): 5877-5884.

HUANG W, ZAHERI A, JUNG J Y, et al. Hierarchical struc-
ture and compressive deformation mechanisms of bighorn
sheep (Ovis canadensis) horn[J]. Acta Biomaterialia, 2017,
64: 1-14.

ASTM International. Standard test method for measure-
ment of fracture toughness: ASTM E1820-21[S]. West
Conshohocken, PA: ASTM International, 2021.

ZHANG X, ZHANG H. Theoretical and numerical investiga-
tion on the crush resistance of rhombic and kagome honey-
combs[]J]. Composite Structures, 2013, 96: 143-152.
ZHANG X, HU H H. Crushing analysis of polygonal
columns and angle elements[]J]. International Journal of
Impact Engineering, 2010, 37: 441-451.

KIM H S. New extruded multi-cell aluminum profile for
maximum crash energy absorption and weight
efficiency[J]. Thin-Walled Structures, 2002, 40: 311-327.
ZHANG X, ZHANG H. Numerical and theoretical studies
on energy absorption of three panel angle elements[]]. In-
ternational Journal of Impact Engineering, 2012, 46: 23-40.
LU GX, YU T X. Energy absorption of structures and mater-
ials[M]. Cambridge, UK: Woodhead Publishing, 2003:
73-74.

QIAO J, CHEN C. In-plane crushing of a hierarchical
honeycomb [J]. International Journal of Solids and Struc-
tures, 2016, 85-86: 57-66.

SHEN J, XIE Y M, HUANG X, et al. Mechanical properties of
Luffa spongelJ]. Journal of the Mechanical Behavior of
Biomedical Materials, 2012, 15: 141-152.

XUAN T N, HOU S, LIU T, et al. A potential natural energy

absorption material —Coconut mesocarp: Part A: Experi-

(33]

(34]

(35]

(36]

(37]

(38]

(39]

mental investigations on mechanical properties[J]. Inter-
national Journal of Mechanical Sciences, 2016, 115-116:
564-573.

IDRIS M I, VODENITCHAROVA T, HOFFMAN M. Mechan-
ical behaviour and energy absorption of closed-cell
aluminium foam panels in uniaxial compression[J].
Materials Science and Engineering A-Structural Materials
Properties Microstructure and Processing, 2009, 517:
37-45.

LIU Q, FU J, WANG J, et al. Axial and lateral crushing
responses of aluminum honeycombs filled with EPP
foam[J]. Composites Part B: Engineering, 2017, 130: 236-
247.

WEN F F, QIAN Y F, GAO Y, et al. 3D woven tubular
composites with bamboo-structures for enhanced energy
absorption: Designing, manufacturing and performance
analysis[J]. Polymer Composites, 2024, 45(9): 8282-8295.
ZUHRI M, LIAO Y, WANG QYY, et al. The energy absorbing
properties of bamboo-based structures(J]. Journal of
Sandwich Structures and Materials, 2019, 21: 1032-1054.
TAN S, CAI X, LI W, et al. Cancellous bone-like polyureth-
ane foam: A porous material with excellent properties for
ultra-high energy absorption[J]. ACS Applied Polymer
Materials, 2024, 6(4): 2232-2242.

NGOC S H, THONG M P, CHEN W, et al . Energy absorp-
tion characteristics of bio-inspired hierarchical multi-cell
bi-tubular tubes([J]. International Journal of Mechanical
Sciences, 2023, 251: 108260.

YANG J, GU D, LIN K, et al. Optimization of bio-inspired
bi-directionally corrugated panel impact-resistance struc-
tures: Numerical simulation and selective laser melting
process[J]. Journal of the Mechanical Behavior of Bio-

medical Materials, 2019, 91: 59-67.


https://doi.org/10.1016/j.biomaterials.2009.06.017
https://doi.org/10.1016/j.biomaterials.2009.06.017
https://doi.org/10.1016/j.biomaterials.2009.06.017
https://doi.org/10.1016/j.actbio.2017.09.043
https://doi.org/10.1016/j.compstruct.2012.09.028
https://doi.org/10.1016/j.ijimpeng.2009.06.009
https://doi.org/10.1016/j.ijimpeng.2009.06.009
https://doi.org/10.1016/S0263-8231(01)00069-6
https://doi.org/10.1016/S0263-8231(01)00069-6
https://doi.org/10.1016/S0263-8231(01)00069-6
https://doi.org/10.1016/j.ijimpeng.2012.02.002
https://doi.org/10.1016/j.ijimpeng.2012.02.002
https://doi.org/10.1016/j.ijsolstr.2016.02.003
https://doi.org/10.1016/j.ijsolstr.2016.02.003
https://doi.org/10.1016/j.ijsolstr.2016.02.003
https://doi.org/10.1016/j.jmbbm.2012.07.004
https://doi.org/10.1016/j.jmbbm.2012.07.004
https://doi.org/10.1016/j.msea.2009.03.067
https://doi.org/10.1016/j.msea.2009.03.067
https://doi.org/10.1016/j.msea.2009.03.067
https://doi.org/10.1016/j.msea.2009.03.067
https://doi.org/10.1016/j.compositesb.2017.07.041
https://doi.org/10.1002/pc.28340
https://doi.org/10.1177/1099636217707171
https://doi.org/10.1177/1099636217707171
https://doi.org/10.1021/acsapm.3c02763
https://doi.org/10.1021/acsapm.3c02763
https://doi.org/10.1016/j.ijmecsci.2023.108260
https://doi.org/10.1016/j.ijmecsci.2023.108260
https://doi.org/10.1016/j.jmbbm.2018.11.026
https://doi.org/10.1016/j.jmbbm.2018.11.026
https://doi.org/10.1016/j.jmbbm.2018.11.026

W75 w5 . 3D FTENf7 A £ T 4 R AR 45 A0 Bk 2F 2 189 58 2 & b RE R ) 2 P g - 2577 -
— Carbon fiber plate
100 | Bionic structure
<
(=9
2
s 50
n
40% - -
0 ,/’ 10 20 30 N
7 Strain/% .
25 +
§ 20 +
7 2 mm \ ; % B
—_— > % 10 +
FfHFEl ST BESL EAR LS B F: (a) BREFAERES; (b) DRSS HRER 5 L
(c) D45 R i R 4H ) 50%; (d) i AES5FREG R4 3] 60% . .
Fig.S1 Images of compressed samples: (a) Carbon fiber sample; 20 30
(b) Biomimetic structure sample; (c) Biomimetic structure sample Strain/%

compressed to 50%; (d) Biomimetic structure

sample compressed to 60%

FifPET s2 “JRgi-Taa” gk RO

Fig.S2 Compression-recovery curves and its magnified view
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Table S1 Recovery rates of carbon fiber samples and biomimetic structure samples under different compression degrees
in compression-recovery experiments
Compress Recovery rate/%

P Carbon fiber sample Biomimetic structure sample
5% 74.8 77.8
15% 39.8 46.0
30% 22.9 29.3

Mz S2 ZEMREREMREE ML REER (SEA) B4

Table S2 Summary of specific energy absorption (SEA) of previously reported bioinspired materials

Bionic object Materials SEA/(J-mg™) Ref.
Bamboo Polyethylene+Epoxy resin 6.37 [34]
Bamboo Bamboo tubes+Polypropylene+Polylactide 26 [35]
Bone Polyurethane foam+Carbon blacks 15.7 [36]
Bone Aluminium alloy Al-6063-T5 25.26 [37]
Mantis shrimp AlSil0Mg 51 [38]
Horse hoof Carbon fiber reinforced composite+Polyurethane 44.6 Our work
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