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Abstract: In order to explore the impact resistance of bio-inspired bi-directional corrugated lattice structure
(BBCLS), ANSYS/LSDYNA finite element analysis software was used to establish the finite element numerical
model under the impact load, and the existing test results were compared with the numerical simulation results to
verify the effectiveness of the model. On this basis, the effects of different impact velocities on the stress distribu-
tion, deformation mode, bearing capacity and energy absorption characteristics of BBCLS were studied, and com-

pared with the traditional body-centered cubic lattice structure (BCC). The effects of the geometric parameters such
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as amplitude, ripple number and cell wall thickness on the impact resistance of BBCLS were further analyzed using
the numerical model. The results show that the carrying capacity, total energy absorption and specific energy of
BBCLS under impact load are obviously superior to the traditional BCC lattice structure. The impact dynamic
response of BBCLS is mainly related to impact velocity and microstructure geometry parameters. At low speed
impact, BBCLS presents an overall deformation pattern. The structure changes to the local deformation mode
during the impact of medium and high speed. With the increase of impact velocity, the increase of amplitude, ripple
number and cell wall thickness can make the stress distribution of the structure under impact load uniform, and
effectively increase the platform stress at the impact end. In addition, the change of microstructure geometric para-
meters has a significant effect on the specific absorption energy of the structure and the overall specific absorption
energy. As the number of ripples increases, the bearing capacity, stiffness and energy absorption of BBCLS are
greatly improved. When the number of ripples is 8, the impact velocity reaches 100 m/s. Compared with the
number of ripples, the impact velocity is 10 m/s, which is 201.36% higher than the energy absorption. The results

provide a mechanical basis for the study of impact deformation failure and energy absorption effects of bionic

lattice structures.

Keywords: bio-inspired lattice structure; finite element model; dynamic impact; microstructure parameter;

energy absorption
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Fig. 1 Schematic diagram of bio-inspired bi-directional corrugated lattice structure (BBCLS): (a) Odontodactylus scyllarus®®’; (b) Shrimp chela!
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Table1 Comparison between simulation and test error of BBCLS contact force peak value

Sample name Wave number  Relative density ~ Testvalue™/kN  Simulated value/kN  Absolute error/kN  Relative error/%
1 5 0.13303 2.97 2.84 0.13 4.38
2 6 0.14662 4.25 4.17 0.08 1.88
3 7 0.16201 5.65 5.46 0.19 3.36
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Fig.3 Comparison between experimental and simulated failure state of BBCLS

#ah, YRR EMRD R, LT
RS, B RAR AR R A R Ak, It
KRAWR, X5 S AE I Maskery %5
I F 5% 45 SR AR AR

R X LA AT AT DL, BUE ARSI
45 17 2 /E F T BBCLS 48 R 48 T8 55 5K 15 00 25 S ik
A —F, (H)5H 46 S AU A A, X0l fE
T A T 5 R A SR e B v ) N ) A i
B HEEAR P A R . AR AR R AR
B .

Kl a4 F15k 1 ARSI N(5. 6. 7) 1 BBCLS
T -0 M 4R A 50 A AT LE S5 5 . W LR
BUEB LS R 5l AR — 2, HEFRS
JE 45 1§ 28 A4F I F BBCLS WARIE 207 T 3 A4~ H A By
Bt MR B BOR A B B, BBCLS 7 Fe 4 fif 4%
ERTF RADREIEZY , TR 20 RIEE 5
FE 5t 7 G T R B AR R E 1S B B B
WL & A R SR IR 5 B S iE A SE AR B B
Koo )s i e Both 2 2452k EA-BH . Fa/
By - it e M BUE AL 25 2R 5 iR e 45 R W) A B
U, MIECE AT RS, SR v 25 S Ak B Be g - B it 4k 1
FHa B R S, X AT AE 2 B Tl g
I T A R P AR AR dR B S B R 1AL
i, ARo AR R bh () 5t 45 R iR 2=
BN, N 1.88%~4.38%, X ALEGUE T AUE AL AT

Sk, DR, AR SCHE ST Y BRO(E AR Y BE A% A Sk T
I BBCLS 7 M i 25 1 45 ff 28T 1) 7 2400 7

12 :
|
EXP FEM I B
1 — ----- | [
10 ¢ D e ,” !
rol /
3 e e / / 1
g | '4/ Iy /I
! / / 1
/ ’
§ / /‘I / /I
§ 6 . ’ ,"// /
© i | /1 /)
/ ‘.l\\ Ay ’
I WIRPPR ol ,

! ;W\\ LNy L) /
NI Ny
J'(y-',-—\‘/ A L ~’_\ - -

21 S
I}

0 5 10 15 20 25 30 35 40 45

Displacement/mm

FEM—Finite element model; EXP—Experiment
4 BBCLS HYJI-iA% 2 SIS R X L
Fig.4 Comparison of experimental and simulated force-displacement

curves of BBCLS

2 L EER T BBCLS B9 3h M Bz 43 4fr
2.1 MEMHEATARTRBEEL

BT LA BUER Y, o3 Hr vh il 7 AR
FI'F BBCLS WY Bl A0 17 o A BIF 52 A [7) infr o 3k J3E %
SEF R S W RE TR RE RS, L B LA 28k



FLAFENE 5 bl i B T 07 22 XU 5% I 0 A W9 465 44 2l 28 ] 7 450 EL A 4

- 2287 -

4 10m/s. 30m/s. 50m/s. 70m/s. 100m/s fll
200m/s 1Y Y W Fizsh, MRS E. -
T A B A e S TR o A R A T )T R R —
ST A ey R B9 BBCLS, %8 78 4 v o 45 4
R BBy AISILOMg 57 & 4, X & T AlSiloMg
BRAA A VR by i W 245 Ky 1 6 42 4 ) B 0% T R A
P& T8 F4 7E vhs 22407 T B B s WOBOR R 2R BE
AlSi10Mg 45 & 4 K F *MAT_PLASTIC_KINEMATIC
PRAH GHOIRVEARRL, BOBHE N 2.68 g/cm®, SRR &
J3 80 GPa, JAFALL M 0.30, JEARIRIE K 276 MPal®!,
1 F 50 A 4 X A 1) R AR R B TR A A
IF 220 W )37 725 SR 0 , BBCLS Mz 4N A 1 B e 28 Y
BT RSE | b S Y R S R A e 2T PR
—F,
2.2 TRER

T R AR ST BBCLS #0745 1 45 A 3 25 v i
BEAS ] 9 A2 T W BB AR 1, 575 STk [43] A I S o
BT TR (10 m/s 130 m/s), Hik (50 m/s
1 70m/s). =& (100 m/s I 200 m/s) X BBCLS %
AR AT T 4301, DL ST )24 i 5 A8 B
ZIPEFR, K540 T AFME#EE T, BBCLS
TE IR AR By BE (B4 R =0, 0.25. 0.50. 0.75)
EORUL 'SP 172

BBCLS 7EHERF SRR A /E T &4 T W 1
PN B4 RS, Jm AR T A A8 e 78 R 4 o t1 2R
N 3 H X B (8] 3) A X T v S R 4 r 2K
BBCLS 7£ 8 & 5511 T AT A 0k A T 3 KRRk
mE s R, al VAW () K vh i 2 A T
BBCLS &2 # il — Al B AR 5 T iA=L, b T rh
2% 7K S (6=0.50) BF, BBCLS Ay 3 H 30 T B i
BISATEASTE , SE VI8 I 5 AR p e AR R rp 3 X ek
(2) Fifi 5wl HEE (3 0, ISR SO0 B B, 4
FaXF 4k LM IC T e R ARG, Bl BY D) 8 W
] A A B, (0 25 A B A IR ) (X ALY AR
R, Y op i EE R B 70 m/s B, SR op i
PE A L T E MR AR Y, IR T R Y
A (3) FE b e AR, R Tk
FEZE R Sh A B P ke 32 AR, S5 R Y AR A
KReLAENBAENL, SHHELEEL, BBCLS
(4 o o 0 R B AR AR AR, s e T M
VER R R # R A o Bl R 40 0 2% 1 it — 25
o, g5ty epdium e e s 2R, BiE Y
R e A Bl BRI A ZE R 5T A R L

Strain increasing

T T T
=0 e=0.25 e=0.50 e=0.75

g Effective
-o m plaStiC
. SHOUER cuin
1.0
2 I
= 0.8
o
0.6
£
3=
2ls 0.4
a w
3
z [
£le 0
2

100 m/s

200 m/s

5 AR T 19 BBCLS 7EHR N A5 K7 R A IR
Fig.5 Deformation diagram of BBCLS under typical strain levels

at different impact velocities

5% & BL, BBCLS 1) 2 75 W R 1 RE 22 0 T Hovfis e
B4 . x E % T BBCLS B2 A 5 wh i s
JERUIAOC, Bl ol RS B0, ST 0N 3
HasR, EZMon A A S 525, ff BBCLS
PR B RE J7 S5, [R] s E  3) 1k  S gy B
2.3 MA-RrETphsk

& SURE J1 45 44 SO AR 35 PR R 2 50 B R DR
FE LRSS R Y 1R AR i 2k, TR 2R

o=

®3)

(4)

Kb FoREMZ S5 SHE L AR SRR v b
P A wit DR SR LR
KE,

[ 6 2y BBCLS 7E A [ wjr il 3 B2 T w5 ot A% [
RE i 45 SUR 7 -1 AR R BT RS R . B Rl 6(a) BT
AL, SR AE b i N K Bl 2 ek R RE 4R v
AWK, EEZLIFHAFHEREZmS. (1) H
T i R AN T B R B A R A B AR HE
B 1) DX I AE rP A b il iy, T S 11 245 4 38 5 O I
s Ak ool s B DR A 2 A, (A5 ok s B 19 45 4
S AT A RBR AR T (2) i T il 3 B ) AN I
P, (AT 2R A BRSO S B . B Ab

&=

SIS |y



- 2288 -

EEMRER

50

(a) On the impact end

Nominal stress/MPa

—0—30m/s

—4— 50 m/s

—V—70m/s —<—100m/s  —¥— 200 m/s
0 0.2 0.4 0.6 0.8 1.0
Nominal strain
25
(b) On the fixed end
20 | —©—10m/s —O0-30m/s —4—50m/s
—v—70m/s —<—100m/s —— 200 m/s
£
s st
5]
k=]
17}
s
S
210 |
o
Z
5 L
0 0.2 0.4 0.6 0.8 1.0

Nominal strain
Bl 6 AN[R] i LT A BBCLS £ vk i 1 8 G i ) 44 SCNE -7 A8 2k
Fig.6 Nominal stress-strain curves on impact end and fixed end of

BBCLS under different impact velocities

Hi [ 6(a) & °T LAE G, S5 1R IR )2 3E B R A i 2
S B A AL, BEA vhili
BER WA g, el S ) 0 g - B o 2 B A
PR G G . HER— 2 HIRB, N2
PSR, HNERE 0.9 et , Ly &5 ik
AN SR B, Bl R 45 R L i S 4 1 g KPR
B E T o I 45 R 7 [ R S 114 1z A7 - B AR b A A L
5 b AR X . i e(b) AT, 2544
T [ 7 S 1O 77 7K - B 2 e ol 2 ) B2 v O G A
ARA T LT E S 0L 7 KSR T b e . X R W
55 ol S AN TR, 1] E S A B ) K V- 32 i 3 B 4R
T T 5 550 140 235 ) S 78 L2 B X 48 148 BEL A 280 1 ) 52 Wi
AW, X h T K 3 E S
LERSREA O, A ohly B RS AR /N . R

BBCLS 7E A [a] o 38 B ook s A [ 5 i 45 S
31 7% # £R 193 Hr Al HL, BBCLS A] LAREAIG A% 1% 3]
B AR 1 1 (R, DA AT 2850 M O 3 5 AN ki
W XM, BBCLS & & 1E N —For vh i # K,
W FOR AR 25 M P vh o DT, Rl AR RO 3R 5
S5 B 32 ok 47 280 S )
2.4 EFENA

V-5 T (o) S VA R 45 A et i 1 R
M — A~ EBE bR, TR

! f:d o(e)de (5)

&4 — Ecr JEer

K ole) WB XN ST e MIBIRN A, BIHI4G
L 3 UEE AL BT X5 7 1 44 SRS 5 e R 5 SN, B
S5 RE A A0 85 ST B R B AR(E . B SN AE &4 H
e B OO BRI, B RO s
SR,
fosa(s)ds ©)

o(e)

T (6), B 74 H TR M T BBCLS
£ e i Y B e RO o BB i IO R
IR ST — A R AL B 9T 6 0 114 44 SC V. AR 5 A 445 )
B 5% S AR A, BT A ) 45 A8 16 R [ s R R
ks v ) 2 SN AR e, 45 A 3K (5) WA B A R
J1 oy, WHRETRIME 8 PR, WTLIEN, BEh
o RE AW N, b s S 8 T B R AR
Hovphy wERE R, MR AR L, X e
i B B R 7 7K e AR o B R g K, B
£ = S IS BBCLS 114 45 17 il 7 J2 Bl bkl e 35t 0138 2%
Y, ol b e R 19 I 7 AR Y Oy 1) b ek
4%, % T BBCLS (i AR BE 1. Xt
ERUE T 2.2 19 BT ik iy A8 S AR 2 o d B o o 3 38 X
F BBCLS V-5 W J1 A5 & 5g i, wpas o B,
il 35 G B 7K, BBCLS 32 2 il i W R &%
Rl 5V60N WA MHE, ZaibnEs
phli R B AR A SRR KOG R . SR, AN [ e
7 B R BBCLS 1Y %% 55 46 13 48 A 25 R K (10 m/s
5 200 m/s #hdi I AU 2 0.068) ., 33 & B o 33k i %t
F BBCLS % S [ A VA RE M, 1T 28 55 N AR 2222
SER PRI R
2.5 BEEMRUHFIE

fEghAnpd, J8E R A LI AE (Specific energy
absorption, Egpy) 2K VAl 45 14 (9 W BEREPE LR
B L2 P 25 F T BERE M B SR, TR A 2

O'pz

]7:



FLHEE S oh A AR R D A UK 9% 4 80 A I 95 4 ) 25 ) 7 (A

- 2289 -

60
—O—10m/s —0—30m/s —24—50m/s
S0 —v—70m/s —<—100m/s —— 200 m/s
&
5
'S 40 +
=
o
=]
2
& 30
2
£
<
> L
%n 20
=]
&3]
10
0 0.2 0.4 0.6 0.8 1.0
Nominal strain
P 7 AR whidid T 19 BBCLS gl
Fig.7 Energy absorption efficiency of BBCLS
at different impact velocities
0.96 28
—Q— i i i o
0.95 @— Densification strain e 1
—4&— Plateau stress
0.94 12
= <
= 122 &
g 093 " =
= 9 120 2
=] ) o
5 0.92 o v =
o=t 18 =z
Z 091 g
8 116 =
(¢ L
0.90 /‘ 114
9 | /‘
0.89 /‘/0 112
0.88 . . . . . 10
0 50 100 150 200

Loading velocity/(m-s™")
/8 Al s BT A9 BBCLS -3 1% 11 S SR A28
Fig.8 Plateau stress and densification strain curves of BBCLS

at different impact velocities

FIKTRE TS A N B Proaf ) i T A8 A, Hgeak o)
Ea
Espa = — (7)
m
Krp: By WEWRE; m WERE,
S W RE T 45 R 7 TR 47 5 AR P ol B L BE
H k= kel
EA;ﬁFumx (8)

K s ARMIRIINE ;. Fx) Y h R n g .

Kl 9 /R T A [m] v i 2 B2 R 19 BBCLS (1 Lk
A4 . FI%0, BBCLS (YR A8 5 Ho W AE 22 1] &L 3
MU LR, BEE ohd WO R,
LR RS H R LI, XU

BBCLS 1 &t W A RE T Bl 4 o 3 B85 119 412 1 S 18
SR, N T E— 5T BBCLS [ g B W Ao A 1
B, ECEE M 7E 2 A B T AR A # 0.6 B Y
Egpa SUHERRZSEAT FOEATXTHE, 455 W 10 Fis .
Y o 5 BF 35 3] 200 m/s I, BBCLS HY B W AiE 1
il R R 10 m/s HhN 72.11%, L HAERRAS gk &
TR 239.76%, XJE R T obd BE RS, B
5 BBCLS 51 % 07 384 5%, Fiy v o 388 38 7 ok 1) 45 411
A B3 i — AR e AL S BRE T D — o A M
[ 2 fish v M, Bl RE A RE S WO R BT o L
WK, {445 BBCLS fEA8 I b fe b, H A ocHr &8
WHsE4, BB ZL, MG T BBCLS #Y
BRI RE J) o ASTF] i 20 £ N BBCLS 3 2 3H
Fb o 5 S 2 AT T A S 0 RE I RE ), Ul
BBCLS B Jinidi F F i 2 far B 9 i S WAL

25

—o— 10m/s —o— 30m/s
20 —2=—50m/s —v— 70m/s
15

Ege/(K-kg™)
=

75 s s s s
0.56 0.58 0.60 0.62 0.64
L L

0 0.2 0.4 0.6 0.8 1.0
Nominal strain

[#19  AN[E] i #EE R BBCLS Y LML AE Egpa XFEL

Fig.9 Comparison of specific energy absorption Egz, of BBCLS

at different impact velocities

16
3 mm/min
10 m/s ld44
L2130 m/s
L /150 m/s
12 70 m/s
100 m/s
~ [ 1200 m/s 931
z 839 861 879 R
g 8 nE
3
53
4
0 ]
Velocity

510 ST ol T BBCLS LU AEXT LL

Fig. 10 Comparison of BBCLS Egg, under static load and dynamic load



+2290 -

EaMB=ER

2.6 SEENMEOIFAEERRMTHERILE

H458 % BBCLS B bt b o P ik 5 15 48 BCC 17
TXFH o AR IE T Rh O R A A B A X 9 A D
BCC HJAHXT % B ] o Sl

2

M=¢?i 9)
A DHBRHIFK; d R OEmEA.

AR 54 BBCLS Fil BCC Wi Fh 435 44 f1%) Jo 2 1 2
RS —%, FaF, MRIE (9), g # % BCC
BEAS S EEAT RE #m 0 EAR, f PRP &5 A EL A A

(2)

Moving rigid plate

Fixed rigid plate \
Y

L.

[F] 4 AH X %% i (0.14662). RIIL, 22 BCC Ui i
WS 8 N l=w=h=8mm (P . IFERKE; w
FORVEE s hERI/RFEE); d=1.31mm, BCC#{k
JSFh 48 mmx48 mmx40 mm. & T | & BBCLS
BRI AR, gy vhds e 2/ R BCC A BT
B, nE 11(a) Fiw . B 11(b) i BCC = 4EfiAL,
¥ 11(c) >4 BCC Mot~ & Kl . BCC A 844 1y H. T
FA . BT RSE . ML UM SRS
BBCLS 7 i far 2 B {45 — 0, AR fin 28 3k 2
S 10m/s.

H, h—Height; L, I—Length; W, w—Width; d—Diameter
P11 ARG5S (BCC) A BRICHAL : (a) Wridifif AT T BCC iH5AAL; (b) BCC =il ; (c) BCC fyThiz!
Fig. 11 Body-centered cubic lattice structure (BCC) finite element model: (a) Computational model of BCC under impact load;

(b) BCC three-dimensional model; (c) BCC single cell model

AR R A 2 R AR o T 2R R AR T
o - e o aniE 12, B 13 s, AE
rhiifar g /E R, P Fh s B2 b R B T AR
W] ) A A 2 5 AR AR o TR I 2 R 1 e
IS R R 4R 3 AN B MR B . WP
BB 8 A B, AE b s i 2, A A
W 45 48 52 30 00 4 b for 200 & AR S RO
2R B B T L T K B & B K A
SR 5 R R A B B A R AR R I R 12 T
(A) fir /s o BEZE vhifi B934T BCC 55 BBCLS 2 81 i
PIRR AR A AR R . BCC P24k T W i iy 9 1k A
W, SBPESR A E A TP AR AR I, BT
—XF “X” RBFYIAE, anfE 12 4 BCC B E (B)
Fims . BEAG thi WA TR, T sz 35
mEN T, AR R TR )RR, BT
JRI R S AL X, AN 12 H BCC B EE (C) Fr

Ro FEEGEBBL, J1-10 % h 4k 2 B0 H A X AR E 1Y
R B R SR E AN SALBY B, -0 RS il £
(1 13) i BLBA | P b T %4, BCC &% 2ot
WA R R RS, SEURIRE SR LT
Wl e R BE S, Xt BBCLS, Yubdiid Bk A
SRPES- G B Bemt, i T BBCLS Jih 4 i il i 1 45 44
il S 0 R AR S i M AR IR R, o
H S DX B SRR AR T e K, TR T R R B
1k, 4 12 th BBCLS (YL (B) fi7s o 751
& BB, BBCLS Jy -fi #% i 4 (K 13) 2 B ih £
FER L BEE b R RSB B
BBCLS 78 JE 47 12 i 1) [8 72 i B 2y, B 3B AS 2544
PoE RS, PRl , 3 g it — 20 X b R A
P 7E v far 2 /E R 19 0 -8 4 W] 41, BBCLS
B4 fof 2R /INFE B A v i i R B B B TR S
BCC, J¥t il o AR 3 AE J) o i X b =35 1Y



FLHEE S oh A AR R D A UK 9% 4 80 A I 95 4 ) 25 ) 7 (A

AE B WU HE A (%] 14) 7T %0, BBCLS FEFLH T ik
9 W2 0 B B 5, BBCLS HY BE 1 W i b i 5 e it
AEY N BCC R 5 544, BEMF BCC. AT
XF 43T T BBCLS 5 BCC 7 il a¢t 5 v HAY s 4k
£ £=0.10 TN J1 KN, WA 15 iR . AT LR
i, BCC L5 &40 9 0 J1{ F 120.51 MPa, Tii]
BBCLS I v J7 i 2 52.03 MPa, BBCLS ¥ i ik 3%
T BCC 5 s A i g 4 v 1 [m],

12 PR R R i

Fig. 12 Impact process for two types of lattice structure

20
—s— BCC
—e— BBCLS

Densification stage|
Plateau stage|

15 r

Elastic stage|

Force/kN
S

0 10 20 30 40
Displacement/mm

13 PiftR A TE AT 0T Y D3 - B Hh 2%
Fig. 13 Force-displacement curves of two lattice structure

under impact loading

ik 5 b A B R AR Se Y BCC X R B,
BBCLS figf% B4 b 4y B 1, N J1 43 At 5 ok 3
51, AR, Xk H T BBCLS S i T
RIZER , Mo oC =2 i8] i 4 22 HOG 00 26 1 I ik
e, BRI T S5 SRR 43 I T 43 A i T AR
fiff £ 1 F7 AT DA 38 5 b o A B 45 0 9 R . i
BCC Wy SC R s MR 44, S G AR 1E 2 T 3L
NS BE TR S TR R R R R R AR IR L
LR A8k IF H i T BBCLS W#EBAA7EFLER,

£ 2291 -
20 900
816.64
[z
16 L Total energy E,
1 600
=12t
& 2
3 8.39 a
S
1 300
4 b 163.52
1.68
0 0
BCC BBCLS
Pl 14 PR i RS R 7E vhifi T 40T Y RE SIS A
Fig. 14 Energy absorption indicators of two lattice structure
under impact loading
Effective stress/MPa

3.027x10%
2.649x10%
= 2.270x10?

1.892x10%
1.514x10?
1.135%10°
7.568%10

(a) [ 3.406%107

IO
9 00030,
Do e Yo
9.0.9.9.9.9.
Do % e Y% %
9.0 0.0

3.784x10
0

Effective stress/MPa
(b) 9.365%10
[ 8.324x10
7.284x10

= 6.243x10

5.203%10
4162x10
3.122x10
2.081%10

1.041x10
0

X

15 Wi FFZERI N 1=l (a) BCC; (b) BBCLS
Fig. 15 Stress cloud of two lattice structures: (a) BCC; (b) BBCLS

0515 24 5 5 4 o DT o ROt
AW, BBCLS M3 T 1445 BCC 78 15 5 ib b A1 48 of
L, L R 155 Al B b R i 4 B
RNt A L e

3 BBCLS i HEHBESHAR
3.1 IRIEX MR

i 3 2l A8 BBCLS HR. i 1) 41 M (A) 2= B0 7Y
e R A AR, TS B R A ) R A
W 238 HE) 7 1 B 1) B RSE AR 4k . S T A SR IR
K/NXF BBCLS $it sh o PERE O 52 ), #E B 5 Fp A [A]
B2 PR IF (2.0 mm, 25mm. 3.0mm. 3.5mm,
4.0 mm), 7 EE R SE L SUECS R R A TR



£2292 -

EEMRER

i) BBCLS A FRICELAY , Horfr 5 FfoAS [F] 4% ik ) BBCLS
AH X % BE 4y 9 A (012196, 0.12681., 0.14662.
0.15938. 0.16852), HEHL 3 Ff vhoky gy . Ml vh oy
At (10m/s), A ohh 3 (50 m/s) . e B it
AT (100 m/s) T G544 14wt e g A% B AT HEER o
A A A R 08 19 BBCLS [ 7 2 0 37 5 1% A 45 4
o3 E 16~ 19 Firs o

F 1 16 FEL 17wl i 5 18 5 i 04 44 X g -
MR, W LUE 2 ehd ol R — B, RIE
R, b o BN R, T I E e A R ) 7K
A L ph AR, (HS eh w28 Rl bl
T RGN, AR ] 9R 1 9 BBCLS ik 5 5 1 )
2Bl A vy R AR TR R R, L S R e e
B &, T i N KA JC B AR . X
TR, FENBRRE N T2, ¥
P B o R Eh oot v A% 3 A I o T B
O N =% RULE YD ey A8 W Br Y =95 s a ) AN 11
PERION Bl 2 o B G R G 5, 2R AR el
Uiy KA SRR ARIE L AR TR AN . 18 45
TR [A) 4% 1% i) BBCLS £ AS [R) ofr i 3 B 1 B4 EL WK i
0L B v O B R, O [RR I ) BBCLS
() LW RE 1A r s o &1 19 45 T K TR 4R R B9
BBCLS 7F 1 A8 ik 2] 0.6 (1) LW RE(EL, 7F — & My
BT, 0RO 0 454 78 vp i 2o A8 v B
AR WRE ST . Y b N 100 m/s B
PR M 4.0 mm 9 BBCLS H % i K 2.0 mm H 1 fig
BER T 30.95%. X & py T Bl BRI I A 3 K
BBCLS % 52k B B gl 43R, S EORAE A = 5 bk
B I 2 B i T 1) 38 I R R R v . PR
B, MEERIEIE R, 256 LU ReRy s 15
Vg, WERE S —EEZ G, HRIRIER
SR LAY InES iy pvh i a8 01, (ARBCERB AN, A
FlF R b iy HAR o O 256 2% JE A R A 5 &
RECR T, AEEIMRIE /N, S8 BBCLS -
£ I 745 AR 2R AT 4E Sk 1) -
3.2 R LM PN

PR 25 #8) AR RS AN, B8 BBCLS i 804k
(N) 5 B0 i Hc: DL K i o L) 2 80k A A
X 23 FLHZ 5% ) BBCLS Y RE X % B, 28 1 Xof aki B 4%
1 B W R AE M 55 0 K SF PR AR S e . R T RS
SO0 BBCLS it vh i MERE A 52w, 3% HC 4 Al )
MM S8 (5. 6. 7. 8), I HIHR T, HAER
R 5 i B¥ J5E 3 A ) 7 BBCLS A FR TR L, Hivp 4

Nominal stress/MPa

Nominal stress/MPa

Nominal stress/MPa

40

(a) 10 m/s
—— 4=2.0 mm —O0— A4=2.5 mm
—4A— 4=3.0 mm —V— A=3.5mm

—O— A4=4.0 mm

30 ¢

0 0.2 0.4 0.6 0.8 1.0

Nominal strain

40
(b) 50 m/s
—— 4=2.0 mm —O0— A4=2.5 mm
—4A— A=3.0 mm —v— A=3.5 mm
30
20
10 +
0 0.2 0.4 0.6 0.8 1.0
Nominal strain
40

(c) 100 m/s
—— 4=2.0 mm —O0— A4=2.5 mm
—4— 4=3.0 mm —— A=3.5 mm
30 | —<0—A4=4.0mm
20
10
0 0.2 0.4 0.6 0.8 1.0

Nominal strain
16 A[ERiE A T BBCLS [#7E i) 2 S 118 Hh 2k
Fig. 16 Nominal stress-strain curves on fixed end of BBCLS

under different amplitudes A



FLHEE S oh A AR R D A UK 9% 4 80 A I 95 4 ) 25 ) 7 (A - 2293 -

40 20
(a) 10 m/s (a) 10 m/s
—0— 4=2.0 mm —O0— A4=2.5 mm —o0— 4=2.0 mm —o0— A=2.5 mm
—A— 4=3.0 mm —— A=3.5 mm 6L A=3.0 mm —v— A=3.5 mm

Nominal stress/MPa
Eg\/(kT'kg™)

0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0

Nominal strain Nominal strain
40 20
(b) 50 m/s (b) 50 m/s
—— 4=2.0 mm —0— 4=2.5 mm —o— A=2.0 mm —o0— A=2.5mm
—4— 4=3.0 mm —V— A4=3.5 mm 16 b —2— A=3.0 mm —v— A=3.5 mm
30 | —<0— A4=4.0 mm —0— A=4.0 mm

Nominal stress/MPa
Eg\/(kT-kg™")

0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0

Nominal strain Nominal strain
20
40 (c) 100 m/s
—o0— 4=2.0 mm —0— A4=2.5 mm
—4— A=3.0 mm —v— A=3.5 mm
o 4=4.
30 b A=4.0 mm
<
(=W
2 ~
2 N
s =
220 t =
g =
o
Z
10
0 02 04 06 0.8 L0 0 0.2 0.4 0.6 0.8 1.0
Nominal strain Nominal strain
17 ANFHRIET BBCLS Hatififti £ X Ly - 2 18 RFHRIH BBCLS HIRAEATH

Fig. 17 Nominal stress-strain curves on impact end of BBCLS Fig. 18 Comparison of Egp;y of BBCLS under different amplitudes

under different amplitudes
R AS TR )% 8080 BBCLS AH T 25 BE 43 41l o4 (0.13303 . %3 v o 2 F (10 m/s) . A wh il 2R AT (50 m/s).
0.14662. 0.16201. 0.17270). &5 3 Ffr w5 2% 1 - 1 T o e 2T (100 m/s) T 544 8 ks e 1 7 0 2E



EaMB=ER

22294 -
—@— Synthesis 40
12 &3 ;g Hm/vz O Synthesis Ege (2) 10 m/s
£ 100 ms 1029 9 84 A xj e
: 927 {52
9 : 9+ 9.11 30
~ £
2 =
2 6t a0l
o £
g
Z
37 10 H
0
3.5 : : : :
Amplitude/mm 0 02 0.4 0.6 0.8 1.0
B19 RIFHRHRE BBCLS 7E 0.6 175 F i) LR Nominal strain
Fig. 19 Egg, at 0.6 strain of BBCLS under different amplitudes
40
7 L. BUA R R SO BBCLS (99951 5 o e
M B8 43 X L4333 i ] 20~ 23 FFs A N=T7
ST R 20, & 21 451 T AR 80859 BBCLS O
163 Fhob i B R ik K B 0 4 OB 2
AN ER o BE A B SUEGE WG 2, BBCLS 7 AH [ o gzm
e i NSRS N NAyA B $. Ao =/ =R UL B g3 A 0 é
Hahn, AR 8ok r BBCLS i i i 4 1% 1 1 3
MR, Hohhoh MR O, BN i 10 f
BRI 5 i ) 5 T S AR R R AR HL AR X
BN B 22 R T ORI 8080 BBCLS 75 A [
e MR T A EE I RE AR L I £k o AE — g wpa R 0 02 0.4 0.6 0.8 10
T, BEE WSO, BBCLS B W% BE 72 W 16 hn Nominal strain
WSO —E RO, Bl & v o 34 m
BBCLS 1 Fb W% HE Fifi 07 AF (4 38 i K i 2 5 o [ 23 3F 4°@mwm
— 45 T AN TR 808k BBCLS #E L A7 15 31 0.6 — 0 N=5 —o0— N=6
B LL W BEMEL . T LAE W, Bl % O8O wh s i 20l AN
A K, BBCLS A9 HL I AE A 35k, 49 808N &
8. Wi BEILH] 100m/s, ML T WAHN 5, 2
ik R A 10m/s B, 45 4 A B AR 35 F] 0.6 1Y %20t
Egpa $ 71 201.36%. Bl & % £0 % 19 34 K BBCLS :
AW R I X EE R TSR 2
K S B 8 R S (T A R ek, T L 0T
JL AT AB B8 /0N, 1 T A A5 235 4 T A0 7 1) 7K 28 e
FIRMEE S o AT UL, AR i SR R in v . . . .
0 0.2 0.4 0.6 0.8 1.0

B H] LIAR T BBCLS YR AE 1 5 R I RE T .
HIET B UL WA, BARBER BEUBOE N, 254
HAXF A BERE O, RERE R, (H R AT
AR L 2R A, DR 2 BB B SOl 454

Nominal strain

€20 RS N T BBCLS 78 B2 3 45 SR 7 - R A2 Lk

Fig.20 Nominal stress-strain curves on fixed end of BBCLS under

different wave number N



FLFENG A5 -

ol 467 A T 05 2 UK 5% 9 80 1 5 ) 3l 285 i g 8 A 42

2295 -

Nominal stress/MPa

Nominal stress/MPa

Nominal stress/MPa

40

(a) 10 m/s

30

20

10
0 0.2 0.4 0.6 0.8 1.0
Nominal strain
40
(b) 50 m/s
—O— NS5 —O0— N=6
—N— N=7
30
20
10
0 0.2 0.4 0.6 0.8 1.0
Nominal strain
50
(c) 100 m/s
—0— N=5 —O0— N=6
40 F A N=7
30 +
20 +
10
0 0.2 04 0.6 0.8 1.0
Nominal strain
P21 RIRESCECT BBCLS 75 iy 45 SUW -8 i

Fig.21 Nominal stress-strain curves on impact end of BBCLS

under different wave number

Egp /(K -kg™)

30

25 ¢

Ege /(KT -kg™)

30

25

Eg /(K kg™)

Nominal strain

22 RIE S0 BBCLS HLIRAEXT L

Fig. 22 Comparison of Egg, of BBCLS under different wave number

0 0.2 0.4 0.6 0.8 1.0
Nominal strain
(b) 50 m/s
—o— N=5 —o— N=6
—4&— N=7 —v— N=8
0 0.2 0.4 0.6 0.8 1.0
Nominal strain
(c) 100 m/s
L —o— N=5 —o0— N=6
—40— N=T7 —v— N=8
0.2 0.4 0.6 0.8 1.0



+ 2296 -

EaMB=ER

20

10 m/s
50 m/s

16 tE 100 ms

—@— Synthesis E,

—
S
T

o]

Ege/(kJ'kg™)

W

[oe]

~
N

VoV
e
oS

K>
KRS

"
X

<
2\

NN
K
KK

5 6 7 8

Wave number
€23 AN[A]i 408k BBCLS 15 0.6 W78 T iy Ho g

Fig. 23 Egga at 0.6 strain of BBCLS under different wave number

B H 4 vh AR RE ) -
3.3 MEEEXEMR I EENZNE

1 1w A AR R, 3 0 A R TR BE () GE H
T — 5 0 PRl P9 RE A% 42 e 5 A i T o ah R RE Y,
T BBCLS 7F fE #t &5 FR 40 faf 20T, MU BEJE B ¢+ 7
0.40~0.60 mum 715 [ A IS 1% 4l ) £y 28 -5 % ol 2 h
Fae B, A e B 5 i OAS TR) A9 i B JEE B (0.40 mm
0.45mm. 0.50mm. 0.55mm. 0.60mm), &/ #;
T RS L P S8 B 4R 15 A [5] 79 BBCLS A BR T
AL, Horp 5 B[R] i BE JRE BE (%) BBCLS AH XT %25
BE 4y 9 K (0.11729, 0.13195, 0.14662. 0.16128.,
0.17594) & Xt 3l op o 28 17 o IR B b i 2K AT
(10m/s), v vt 2o (50 my/s) . e B el B
(100 m/s) T Z5 K4 19 i w155 D0 HEAT OB . BA
AN [5) i BE JEL B 119 BBCLS (1) 7 27 W [0 15 W A6 4o 1 Xof
o3 & 24~ 27 FEs o

H 1] 24 Fi ] 25 e i 5 [ E v 0 45 ) -
N S W] LA, X TR R 0 M RE SR,
Uity IR ) 1 WA 07 557 5 BEAY Nz 7 0% Bl i B e
o B O W R /NIRRT s A L
s S T ot i 4 0L T i Sl s e S R B, HL
HHAR B E A X R . FE T IR BT b BT,
i i 44 SO 7 - o A8 2 5 1 o B ACARBL, fH
Bifi 5 o o R A48, BBCLS wh il i 10 8 5 F- &
VARSI GIAR - S 1- R M EN FYOE /Y= N I 05
JEL £ (¥ BBCLS 11 b W BE X He 4n 81 26 fif 7~ o 1] LA
Bt B MRE JE R b o R 3G K, BBCLS
Y LW RE B G G, Hod, MOBEJRLEE X BBCLS [

Nominal stress/MPa

Nominal stress/MPa

Nominal stress/MPa

40
(a) 10 m/s

—0— t=0.45 mm
—v— t=0.55 mm

—0— =0.40 mm
—4A— t=0.50 mm
30 b —<—=0.60 mm

0 0.2 0.4 0.6 0.8 1.0
Nominal strain

40

(b) 50 m/s

—0— =0.40 mm
—A— =0.50 mm
30 b —<0— =0.60 mm

—0— t=0.45 mm
—v— t=0.55 mm

0 0.2 0.4 0.6 0.8 1.0
Nominal strain

40

(c) 100 m/s
—0— =0.40 mm —0— t=0.45 mm
—4— t=0.50 mm —v— t=0.55 mm
30 f  —<— =0.60 mm
20 +
10 |
0 0.2 0.4 0.6 0.8 1.0

Nominal strain
[l 24 R[S ¢ BBCLS 7E [ E i 44 SN J]- 1A 2k
Fig. 24 Nominal stress-strain curves on fixed end of BBCLS

under different thicknesses ¢



FLAEVE A5 . v fr A VE F R 005 26 SUIE 5% I8 S0t [ 435 0 30 25 g o7 5 {E AR 4L - 2297 -
40 20
(a) 10 m/s (a) 10 m/s
—0— =0.40 mm —0— r=0.45 mm —0— =0.40 mm —0— t=0.45 mm
—4A— =0.50 mm —v— =0.55 mm —4— =0.50 mm —v— t=0.55 mm
30 | —<0— =0.60 mm [ —0— =0.60 mm
£
= o
s 2
2 —
E <
R =
g o
4
0.2 0.4 0.6 0.8 1.0
Nominal strain . .
Nominal strain
40
20
(b) 50 m/s (b) 50 m/s
—0— =0.40 mm —0— =0.45 mm
—o— =0.40 mm —o— 1=0.45 mm
4 =0.50mm —9—=0.55mm —a—050mm  —v— =0.55 mm
30 F  —<0—=0.60 mm
£
2
17}
g o
=} en
@ 4
E 2
E -
z o
0 0.2 0.4 0.6 0.8 1.0 ) ) ) )
Nominal strain 0.2 0.4 0.6 0.8 1.0
40 Nominal strain
(¢) 100 m/s
1
0 =0.40 mm 0 (=0.45 mm 5 | @100
—4— =0.50 mm —v— =0.55 mm —o—+=040mm — o =045 mm
30 F  —o— =0.60 mm —4— =0.50 mm —v— =0.55 mm
g —0— =0.60 mm
2
: =
k=] )
= o
£ =
s E
“ %
0 0.2 0.4 0.6 0.8 1.0
Nominal strain 0 02 0.4 0.6 0.8 10

& 25 SRR BBCLS Fe st i 4 SN 1 - I 78 th 2k

Fig. 25 Nominal stress-strain curves on impact end of BBCLS

Nominal strain
€26 A[FJSLEE Y BBCLS LLMEREXT L
Fig. 26 Comparison of Egg, of BBCLS under different thicknesses
fiE 4> 42 T 8.93% . 21.76%. 30.13%. 38.08%, iX
R T R VR O S B AR X S T

under different thicknesses

W BE R IE VR TS o 3 . i [ 27 TR, it
BN 10m/s I, i 35 i RE PR 5 A 49 R 45 A HE



EEMRER

£ 2298 -
2 10m/s  —o Synthesis Eq, s G 5
20 ms 10.7, OIS (2) BBCLS 7£ it i £ 4E F T 1R 2Rk 17 . K
9,505 == ) '
N T 17 il 2 S L 0 600 T 556 .00 2
L2 gl %5y (BCC), BBCLS I T 445 BCC £ M 4
5

Eg:/(kIkg™)
o

0.45 0.50 0.55 0.60

Thickness/mm
27 AKIEISE ) BBCLS 7E 0.6 48 T Y LIk fE
Fig. 27 Egga at 0.6 strain of BBCLS under different thicknesses

M4 1 2544 i e op o W EE RTBH g, (254 2
BHHEAFR o ARRE S . LA, HIE 27 BT LR
W, 5 IR IR R SOBO s R ISR, B R
JELBE Ak 2R 38 K 25 LW R AR ARG AR 1S P 22, f2
TR A AR AN s o A % R R 1 e (5K
O451), BBCLS BY LGRS T RS, 5iEE)E
JEHo06mm Al FL, SO EMLEA LR AE TR T
49.63%. X 15 W] 14 fin o BE JEE 5 % T 42 7+ BBCLS 45
4 1) i W SRR RO A B o DR e S B g F
WRLGAZ IR R AR, AN0E H M
Xof 9 B L 3 3] O e ) AR AR R o

4 &g

N T AR 5845 WUIE 5% 9% 805 B 45 K49 (BBCLS)
MpcehdtERe, @ T HAE MG A RER T =
YA BROCEUER Y, =S 5T T A R s e R
JHF X BBCLS AR FEAR S | h 245 i 17 A B B 2 %
W, I 55 A (A AE R 95 B I A5 48 BCC i 4T T
P AR b, R s R — PR T
ey R SRR L B SR M RE R AR TR R N
BBCLS 3 25 i Ji K W i 45 v A9 52 wi L ok A7 1 4
PrAnmrgs, s sl R 45

(1) 5 v 0 A5 PR 4 for 2R A8 JE A 20K W), BBCLS
7 wfrif 2 7 R ARG ol R T 4o 3 R K
(U T = A N U e Ry 7 W BT QUL PR =1
T AR e b A 2T B SR IR
Wit BE i E A Bk, BBCLS HYH) 4G 1 1
We{E . 7 & I 7 RN SN AR AR, RE R TR UCRE

FYTET g b R Sy S a8, HL e R RE ) S Rk
T WM i D T 2 B I AR B

(3) W& vhdi U BE 3G K, AH R ¥ i 7 BBCLS
heti i - 6 N ) 2 B e R B TR MG R, H
PR R A ., R W RN, M
PRUFM IR, 255 LRI A5 V2, s
WA — 2R, G RAR IR AR AT DL &
My ae S, ARSCRE/ADN, AR TFREAN
H bR o 8O0 256 75 M OB AR 5 R 402K 77 2
A BT RIE AN, SEE BBCLS F & 1 1 5 7K 3
A IE S 1 A

(4) TS ¥ 3 K, BBCLS 1Y 7R 2k fig
DI R R 4 227 DR IR B 4, BBCLS 7EAH[A] v oy
U N R S J AR S [ = 2 S R R0 ek 1]
B 6 N ) ek o YUESCECh 8 i, hi R IR
#1100 m/s, MHEETFWSECH 5, Wili#E N 10m/s
ZERYAE N AR IR E] 0.6 1Y LK BE (Egpa) #2155 201.36%;

(5) Fifi % Mo i J55 5 F o 3 E 9 3% K, BBCLS
F L W e Y dn R o o R JEL 6 BBCLS L
RE M3 AR I BN B3 . 76— PR 8 1 0 K M e
=93 A R GREAR I RULES TR | A | B o I -4 2 S V@ L
1% BBCLS £ A A vhiti 284 7 FH R RO BERE J1 o 7
SCBRR T, W ELEA F RS R R A ]
T B A2 B DA 3 0T 8 A AR RO

S Z ik

[1] BAROUTAJI A, SAJJIA M, OLABI A G. On the crashworthi-
ness performance of thin-walled energy absorbers: Recent
advances and future developments[J]. Thin-Walled Struc-
tures, 2017, 118: 137-163.

[2] QIUX M, YUT X. Some topics in recent advances and
applications of structural impact dynamics[J]. Applied
Mechanics Reviews, 2011, 64(3): 1-12.

(3] &R, Rk, VFIR. 45k it 3 )1 % 9 & (2010~2020) [7].
HEVE S ik, 2021, 41(12): 4-64.

YU Tongxi, ZHU Ling, XU Jun. Progress of structural
impact dynamics (2010—2020)[J]. Explosion and Shock
Waves, 2021, 41(12): 4-64(in Chinese).

[4] YANG]J, CHEN X, SUN Y, et al. Compressive properties of

bidirectionally graded lattice structures[J]. Materials &

Design, 2022, 218: 110683.


https://doi.org/10.1016/j.tws.2017.05.018
https://doi.org/10.1016/j.tws.2017.05.018
https://doi.org/10.1016/j.tws.2017.05.018
https://doi.org/10.1016/j.tws.2017.05.018
https://doi.org/10.1016/j.tws.2017.05.018

TLHE 55

ol 467 A T 05 2 UK 5% 9 80 1 5 ) 3l 285 i g 8 A 42

2299 -

[5]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

YE J, SUN Z, DING Y, et al. The deformation mechanism,
energy absorption behavior and optimal design of vertical-
reinforced lattices[J]. Thin-Walled Structures, 2023, 190:
110988.

TRIRE, WKAE, B RN, 55, SRR 2 FLAS H 1E R R
HHRh 5 EERTFE R U], Je3h5 rhifi, 2023, 42(8): 1-19.
ZHANG Wukun, TAN Yonghua, GAO Yushan, et al.
Research progress on energy absorption and vibration of
periodic lightweight porous structures[J]. Journal of
Vibration and Shock, 2023, 42(8): 1-19(in Chinese).

XU P, GUO W, YANG L, et al. Crashworthiness analysis of
the biomimetic lotus root lattice structure[J]. Interna-
tional Journal of Mechanical Sciences, 2024, 263: 108774.
SR8, M BT, Ak, A MR SEAT AR A R Y R B A
Wit [J]. fiias 244, 2023, 44(9): 47-67.

HAN Jian, SUN Shiyong, NIU Bin, et al. Research progress
in manufacturing technology of resin matrix composites
with lattice structure[J]. Acta Aeronautica et Astronautica
Sinica, 2023, 44(9): 47-67(in Chinese).

XU Z, RAZAVI S M J, AYATOLLAHI M R. Functionally
graded lattice structures: Fabrication methods, mechani-
cal properties, failure mechanisms and applications[M].
Amsterdam: Comprehensive Structural Integrity, 2022:
433-466.

DONG G, WIJAYA G, TANG Y, et al. Optimizing process
parameters of fused deposition modeling by Taguchi
method for the fabrication of lattice structures[J]. Addi-
tive Manufacturing, 2018, 19: 62-72.

CUI Z, ZHAO J, XU R, et al. Mechanical design and energy
absorption performances of novel plate-rod hybrid lattice
structures[J]. Thin-Walled Structures, 2023, 194(10):
111349.

YANG J, CHEN X, SUN Y, et al. Rational design and addi-
tive manufacturing of grain boundary-inspired, multi-
architecture lattice structures[J]. Materials & Design,
2023, 235: 112448.

XIAO L, FENG G, LIS, et al. Mechanical characterization of
additively-manufactured metallic lattice structures with
hollow struts under static and dynamic loadings[J]. Inter-
national Journal of Impact Engineering, 2022, 169: 104333.
MA X, ZHANG N, CHANG Y, et al. Analytical model of
mechanical properties for a hierarchical lattice structure
based on hierarchical body-centered cubic unit cell[]].
Thin-Walled Structures, 2023, 193: 111217.

LEE J J, MOHAMMED A A, PULLEN A, et al. Mechanical
characterisation of 3D printed lightweight lattice struc-
tures with varying internal design alterations[J]. Materials
Today Communications, 2023, 36: 106456.

XIAO L, SONG W. Additively-manufactured functionally

(17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

graded Ti-6Al1-4V lattice structures with high strength
under static and dynamic loading: Experiments[J]. Inter-
national Journal of Impact Engineering, 2018, 111: 255-272.
HA N S, LU G. A review of recent research on bio-inspired
structures and materials for energy absorption applica-
tions[J]. Composites Part B: Engineering, 2020, 181:
107496.

PLESSIS A, BROECKHOVEN C, YADROITSAVA I, et al.
Beautiful and functional: A review of biomimetic design in
additive manufacturing[J]. Additive Manufacturing, 2019,
27:408-427.

AHAMED M K, WANG H, HAZELL P J. From biology to
biomimicry: Using nature to build better structures—A
review[J]. Construction and Building Materials, 2022, 320:
126195.

SIDDIQUE S H, HAZELL P J, WANG H, et al. Lessons from
nature: 3D printed bio-inspired porous structures for im-
pact energy absorption—A review[J]. Additive Manufac-
turing, 2022, 58: 103051.

ZHANG W, YIN S, YU T X, et al. Crushing resistance and
energy absorption of pomelo peel inspired hierarchical
honeycomb [J]. International Journal of Impact Engineer-
ing, 2019, 125: 163-172.

SETELREE . (75 A 00 ke DO 5 5 ) B0 T S LI REZBCRWE 5 (D).
RIS MR TR, 2022.

JI Xuhui. Study on bionic spider web lattice structure
design and energy absorption effect[D]. Harbin: Harbin
University of Science and Technology, 2022(in Chinese).
MENG L, SHI J, YANG C, et al. An emerging class of hyper-
bolic lattice exhibiting tunable elastic properties and
impact absorption through chiral twisting[J]. Extreme
Mechanics Letters, 2020, 40: 100869.

PATEK S N, KORFF W L, CALDWELL R L. Deadly strike
mechanism of a mantis shrimp[J]. Nature, 2004,
428(6985): 819-820.

WEAVER ] C M G W, MISEREZ A, EVANS-LUTTERODT K,
et al. The stomatopod dactyl club: A formidable damage-
tolerant biological hammer[]]. Science, 2012, 336(6086):
1275-1280.

PATEK S N, CALDWELL R L. Extreme impact and cavita-
tion forces of a biological hammer: Strike forces of the pea-
cock mantis shrimp Odontodactylus scyllarus[J]. Journal
of Experimental Biology, 2005, 208(19): 3655-3664.
YARAGHI N A, GUARIN-ZAPATA N, GRUNENFELDER LK,
et al. A sinusoidally architected helicoidal biocompo-
site[J]. Advanced Materials, 2016, 28(32): 6835-6844.
YANG X, MA J, SHI Y, et al. Crashworthiness investigation
of the bio-inspired bi-directionally corrugated core

sandwich panel under quasi-static crushing load[J].


https://doi.org/10.1016/j.tws.2023.110988
https://doi.org/10.1016/j.tws.2023.110988
https://doi.org/10.1016/j.tws.2023.110988
https://doi.org/10.1016/j.ijmecsci.2023.108774
https://doi.org/10.1016/j.ijmecsci.2023.108774
https://doi.org/10.1016/j.ijmecsci.2023.108774
https://doi.org/10.1016/j.addma.2017.11.004
https://doi.org/10.1016/j.addma.2017.11.004
https://doi.org/10.1016/j.addma.2017.11.004
https://doi.org/10.1016/j.ijimpeng.2022.104333
https://doi.org/10.1016/j.ijimpeng.2022.104333
https://doi.org/10.1016/j.tws.2023.111217
https://doi.org/10.1016/j.tws.2023.111217
https://doi.org/10.1016/j.tws.2023.111217
https://doi.org/10.1016/j.mtcomm.2023.106456
https://doi.org/10.1016/j.mtcomm.2023.106456
https://doi.org/10.1016/j.ijimpeng.2017.09.018
https://doi.org/10.1016/j.ijimpeng.2017.09.018
https://doi.org/10.1016/j.compositesb.2019.107496
https://doi.org/10.1016/j.addma.2019.03.033
https://doi.org/10.1016/j.conbuildmat.2021.126195
https://doi.org/10.1016/j.addma.2022.103051
https://doi.org/10.1016/j.addma.2022.103051
https://doi.org/10.1016/j.addma.2022.103051
https://doi.org/10.1016/j.ijimpeng.2018.11.014
https://doi.org/10.1016/j.ijimpeng.2018.11.014
https://doi.org/10.1016/j.ijimpeng.2018.11.014
https://doi.org/10.1016/j.eml.2020.100869
https://doi.org/10.1016/j.eml.2020.100869
https://doi.org/10.1038/428819a
https://doi.org/10.1126/science.1218764
https://doi.org/10.1242/jeb.01831
https://doi.org/10.1242/jeb.01831
https://doi.org/10.1002/adma.201600786

+ 2300 -

EEMRER

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Materials & Design, 2017, 135: 275-290.

HAN Q, SHI S, LIU Z, et al. Study on impact resistance be-
haviors of a novel composite laminate with basalt fiber for
helical-sinusoidal bionic structure of dactyl club of mantis
shrimp[J]. Composites Part B: Engineering, 2020, 191:
107976.

HUANG H, YANG X, YAN Q, et al. Crashworthiness analy-
sis and multiobjective optimization of bio-inspired sand-
wich structure under impact load[J]. Thin-Walled Struc-
tures, 2022, 172(3): 108840.

CUICY, CHEN L, FENG S, et al. Novel cuttlebone-inspired
hierarchical bionic structure enabled high energy absorp-
tion[J]. Thin-Walled Structures, 2023, 186: 110693.

LI B, LIU H, ZHANG Q, et al. Crushing behavior and
energy absorption of a bio-inspired bi-directional
corrugated lattice under quasi-static compression load[J].
Composite Structures, 2022, 286: 115315.

HUNT C J, MORABITO F, GRACE C, et al. A review of com-
posite lattice structures [7]. Composite Structures, 2022,
284:115120.

ZHU ], ZHOU H, WANG C, et al. A review of topology
optimization for additive manufacturing: Status and
challenges[J]. Chinese Journal of Aeronautics, 2021, 34(1):
91-110.

CLAVERIE T, CHAN E, PATEK S N. Modularity and scaling
in fast movements: Power amplification in mantis
shrimp [J]. Evolution, 2011, 65(2): 443-461.

B, VFIRWE, WRYE. 0 A= ISR 2 S5 T e o A KAk (7],
HRIE S i, 2021, 41(8): 36-46.

HUANG Han, XU Shucai, CHEN Heng. Impact resistance
analysis and optimization of biomimetic corrugated sand-
wich structures[J]. Explosion and Shock Waves, 2021,
41(8): 36-46(in Chinese).

BRI, AR, BURF, 45, PN (M- S T It 5 A 11 T P 3l 2 R 15t
HEREFST 1], Rsh 5 b, 2021, 40(4): 261-269.

WEI Lulu, YU Qiang, ZHAO Xuan, et al. Research on
in-plane dynamic crushing behavior of concave and back-
handed honeycomb structures[J]. Journal of Vibration
and Shock, 2021, 40(4): 261-269(in Chinese).

GIBSON L J, ASHBY M F. Cellular solids[M]. Cambridge:
Cambridge University Press, 1997: 2-12.

XU OB T = SRR /I ot i 25 4 14 3 2 P e
TN MR, 2021.

LIU Weiluo. Research on mechanical properties of addi-

5% [D].

tive manufacturing three-period minimal curved surface

structures[D].  Guangzhou: Guangzhou University,

2021(in Chinese).
PR B, SR, A% 304 ANGEH 2 200 BE s B4t b FE 4
RESMB SR EST (7], JUAREREE, 2023, 45(6): 1318-1325.

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

XU Xiangcong, GAO Jiali, HAO Yunbo. Research on com-
pression properties and influence of gradient rate of 304
stainless steel multilayer gradient lattice structure[J].
Mechanical Strength, 2023, 45(6): 1318-1325(in Chinese).
MASKERY I, ABOULKHAIR N T, AREMU A O, et al. A
mechanical property evaluation of graded density Al-Sil0-
Mg lattice structures manufactured by selective laser
melting[J]. Materials Science and Engineering: A, 2016,
670: 264-274.

BIGert, RPKF, FLIBY, 55. 3D fTE AlSiloMg & 4 2H 4 Mkig
WisE 0. MRk 5 12, 2019, 27(2): 16-21.

LI Xiaodan, ZHU Qingfeng, KONG Shuping, et al. Study on
microstructure and properties of 3D printed AlSilOMg
alloy[J]. Materials Science and Technology, 2019, 27(2):
16-21(in Chinese).

RSN 55 . E 3253 = JEIYIAR /N 16 Z5-FL 454 Wi A P BT
5 [D]. DL A PRI, 2023.

CHEN Jianyong. Study on response characteristics of three-
period minimal curved porous structures under static and
dynamic loads[D]. Wuhan: Huazhong University of Sci-
ence and Technology, 2023(in Chinese).

MACONACHIE T, LEARY M, TRAN P, et al. The effect of to-
pology on the quasi-static and dynamic behaviour of SLM
AlSil0Mg lattice structures[J]. The International Journal
of Advanced Manufacturing Technology, 2021, 118(11-12):
4085-4104.

i, BAZE, RIAR. 3D FTENELE Gyroid 45H Ayl A ity
WS (7], & B4R, 2021, 35(3): 90-99.

LI Xue, XIAO Lijun, SONG Weidong. Dynamic impact re-
sponse of 3D printed gradient gyroid structure[]]. Journal
of High Pressure Physics, 2021, 35(3): 90-99(in Chinese).
JIF, T, PRTE, S5 R -7 Sk S5 2 A 11 1T PN B 25 R
10 ). BEHRIEIR, 2019, 36(8): 1893-1900.

LU Zixing, WANG Huan, YANG Zhenyu, et al. In-plane
dynamic crushing behavior of star-arrow honeycomb
structures(J]. Acta Materiae Compositae Sinica, 2019,
36(8): 1893-1900(in Chinese).

TRIGEAR, 2404k, RROTH, 5. GOARS LA M8 s 45 0 B B e
s apamng (7], Jxsh 5 eba, 2023, 42(3): 193-198.
ZHANG Xiaonan, YAN Shilin, OU Yuanxun, et al. Gradient
design and dynamic shock response of concave honey-
comb structures with negative Poisson's ratio[J]. Journal
of Vibration and Shock, 2023, 42(3): 193-198(in Chinese).
T, R, K, 45 2R O R e s 2 R (i o
MR (1], PR REAAR, 2023, 37(3): 121-132.

LI Chengbing, LI Rui, ZHANG Jitao, et al. Coplanar shock
response of multistage hierarchical gradient honeycomb
structures(J]. Journal of High Pressure Physics, 2023,
37(3): 121-132(in Chinese).


https://doi.org/10.1016/j.compositesb.2020.107976
https://doi.org/10.1016/j.tws.2023.110693
https://doi.org/10.1016/j.tws.2023.110693
https://doi.org/10.1016/j.tws.2023.110693
https://doi.org/10.1016/j.compstruct.2022.115315
https://doi.org/10.1016/j.compstruct.2021.115120
https://doi.org/10.1016/j.cja.2020.09.020
https://doi.org/10.1111/j.1558-5646.2010.01133.x
https://doi.org/10.11883/bzycj-2020-0275
https://doi.org/10.11883/bzycj-2020-0275
https://doi.org/10.1016/j.msea.2016.06.013
https://doi.org/10.11951/j.issn.1005-0299.20180138
https://doi.org/10.11951/j.issn.1005-0299.20180138
https://doi.org/10.11858/gywlxb.20210701
https://doi.org/10.11858/gywlxb.20210701
https://doi.org/10.11858/gywlxb.20210701

TLHE 55

ol 467 A T 05 2 UK 5% 9 80 1 5 ) 3l 285 i g 8 A 42

- 2301 -

[49]

[50]

[51]

/N, SRR, AETEE, S U5 Bk = AR AL RS RS
RetERERESY (1], ML TRE244R, 2021, 57(15): 222-230.

JI Xiaogang, ZHANG Jian'an, LUAN Yuhao, et al. Study on
compressive energy absorption performance of three-
dimensional porous lattice structure modeled on skin[J].
Chinese Journal of Mechanical Engineering, 2021, 57(15):
222-230(in Chinese).

ZE0E, R, WM. 3D 4TED TPMS SR 12 ekl
PiEe 7] RIEHT RA#254)t, 2019, 50(3): 386-393.
LIXinyuan, SONG Weidong, CHEN Jian. Numerical simula-
tion of mechanical properties of 3D printed TPMS porous
materials[J]. Journal of Taiyuan University of Technology,
2019, 50(3): 386-393(in Chinese).

B VL, RIRES, 250, JE T MIF OB/ T 2540 12417 I
WLRERFIERFST (7], AR T 2244k, 2024, 45(2): 201-212.
XIAO Jianghai, HOU Junling, LI Qun. Study on mechanical

behavior and energy absorption characteristics of minimal

(52]

(53]

surface structures based on MJF[J]. Journal of Solid
Mechanics, 2024, 45(2): 201-212(in Chinese).

RARSE, WA, IR KL, 4. Fi%] CFCB M 45 My i S He
WA T AR BORCRAEIESE (7). 9R3h 5 rhdi, 2023, 42(17):
166-174.

ZHAO Zhonghao, CHI Yuli, FENG Junliang, et al. Study on
energy absorption characteristics of novel CFCB lattice
sandwich structures under out-of-plane compression
loads[J]. Journal of Vibration and Shock, 2023, 42(17): 166-
174(in Chinese).

R, ERIGERE, HbR. TE 3% I3 PR e s 2 A i A b
REWESY (7], 4ik3h S b, 2021, 40(13): 51-59.

YU Kejiong, XU Fengxiang, HUA Lin. Research on in-plane
impact performance of sinusoidal curved curved negative
Poisson's ratio honeycomb[J]. Journal of Vibration and

Shock, 2021, 40(13): 51-59(in Chinese).


https://doi.org/10.3901/JME.2021.15.222
https://doi.org/10.3901/JME.2021.15.222

	1 模型验证
	1.1 BBCLS有限元模型建立
	1.2 模型验证

	2 冲击荷载作用下BBCLS的动态响应分析
	2.1 冲击荷载作用下有限元模型建立
	2.2 变形模式
	2.3 应力-应变曲线
	2.4 平台应力
	2.5 能量吸收特性
	2.6 与传统的体心立方点阵结构抗冲击性能比较

	3 BBCLS抗冲击性能参数研究
	3.1 振幅对结构抗冲击性能的影响
	3.2 波纹数对结构抗冲击性能的影响
	3.3 胞壁厚度对结构抗冲击性能的影响

	4 结 论
	参考文献

