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(a) Star honeycomb

(b) Star-shaped curved honeycomb
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Fig. 3 Star-shaped and star-shaped curved cellular cell structures

K TE 2 0 2 A R O v=sin (55 )
K MBI
B 0 TR 5 4 4 LG

Ve L[ i (5 ) (1 s (5 e+ 2a e

3

L2 HANEE

A KT 565 JEE R VR R A 4 R TR R 4 E A O B [
AR e A R I A X R BE K L e 2 1 i T
ARFHHUIN 5 W T XA S AR RE T RS 2 Y
BEEFELIE ™, A X 25 A Hh B4 5 A4 RS2 K 8 43 THT
B B 3 ) BT D IX 3 L

|
V(o!al

AP Vo 0 BT R SRR A PRV 2 B 5T A4
kT R XA A4 R
dat PA) 25 47 TR e T 45 ) R X 8 R

1+381, +8(é—zzlsinm )+312

DNp= (4)

‘0]:Z[4llcosa1+(1*4llsinm)Cosag+212][](5)
PN [ 78 7R e o 45 g A XS %85 B
2 Lt Tar, R,
. a1 3
Sln?
[02: [2 (6)
o+ —t 2R,
1;111%l

D)

Yo 63 1Y G LA 25 40 AN [R) S S O AR G 8 5 A

(7] 5 Wy 24 BB A SO Ao 42 1 i B 1 J52 38 42 o

BRI AR O HE . Ol T T LR I T A5 A 1Y

FHE ASCGE VTG T g s B4 R 5 Z 1

B 1 g5 T A R TR R O R AR A R A% BE Y
JERE VA Sk S 8.

®1 FHBEESY
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Fig. 5 Reliability verification of finite element model under quasi-static compression

2 HEER5WR

2.1 TRER
B 6 25 T 4% 0 a8 45 R TE AN [R) o o 3 B 2

ARTEAG L » L5 8 55 245 ) 1 4% 2R I 28 2% 1R I A2 TE
170 AR 44 SUREE e B350 07 1528 < ohdi W 1
WL B 55 PR A6 o B Y LU AR 5 2R B TR AR
difif Co=10 m/s), A MIPEARE T 45 . 2 1] 25 37
TS AR oC e IR R AEBITRE . R X B



IRAF B e T 4 ) B TR P RE AE S

697

e=0.10

HD T REE

P TR R e

=y i PRk

TR

P U e A e

B il R

(b) v=30m/s

D TR

P ML T e

B ihh B

(¢) v=50m/s
5l 6 2% 04 5 A5 Al g AR T AR 2K

Fig. 6 Deformation modes for each honeycomb structure



+ 698 - W g 22 4l

2025 42 46 &

T e i e R v o g R T 2 i G 25 AT A
JEF G 1) v 2 MO OT S 8L 3 R T 3 AT A T A e e
R 8 75 235 g o ok i AR 4] 7 i 194 42 fh 1D AR T
() 8 43 o T B A T AR X b A AR . LT il 3 TR e
(14 1 7T & 2B A e 5% 28 T2 HL ) M oG v o0 i 45 L B2 1R
TR HE AN, TN 119 A5 TE DX 307 sl o ) ) B T & A
T AR Xkl T 45 4 02 il 2 A M T I T 5t
BF s DO A 5 1) R A TR R AR AL L 5 e JiE 2 il T R 5
FEREAREFE v, 3 DA S iy B g v 2 o i i 5B R AR T
By o 0T Hh 3 Y e v R P [T 3 S AR e 5 O v () S
Gy SR Y. AR AR oh i B (o =30 m/s) JF IR
HE BB GO, e e 2 b A ik o AR TR B . N
[T S 7 AR O s 1) L O A X A A Sy ol i g O AR R
T . 35t VA 25 47 78 0 v R L O i 30 Y e T R R 2 4
FEARTE o B A 25 iy e oo S L VIR 1) AR B AR S L
T 300 700 g e 2 o s 1) M T DU A A B R AR TR
BE G 3 N O Mo IR AR O S A 5 R X
S PR P TMT L 5 8 e o g 1 L 45 A AR AE L I BE L R
K JGEEMITA 5 K SR AR TR 3 oy B h AE wh i
Uiy 5 o PAD 25 Fr 2 e ) St 9 0 5 AT A R L) A )
o () 5 ) AR T ) o R SE . TR il B M T
30 ) S5 AR AR L H DY JE A B A B R B L 45 LT
(4 0 & £ 4 R 30 I B ) AR T A o B Co
=50 m/s) , I B AR T AR 2 3 28 A7 BB P RO Y
M. = b 45 Ka) 5 b i di A 1 BT OV T At . A A
TR 5 R0 AL T i 300 PR e o ) A e o kA R AR [] ) A
T o B2 S, P THT I 7 A o o D it v s o 56 4 R
Bt NG A IR AR T . = b 25 4 16 4% 5 oh s
T o P S A T e Y AR T A X T 1
KA RT3 K 5 TE A P L 5 P [T 3 7 700 e o ) 2 A8
i) ROSF BEAS QR AF AN AZ L W 7 ik 85 1) A% 388 52 A
P LU 5 B TR i 32 780 e v 10 S DO A 1) R B WA A L A )
NG W €50 | R A A A 17 AN A RS /N
2.2 Bhismm Rz gk

4 SUR 3-8 i 2k e 8 S N A o o o B i
WeRe R AR o 2 N T 6 O i g A
PR T R Z L. LS 00T AN () B ) ok
AT ISR KL L & (v=100 m/s) Y Ff
JE. BT 8 T A5 0 e Al A AE AN [ R R B 44 U
A 0 VR 1 € Y B 1 R AN SR s ol NS 7 v e )

2y 25060 1O 1t £ AR AT B Y B i RE DX N ) (i L A
FRE . =l e 5 2 4y 4 SOV A 22 TG L EL 3% i 5
T AN s, b AL o — 2 B AT G AL EE
FHELHE Hs 24 SONEAZ 38 R L 2% A MG 254 LB
s 45 » 44 SCI 3 B 2 38 K B 28 8 2. e v A
140 T el I 44 SO g {F R v o A LA 3R B8N Y 4
SR 4 SO TS 3 B TE () I -1 AR g 2k B
DU D B RF AL B g ol 7 AR A B D O A Y
FR 7 1) b PR A R 9 PR A T 15 AR AR R
DY 2 5l DA 2 T TR e R 4 R B % T B
S Ak PR e — A S B D (R 2 — JE O
W 25 S R . ARE B 7 (o) (D, da AT 25 4 AR e
A TE il 10 T 9 8 149 44 SN T {EL s T 9 S P RD 45
F4) 5 i B 3K A4 o 23 A ) A S S A

2.3 LbWRAE

E Bl 25 vhaly i A L PR AL 45 A A BE R YCRE

3 H R H W RE MR (DM 3 — S HORTEAL &
ST 5k B T P IR A R . B
_E.
E*”‘_M €D

o My T S5 A 1 TR EL R 45 R R R I R
HHTFRAH
E, — J([F(x)dx 9)

K d s SSAET AL RS . F (o) R 7E oh i i
T e A Y A
Fb W i B 1% 4 S5 I 4% 45 A8 IR IS RE Y e

8 SR AN TR T R 4% 45 K Al R R L AR AR o i
B Jf A 25 A T W 3 11 S v T LA A5 4 L X 2
h A BB Kk AR T & B R HEPTP 8 R
FAfE J7. 16 A8 e = 0. 28 B Py V1 35 75 0 6 5% 11y
E. 8 17 P 2y A e L 2 R A e L Bt
hi BE 7 . AE HP A SE R e e B 3 A T R i
B E AR TG G B B S 5 T HA S5 4, 3 BITE e
=0. 65 fl e=0. 76 W} g 5T iy i1 A 8 55 8 2 LA K
FEHEE e=0. 80 B 4 P4 [V 5 20 0 53 R k. 2 L 45
4 1) 1 BB B B SR AT 5 B, 7 AR I 25 A gl
P EL R 2 5 I A Ve i (. 7 = B, B
Pr AU e 5 1Y b W AR G S AL TR il i B 0% uT 45 4
43,5 Y6 T At 5 60 245 49 174 B TR D) 322 S 2 o A 2



%5

IR

T 2R B A A A TR A RE T 5

i

+ 699 -

w
T

o (MPa)

o (MPa)

—— R R !
- - HMIBGER i
- EWHL R 1
e RN )

(a) v=10m/s

(=)}

— HEATTRER |
- R I
- ERMLRER }
NI ‘

o4 Tk
_‘|L\"VJ Ao we s
1

Il 1

0.2 0.4 0.6 0.8
e
(¢) v=50m/s
& 7

Pr sy £ b BTId , B DA S i AR e s LAY S A0 4 2%

I e

Wit 5 o ok T R I T A S 45 R 114 I FE AT
SR 3 PR g i A el R A B T AR O

SEA (J+- g™

B
— HAE TR
- - M TR
—-— Bl i
ob - ANBBER
/7"
7y
Ly
1+ _- ’:f”/ ‘
s 012 0.|4 016 OI.8

(a) v=10m/s

o (MPa)

o (MPa)

6 —~

h

— SRS il

- - DGR i

- BRI i
o R

€
(b) v=30m/s
B p—Er Y
L R I
10k —.— Ep iR 4
\

NG EE

(d) v=100m/s

VU ol 9 55 23 A A ) B BE T 44 SCRE - 4% 4%

Fig. 7 Nominal stress-strain curves of four honeycomb structures at different velocities
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Fig. 11  Energy absorption efficiency curve and nominal

stress-strain curve of a closed bent honeycomb

under axial impact
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Table 4 Parameters of closed bent honeycomb

structure at each relative density
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Fig. 13 Effect of impact velocity on specific energy absorption of closed and bent honeycomb structure at different angles
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Fig. 14 Platform stresses of closed bending honeycomb structures of each relative density
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eycomb structures with relative density under me-

dium-velocity impact
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Abstract To improve the impact resistance of metal honeycomb structures, three new types of impact
protection structures, namely, closed bent honeycomb, concave filled honeycomb, and star-shaped curved
honeycomb, were proposed and analyzed via finite element simulations using ANSYS/LS-DYNA. The de-
formation patterns and energy absorption capacities were evaluated at different impact velocities. Results
showed that deformation patterns were related to the cell element structure and impact velocity. The
closed bent honeycomb exhibited superior nominal stress and energy absorption efficiency compared to the
other structures. Geometric parameters of honeycomb cell elements do not affect the trend of the nominal
stress-strain curves. Increasing the bending angle of the closed bent honeycomb increased platform stress
and decreased dense strain. Under medium-velocity impact, the platform stress of the 60° closed bent hon-
eycomb structure increased by 19. 5% compared to the 45° structure. Increasing relative density signifi-
cantly improved energy absorption efficiency; the specific energy absorption of the high-density 60° closed
bent honeycomb structure increased by 207. 6% compared to the low-density structure.

Key words honeycomb structure, deformation pattern, platform stress, energy absorption efficiency





