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Finite Element Study on the Impact Resistance of Arc-star-shaped Honeycomb
with Negative Poisson’s Ratio
HUANG Qi-wen, ZHANG Hui-hua, HAN Shang-yu, JI Xiao-lei

(School of Civil and Architectural Engineering, Nanchang Hangkong University, Nanchang 330063, China)

Abstract: Auxetic honeycombs have drawn broad attention due to their lightweight properties, distinguished impact resistance, and
energy absorption capacity. With the finite element method, the overall in-plane dynamic performance of an arc-star-shaped
honeycomb (ASSH) is investigated, and the effects of impact velocity on the deformation modes, dynamic response, and energy
absorption of ASSH and traditional star-shaped honeycomb (SSH) are compared. This study shows that the ASSH demonstrates
superior impact resistance than the SSH under given conditions. Besides, the effects of wall thickness and arc angles on energy
absorption of ASSH are explored. The findings herein offers valuable insights for the design of materials and structures with
negative Poisson’s ratio.

Key words: negative Poisson’s ratio; arc-star-shaped honeycomb; energy absorption capacity; crushing impact; finite element

method

SR, FLBRPE A A 5 1SR RLE P B

[t AR 15 R T & B T R
YE4H 1k, A P TG A R O TSR A 2 B

IREARLILTARELE 1 S LR L it 2 S 8 L B 5 4B E 0 2448 3, 2 Kb

51 &

(75 H #712023-10-23 [f&£[E] B #712023-11-23

[(E€WBIR R A KA F44 (12062015) ; 5 A AA5F L4 (20212BAB211016) ; @S MERFAE LA HERK LT B
(YC2022-138)

BEIEE I wE% (1982— ), ¥, #Ht, k. 22T w: HEA%,


https://doi.org/10.3969/j.issn.2096-8566.2024.02.010
https://doi.org/10.3969/j.issn.2096-8566.2024.02.010
https://doi.org/10.3969/j.issn.2096-8566.2024.02.010

%24

WAL, S W T, AF OB STUR K UM SS ZE BT rh i PERER A FROT T <77

BT TR AR L AT A A
24, IARS H (negative Poisson’s ratio, NPR) i
R R R g g2 R, R AR e
AT, BB R T B A B AR L
S HYIRRE . AT R R R A D B AR A
W=

125 NPR 25 14 iy AU AR 3, B ) 0% 55 (star-
shaped honeycomb, SSH) [A H: 1F 22 J7 In] #) &
NPR R0, 51 T2 E AR %P K . Theocaris
AU YRR T SSH LA A% . Sigumund Fl
Torquatom] il 2 7 — A B A W E A K R
(CTE) (% SSH. [RIFEH, 25 1T HISEHA #1221
Al TR 19 =4k SSH IR T R EEBF5E ™. Reis A
Ganghoffer' ™ Fi| ] 25 B 30 247 21 46 77 ¥ 20 0 T
SSH (R JE IR FNSERU ) 2 PERE, 15 ) SF R0 AR
HANARS O (PR) (P A ik, B 6™ 20
T SSH AW J5 7] 52 ff 5 B9 A2 I ATy, i FH R & ik
XTEERY TN SR 2 Be AT T RIS . BT
BRI T ¥, k2 e 20 e T by AL
AT SO0 SSH 2 25 Wil N AT SN 52 0, - T BB i
WSR3k I — 4 op i A HE S T S AR
LB LR AR RS T
SSH WY MITCREJR | JZ4k . MITIAMS LA S 800 ik
Pooh i VERE BRI s 5 AR AL T R bl 2k
17 T LA 2500 SSH I AR 1) 52 W5 3 2
g AR ey R | JERE AR RE RN AR RERR L, BEOY T
BB EE SSH. 1 3l g 3 A1 RE S WOSCRAE . R TAE
IEEIE | BB BT M X SSH A Bt i i 14 g i
1T T RGBT, AN RS54 1B TR o3 B 4
MR 25 TE R .

o B R SCRIT s R RE, AR E AT
YT SSH U B aFr it S ke, 52
SAF A BUE A B X, AN ) b3 AL
IS0 H 7 2E VERE AN RE f WOSCRRE A 52, He I
Bt T — R 5P BE M B9 SSH. Lu %7 5] A
MURHAT R RE B, Bt ) —Fopr B 25 B R -
e BT 4k Wei 2627V R T — 2R B BB

T ET; Lin 4507 BEF T —F E AL O 2 750 0
7, FEE T AR AR A T iR kT3
PR T — i AT or o e s, Xl TR e g e S AR
J&T A ARSI Li 2 i s A R T
PR IE—1E R 454, 158 T HA5 PR F1 CTE 7]
LR E 9 45 445 Liu 255 8 13 75 SSH P51 A R[]
B AR £, N7 T PR AT IR Y el itk 285 44 (ISSH)
Li 255 38 3K SSHA 2K T 1 188 AT B4 g XL
BRI, B T —Fh g SR R o AR A R S
B PR T3 Jin 25 53t T — RN I R B
BRI, AT T HIE T Wang 451 5] A
i Sk ML TT BT B 7 Sk e B 24, JF R4 T I
12 BE T 5 An S5 S IR B AG SSH IR
1, B — 2 BA 2 AP 6 R 7 DXL P ]88 55
ik, Itz T BUE B UE T & N B S
Zhang Z5% 5| A RSB —FhF H B~ R4
9, I R B = 2 454, 25 T PR Al 45
o FRWFRERW], TEAE45E SSH LA I, il 4
B LA AT 2 0] A R 4R L RE R ICRE T
U, B8k A 45 K I8 0 =5 SSH Y I REH4: B T Ji2
WA T B RLF PR X
ABIFEHE T 3CHR [30], Gl 40 AL B —
2 B IUIE 58 6% 45 44 (arc-star-shaped honeycomb,
ASSH), i#— 0 R Gr WA 5% HAE vh i i 2 T /9
A TEAR . BhA A N DL K W R, [RIEE 2 AT T
REJEAUIA S S50 gt b b MERB s . A
WH9E B FE BT H W AR T 00 1Y) 06 5 2544, Ol NPR 45
IR R —E S

1 JoeBER B PR bs

1.1 fioc) Ly

TR SE ) SSH H 4 235 i Al 4 AR FE 4T 21 1%
(K 1a) . AWFFEHI ASSH LLSCHk [30] A9 ISSH Ky
WA (1), X H U fr4nfl, BI4 1/4 jg ot i
2 SR Y SE K ZR A8 A T O R SR A T A, B
R W 1co Bl la, B 1c Al LLE i, ASSH F
SSH ¥y0] i 5 AN JUa S 803K, BVRHTR B 1 i%



.78 RS K AR 5 38 %
10/* h ~0'
SRR /4"7
\ H /X ﬁ L H
L ~Xal
wie || ul 1
I H I L I
(a) SSH!™ (b) ISSHP (c) ASSH
B 1 SRR LT
PEFFRKBE 1y, R0 f OCASSH) TR A (SSH) . #EAF LA™ 2271
H@ﬁ@g t %Hﬁ&l\gg b(ﬁﬁ?ﬁé&ﬁ) o {E)J(&Fj]tﬁ fosd 0'(8)d8
LR S8y 251 R AT, A, ok G M B T B 19 4, 5 SEAD =17 )
O, o B : 6, ¢ € (0, 90°), Horr, e HEERI RN ST AR th £k bR 2k T Fr
1.2 e be %ok o7 B o7 A8 P, T E B R R CRCR v A 3,
W UL T 1 8 AR A W BE (Specific Energy dn(e) _0 ©)
Absorption, SEA) . WEfE 2% - ¥y MR ECR de o=z,
s ne) M EEE W IECR, BV BHE S E 1Y 24 X

A4, ASHIFIE BTG SEA, FoiE LR,

Apps
s oy e 44 SO Ty FN 44 SUREZE 5 ps B R
() 5% B 5 Ap A 45 A6 1) AH X % B8, % ASSH., SSH,
AT 53 BISCAE Apassu « Apssu, FIBE 3 53 0 27,
A

()

ApassH = 1
S

0 0
cos29[l + h(2-0)]+ \/§9t11 cos 0( cos 3 + sin 5)

1(1+sin6)

(2

A 1l +21p)
Apssit = 5 = s 3)

s2 . p
(11 + V2lysin 5)

1(1+5sing)>

Ag=Ag="——F— )
cos-0

e AL ALS I ASSH AT SSH L T 4 52 14346
GYFT TR, Agr . Ag W43 590 8 735 A I 1) A AR R
T

i F (D) R LI SEA 585/ A8 I 0 f A
K, B e BUBEAR DG, MER-6 1 i 45 Fh a5 14 0 I g
b, — MU S AR £q X5 W ) SEA(REAE SEA-D)

JO7 AR P R M B e S 44 OB T B FU AR, 3k
H{h:

° o(e)de

Jy

n(e) = @)

o(e)

2 AIOCEA GG IE

N 2 AR TR s 2 7 FH R ASSH (925
R IS NG R SRV T R e S w R
FEXRPAETRY g AT S R A T B IE
2.1 ABRoCHR

R ZA G4 B e TN by 2 VE TR ASSH Y
AT vERe, FHAT BRITH A ABAQUS #E 37 4N
& 2 Fr s W4 BRI . i A g e AR L vp Al
U E M . EABLES, B [j=4 mm. ;=6 mm,
6=15°, . b=2 mm, =0.3 mm. 55 AR EAEN
FEARBA R, T BsE L Sk BHAR S 0 AR AR el 2
p=2700 kg/m’, 1% [R5 Ky 68 GPa, Jiit Il 1% 114 80
MPa, JAFA LA 0.3, i A R [ 5 AR 38 7 SR I
PhR, FL 1 A FCBERE 43 3 7800 ke/m® Fil 210
GPa. [ A% K] 43 Bif, e o A SR R B 8 7 1) LA
5B B S4AR ST LT, B ARRTR AR FH R3D4



552 WA EAE  wh T, S YIUB AN Hh s g i np i MERE B A BR G HT <79
v R 1.0
----- SCHR[3 1] e B 45
0.8 | —— ASCAHBRIOALZ,
s 0.6}
g 1 s -
L e S 04t B
0.2
[i%] 5 AR
0 1 1 1 1
Y 0.2 0.4 0.6 0.8

E 2 ASSHZE&HEAHFERER

BT, BFFEFRMCY, Y x Oy Ay 71 b B TR
IR 8 B, FLgh AR py s T AR E, Rk, ARFSY
B 11 > 10 T RES) (B 2) o BeAk, s i 5 K
PEMR 22 [0 422 i, DA S 0 3 AR RS B B3 4 M 2R
P, B 2ROk 0287 SRR E N T
W 5e el E, EAR RAFTE y Jrmifie, B U= U, =
UR,= UR,= UR.= 0. ¥eg KLYk, Pl
F i, B U= UR,= UR,= 0(U, %R i J5 7] B A7,
UR,; Fnse i Wi s (i=x, y,2) ) o
2.2 BORSGIE

T ASSH 5 it 15V BE (14 B 5T 1 K LA IE,
R B R AR Y (4 AT AR M A BEROSCHR [31] TR 4R
) —Fh e B3 G5 A AT S0 BT, R OCE AL AN 8] 3 T .
e 55 B4R IR 8 B O 1250 kg/m’, B ERBE R 1.8
GPa, JAFA LA 0.35, i IlR5E 2 R 27 MPa, il JTRE
JE4 1 mm, TAMNEE R 25 mm, 155 A R A% R <)
49 0.625 mm, F1 75 163 840 PEAIC, i F AL E
53k [31]AHIR], B R AR SE A, b HAEALE

XOXOOX
XONONPX
OXOXOX$

Fixed rigid plate

IFil 5 iz

(a) HEF AR (b) HlEHR

B3 REBIEREE

&

(a) BT 1T AS 2 He

x
ok

2

X

>
o

;’((0)(0)(
C

@
XXX
)‘(XO)’(OX
XOXOX

XY
§
S

55 T wem

£=0.3 £=0.5 £,=0.7
(b) ZBIEAN [

™
Il
<

o

B 4 Sk [31] SRR S A STE BRI M4 R T

y T EE, Vo= V,=VR.= VR,= VR,= 0(V; /R
i) BB, VR, RORGE i i i s (i = x, y,
2)); BE S IRIE AN Ry 0, WA A H o SR
BIEGE0, whdi s BT 1 /s 4 R T A
PR ST ABE 00N S 56 45 R e Ol . AT BR ool B
13380 % Ty Coy) =% SURNEAE (gy) T2, Horp
oy = Fo/ (bLy), Fy 2 thii BRI 42 fih [ 7, Ly Ry W55
PRI R SERE 5 &y = Ay/ Ly, Ay 855 IR R4 0 7%,
Ly ISR R G & R o INIE] 4a tha] EE 3, 1
ARG S A R — B AF . A, T 4b 7]
DL, P BRI i R o AR, BRI B W)
AR b T i R0 8 i DT, BE R R 4R B S#EA T, AR
TV 328 3 va) v (] DX 3R i S0 AT R T A A 45 2R
125 5 AT g 5 SR A8 S 2R S5 S 24

SVARA, A5 S A BROTRI A B R M A2
PSR A5 I, T — 20 T WX ASSH A4t ity
PERERY 73T
2.3 ABROCIRS IR

SR SHETBTUR LA R0 5 55 808, i e 3 A BIR
B R SF . NI, FET 4 RO A A9 A% RS, B
0.25. 0.50. 0.75. 1.50 mm, 4 #r & 2 FF 7~ By



+80- [EI= RN = o T AN S e

%38 %

ASSH 7£ 25 m/s thili sl B T 19 sh A MERE, BT Mg
RSF 0.5 mm B B RL (1] 5) o 5] 6a AR
() ory—ey M 2R, ] 6b U A 2 1 1) SEA-D It 5 it
b, Hod, 7B G EASHCN: Windows 10 &
4, i5-7300HQ CPU, 8 GB N77-. M IEFF AT A1, 24X
#6 RS ER 0.25, 0.50 mm I}, SEA-D ¥ T845E, B4
W % JsF R 0.50 mm B i 75 11 (Rl g0 . R
I, £56 25 it Bt [R] 5 0 FORS BE, J5 2k ¥k
0.50 mm Y A% R HEA AL

"\
-

-
-

\

\,

FET T Lol
R P B B A
BB
A
RRB
S5
\,
Lt

\,

@
TR &
#4.

’il
L if

\ """
ber o
et

(a) FEARATBRIT A% (b) MLTT A B oAb Ay

& 5 M4&R~TE 0.50 mm BB R T B 8

o, /MPa

(a) W 1128 Hh 2k

600

SEA-D B8 il

4450

4300

fFE] /min

4150

0.50 mm  0.75 mm
(b) SEA-D e i |55} ]

B 6 AREMERT TR R 4H SEA-D

3 ASSH finpditkeng g R 5ivHe

FET 2.1 WA BROTHLAY, H A FISE ASSH I
SSH 7E A 7] vl far 204 F A28 TR AR | R it Il
WP RN B AR TA M L EA T X Ay BT o X SSH 47
AR, B 9=37.5°, 4 HAH X % 1 Ap 5 ASSH
BAR TR (RO E 1a HE £=0.333 mm) , #48E A oAl L
Al Z500R 2.1 15,

3.1 BRI

F5E 2R BH, ok 0 2 M 0 3 1 DY o o AR
FFRm—AEESH, TR0 R B, 5 B A
TE 0 oo S B AR R 5 — I R Y o )
T — It S R I, e 4 R P N AR A T
FRAE s >0 oot R R T 5 — I 5 B I, S5 A A
ok it AL R R AR T AR, O ) A2 i A 4
Honig I Strong”™” & X T 45— S iz, B

Ecr O',(g)
= —d 8
v = [ 0 ®)

2 e FAIHRIGEAR R 306 B A B AE 5 0'(e) erm [
JI0—Br T 4%, B AR 8 B B A IO i
oty TR RS I, T 2 R A i 1Y
JRERAETEAG NI . AR T 1AL 1% 7 SR
HH e o R A LT f e o O B R R S e S
R AR R
20064

9
Apps ©

Ver2 =

3, o Ry W 5T ARG 1 5 A5 T IR T o

HRAE=(8) . K (9) FIK1F ASSH F1 SSH Y vy
3NN 5. 4 m/s, v, J3 R 37, 27 mis. #3E
B3 A s B, Bl v=2 m/s(v<v,, ) . v=25 m/s
(Ver1 <V<Vera, ) LA KL v=90 m/s(v>vg,,, i ) HEFT
3T, R 5T il U X ASSH K2 SSH 5l 25 Wi 7 14
AU

Pl 7 45 T PR S8 R AN [ oo S BE T 1 A8
A . I 7a ol LB W, EAGE M EH T,
ASSH F1 SSH 1 Je & A IKARIE, HASIE [Fat 3
Wl v A vy, o AR TR AN BT



WAL, S W T, AF OB STUR K UM SS ZE BT rh i PERER A FROT T -81-

W" e -+
s £
5025

6050

(a) v=2 m/s

£=0.55
(b) v=25m/s

£,=0.88 3
(c) v=90 m/s

7 ASSH #1 SSH EARR M iEE THETHER

R (1 T 2 125, 32 7 A 11 2 it B0 T i, v B A
Wit B A8 01T, S50 & A A A il B BE 1
PR A R U 4E . AL, SSHOH B T R 46 K B,
ISR 4l A e VA R A, SO AR
JZ2 BT MG A I 0 A S TR 1 2 i T 2 PR 3 1
SER [ — AR S5 . IAIED 7b s B, rpk
PR, PR R AR Y 1 2 AR ph i, IR
WY v BAS I A o 5 SSH AH H, ASSH A 4 )
TG AR /N, BEE FRAR LRSI N, V B i )
[ S v 2B R 36T 5 i AT 1) BT T B rp e 4, 4
)RR AR A, 2 B SOIAAS AL, . ANE] 7e R

2|, 259 37 w5 o ik B, R SE A v e A B Y
JRR A, B A 1 RIS L Bl TR 4R 3
i, S5 DA s it 2] [ 5 i & A T )2 R, 3K HR
¥ ek g o S0 G A e o r R4 R I A
g A B ] A TR ST 300 o Ak, 7 3 Fhst
T, e M RE S A B o, SR 3 SRS

HE— 20 A A AE AN [ oo BT AR 2544 1) 3
G R 1 -R A 2R (B 8) o Ay T P & g
7128 530, TR I ARG o T S A LU AR AR IE Oy
&, @A XN AR B s, e it
iF 25 S AL B B, ASSH (9 11 B 87 T SSH. 7

2.0

1.5+

05

0.2 0.4 0.6 0.8
&y
(b) v=25 m/s

ASSH
- - -SSH

(c) v=90 m/s

B 8 ASSH.SSH TEA[E M i & T B9 R 71— By 25 i 2



.82,

W B R FARBLERR

%38 %

VR B RN Y B S, SF A X
PRI JEL A D o, AT AR 3, I A B
A 2 EHTE]
3.2 ik

4E X (D) —XK(7), 15 5 SEA R 458, WL
K9, nLLE H, fEAS R B vpds T, ASSH Al
SSH 1Y SEA £k 22 AR/ N Sy it — 20 A 5 W 4 1Y
W REARPE, 36 1 B T SEA-D By BAREE . "L

W fig 713458 T SSH, H 76Kk i i L 35 f5c S B
o MR R BE Y B T AR R R e o RS A A
JITREARR, 3 T2 2 PR A I A5 S8 i Bl 5 4 T
SIS A8 T RIS 2 fig i
3.3 ghdsinatt

BIASIARS R L BRESFY A2 T 1) H e 7 2 54
HoE SChy:

V== (10)
» A% e v 8
B, AR b R S e R, ASSH Y SEA- Y
. cHL B A Y AN e A
D F SSH 43 31l & 24 26.09%. 7.34% F1 2.33%. A BN oy
IR, FEAS W] o 2 BE VR R, ASSH W Wi RE 5 &x = AX/Ly (11
1.0 15
— ASSH — ASSH SEA-D
-----SSH -----SSH )
0.81 SEA-D \
\D" ;
o Tof o
206 ] :
< SEA-D =
< 041 X
& & 05
02+
0 1 1 fR 1 0 1 1 ! i1
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
&, g
(a) v=2 m/s (b) vV=25 m/s
10
——ASSH SEA-D ——F
ol SSH 7
SEA-D .-/
2 6t :
2
< 4}
&
2 L
0 1 1 1 1
0.2 0.4 0.6 0.8
Sy
(c) v=90 m/s
9 AREIMEHIEET ASSH.SSH HJ SEA
£1 AEBEHEET ASSH.SSH BB LM ZF SEA-D
&a SEA-D /(kJ*kg ")
v/(mes ) SEA-DIHKZR %
ASSH SSH ASSH SSH
2 0.649 0.625 0.406 0.322 26.09
25 0.778 0.716 1.155 1.076 7.34
90 0.911 0.898 9.308 9.096 2.33




%24

WAL, S W T, AF OB STUR K UM SS ZE BT rh i PERER A FROT T -83.

o, B 1o T 4 50 B AU G 20 A PO X R 1 A
(iR Z MRYFIME . F% & 10 A07 By . Hha
i, AR AT R

E
Z (Ax+Ax)
=A

Ax=4 12
% - (12)

Forr, Axio Ax) 53 5 Sy e A T A0 X6 R T AL i R
i (i=A~E) BIRE i 5

Bl 11 M AEA R oh i B2 ASSH. SSH 1Y 5))
IS AEE R AS . A 11a, & 11c HfgnT LA
WS, PIFP S F7E vhif far 24E FH T B B0 h ik
170, BDEE B NPR A40 . 78 3 Fpopdi sl T, BiE
N1 AR T A 38 T, ASSH Ao ] [ 28 1 S B S48 K
JE /NS UERRARE BB R A AR R AR . D)
G, Bt ik R ARG N, ShASTA A L 0 45 XHE 2
TR, BV NPR SV 55 . HEAk, A 11 ik
FTLA H, e s i N ASSH Bl 2 IAR Futh 28
MU T SSH, 6] SSH Lt ASSH &2 3 57 W] I fiY

0 0.20

4015
0.10 «&

0.05

(a) v:2 m/s

D R e I X X I M XK
e sk e e L J L
e el ol
e e e ol e ol ok

dode e dofe e ol
el sk e le e e Lo
 fe o Ll Ll
R I M M M A Y X I M I

B 10 #EagitERER
NPR R, A ph 1534 5007 4 o 295 4 1 O 2 )
1) JRy AR , ek i BT 1) BT OR AN R A2 T R
B S (& 7o), PRI 9 5 1 30 250 P B R 8 X
BRI

4 RO

HI T Fe 3 1 AN [a] w8 X ASSH AT SSH
RERYSZ I, Sy it —25 430 ASSH T i P e,
518 M T LA 8O0 B 71 AR Ak i AR R SEA 1Y

0.20

40.10

—40.05

&
(b) v=25 m/s

0.10

—0.04 -

—0.08 -

-0.12

(c) v=90 m/s

B 11 AEHFHEET ASSH.SSH MIEhZSAfM Lt SH#Em M T



<84 [EI= RN = o T AN S e

438 %

A8
4.1 JE CHEIER

TERRFFE 1o h HAWSEA BT, SBfe
JRBEJEL ¢ 24 0.2, 0.3, 0.4 mm., [&] 12 A [] whfi
JEFRBE LT (R 10— AR it 2 SEA itk . ANHE
R, TR R gk B b, BEE ¢ (0BG, ) 2
W TS, FE SEA 5 ¢t B2IEAHG . BLAb, & 2
WA T ARIBEE R () SEA-D K HAREE, ol LIF

1.5 —
—=0.2 mm .o
- —=0.3 mm : |
---=0.4 mm
1.0F o
< o
g Y
p R
& Do
o /.
0.5} SN A !
/)
S
':'."\' A , -
N ~.-
0 1 1 1 1
0.2 0.4 0.6 0.8

g,
(a) v=2 /s B A 1S3 —hi A8

! ——=0.2 mm i

1611 _ . _ 03 mm {

Sl fffff =0.4 mm ;

1241 »j

] g

g | i
= ! f
< 8 {

(€) v=90 m/s B} (1 3 —Jii A%

the ZERE o R, BEE B3 INXT SEA-D B 520 i
S BH G, i  E ERE N, 25 S N .t
AL, A B iR JEE AT A R S A A b v R
4.2 JiLyCoR A e

HE—2 BTl M 0 a2, 3 B 6 R 10°,
15071 20°, X R (9 187 3 =1 28 F1 SEA 1 2 WL 13,
AR SEA-D W36 3. mT LIS B, e84 R4 i
b, BEE 6 (g, B h &I B 25 5. Hi# 3

1.0
——=0.2 mm
— - —=0.3 mm
081 . =04 mm
/
N S
2 06F P
2 S
< 04} o
4 RS
02} T
0 = 1 1 L :
0.2 0.4 0.6 0.8
g
(b) v=2 m/s I} 1) SE4
2.0 —
— =0.2 mm N |
— —=0.3 mm ;
,,,,, — S
156 =0.4 mm i
T:o o
o PR
= 10r DR .
< RN
& T
0.5} L
E
¢'/'
0 1 1 1 1
0.2 0.4 0.6 0.8
&,
(d) v=25 m/s iy SEA
10 .
— =0.2 mm 3
— - —=0.3 mm - 1
L =0.4 mm s
s
~ R
2 6t 7 ”
) L
< 4} P
P
2} L
i 7
0 1 1 1 1
0.2 0.4 0.6 0.8

(H) v=90 ms I SEA

B 12 FEMHEEFEEET ASSH BIRL /1-RI3ETF0 SEA gk ( D0 mRAITRIH SEA-D H )



BAE HE

T, A OB SRR L s S b Pk RE YA BROT o

%21 =%,
x2 AEEETH SE4A-D
, SEA-D /(kJokg ") SEA-DHEK R /%A% T = 0.2 mm)
v /s =0.2 mm =0.3 mm =0.4 mm =0.3 mm =0.4 mm
2 0.333 0.406 0.562 21.92 68.77
25 1.017 1.155 1.257 13.57 23.60
90 8.438 9.308 9.437 10.31 11.84

) SEA-D RO 0] DIE AR b5 R A
B3 %} SEA-D 19

=

Wi f5 oAy Sk 2, T S 3 3

1.0

0.8

o, MPa

2.0

1.5

1.0

o, MPa

o, /MPa

(e) v=90 m/s B} (R 3 — i A%

o

s

B
2

W) 3 T ek 55, L SEA-D 59 £ 5 17 R 6, R
SEA-D K N Af 18 KA N R . ] 9 Wt

o
‘ 1.5 ,
— 6=10° I — 6=10°
— - 6=15° | — .~ f=15° I:-
[ ---- 6=20° A ---- 6=20° I
: ~ 1.0} o
2 ’
. /','
E/ 70
= /.
& ost s
o
2.9 :
0 1 1 1 Pl
0.2 0.4 0.6 0.8
& &,
(a) v=2 m/s B} RN )~ AR (b) v=2 /s It Ay SEA
— 6=10° ' 30— !
. — - 6=15° ' — - 6=15° I
|- 0200 ! 250 a0 i
[ H | '
[ ' /
'f i il =~20f
I ! on /
i 1 4 S /
| K 0
Ef o I =) 1.5+ !
3: /! ,\‘ = “‘_,'
W 8 1o} <
"l\"\ LAV :"“'” 03¢ =
. . . 0 . . . P
0.4 0.6 0.8 0.2 0.4 0.6 0.8
& &
(c) v=25 m/s W] A48 )= A8 (d) v=25 m/s I SEA
10 -
I— 6=10° ‘ — 6=10° !
L |- - 6=15° — - 6=15° /'
|- 0=20° ! 8F ---- 6=20° ;
|
\ ‘ —~ 7
i 30 of /. .
I 2 S
= 4t e
L(;qJ -
2r =
0 1 1 1 1
0.2 0.4 0.6 0.8
€,

'y

(f) v=90 m/s i} ) SEA4

B 13 FEMHFEEFIAT ASSH BIRL /1-RI3ETF0 SEA gk ( D0 BRI SEA-D H )



<86 [EI= RN = o T AN S e %38 %

®3 AFESNATH SE4A-D

SEA-D /(kJkg ") SEA-DYSK R /%(FI% -0 = 10°)

v/(mes™)
0=10° 0=15° 0=20° 0=15° 0=20°
2 0.481 0.406 0.335 15.59 30.35
25 1.219 1.155 0.943 5.25 22.64
90 9.482 9.308 8.349 1.84 11.95

Y IR AA /N, NPR 240 #EH &2
5 & ®

Y TN W 53 25 44 (ASSH) W] A3 R G KL e
B3 4546 (SSH) PR R i £ 1 A7 7E By 77 A L 1 B v i
), A3 1 — SR S s 4 ), JF A A FROT %
5T T HAE vhi far 28 0E FH R B9 AT Bt b 1R
RE, HHR T A6 N o i 3 %) ASSH Al SSH
AT e RasE =L 2l A e iy B 1 I RE T Y R
wel, [ AT T S8, RGeS

1) ey SRS X e 83 AR TR AT A B B R
s o ARG el T, ] S B S & AR AR IR, Bl R
0B AR ] AR T, S S AR AR AR IR 5 rh s i
i T, s i e A SRR AR JEATT , T A% 326 3] 8 2 i
R T, AR )2 R, [ i JC W AR TR o

2) G5 TR AR B B, I )0 AR i 2k 34 S 2k
PEAE AL, Bl oh o 3 R s, it 4k it 3 s R

[ &% sk ]

2850 AR T V- B XN 7 Bl IN, iR T R
SR R 5

3) 5 SSHAH I, 7EA IRl 1y ik 3 B T, ASSH
PRI S e A RE o ZEARE . rh s R
s T, ASSH 1) SEA-D 435l Eb SSH 5 26.09% .
7.34% 1 2.33%. WAk, b s HORE (3G A0, BE &t
Welshie )12 B

4) 38 3 S50 B vT A Bl A O RE JE Y S,
SEA BRI K, MM S SEA 2 HAHG. i, &
U RE JE B NI T DA AR T i s A 1Y
RE RIS RE

ARG T ASSH bt b tEBE, A TAE
A Ay R e 8T 2 R Y R T R A AT AR — e i S
% o T WK R — A Sk e B A 2 R R ) R AT
18 AR AR Ak, I LS8 AH N A A B 45 14 F R A5
DAASE T 2 A O S i e WO e ) R A RS
FEERL N

(1] FBRE L5, G 25 B S B A BRI [7]. B B K2 (B ARER),2016,30(2):22-27.
(2] TAEJR RV, B Re AR ST SHER [7]. MR T#2,2016,44(7):119-128.

(3] ALz, 223830 B A BRI R B A5 BORDF ST HE R [7]. APRHT:1,2016,30(9):115-121.

(4] BE, sk X B 4G TR B 0 [J]. & MR E4R,2021,38(1):25-35.

(5] MR TRAG RIS T4 55, JCA RO AR SE R SR [J]. 75 182F42,2021,10(2):240-258.

(6] XUBEHH, X280, UL, WA B RMIF TR IR (7], MR /R I AR R 22441k,2022,43(9):1241-1251.

(7] 2538 5K 2 W 4, 5. MLMGE AR ST i 8 [0]. %l & @t RS T #E,2021,50(10):3786-3796.

(8] FEUTK B, 88,55, J1H @B B o3 R SR PR i F []. 12 30FR,2022,52(3):508-586.

(9] o3k, R4 AR XIITE 7. W 3 25 7 A b RL S Bt v MEBE ORI I 1 JRE (0], BB T2,2019,47(8):49-58.
[10] ek, S0 7 XIVEAR, S5, STAREE AT aCHATRE ) F1 2P T kIR [T]. F12F2%42,2022,54(1):1-38.

(1] T4 i 0. FOAM LGB BRI [J]. AU T34k, 2018,54(13):1-14.

(12] 1125, AL BHCR. SIEHA PR RIS HIRY AT ST RE (1], J12%%741,2019,51(3):656-87.



52 39 WAL, S W T, AF OB STUR K UM SS ZE BT rh i PERER A FROT T -87-

[13] THEOCARIS P S,STAVROULAKIS G E,PANAGIOTOPOULOS P D. Negative Poisson’s ratios in composites with star-shaped
inclusions:a numerical homogenization approach [J]. Archive of applied mechanics,1997,67(4):274-286.

[14] SIGMUND O,TORQUATO S. Composites with extremal thermal expansion coefficients [J]. Applied physics letters,1996,69(21):
3203-3205.

[15] ATL,GAO X L. Three-dimensional metamaterials with a negative Poisson’s ratio and a non-positive coefficient of thermal expansion
[J]. International journal of mechanical sciences,2018,135:101-113.

[16] XU N,LIU H T. A novel 3-D structure with tunable Poisson’s ratio and adjustable thermal expansion [J]. Composites communications,
2020,22:100431.

[17] LIU H T.XU N,WANG Y B.et al. Three-dimensional enhanced star-shaped honeycombs with negative thermal expansion [J].
Composite structures,2022,279:114772.

[18] DOS REIS F,GANGHOFFER J F. Equivalent mechanical properties of auxetic lattices from discrete homogenization [J].
Computational materials science,2012,51(1):314-321.

(191 BEHFM, HEAREE, AN, —Fh I MBS 2540 1T N S8 A VERE R TS5 15 (9], I 0 2927:41%,2022,39(5):922-931.

[20] o ST, BT iR M e as 25 A A T P 3l 1 R RRPERIT ST [J]. R8N #hil;,2017,36(23):223-231.

(211 WP, RS, SRAR . 2R G R AR 25 A TR il PEREWDEST [J]. MK 10, 2019,39(6):124-135.

(22] @kapk. BIEGGRKA ELZS P sh R RERTST [D]. BDLEDUE T R2,2019.

(23] SRAL, miA AR AL ARG, 55 TR L S I A LU 8 R T P e S AS A A 0], DU TR 2244 Gl 5 TARR),2020,44(5):
886-891.

[24] LU H,WANG X,CHEN T. In-plane dynamics crushing of a combined auxetic honeycomb with negative Poisson’s ratio and enhanced
energy absorption [J]. Thin-walled structures,2021,160:107366.

[25] WEI L L,ZHAO X,YU Q,et al. Quasi-static axial compressive properties and energy absorption of star-triangular auxetic honeycomb
[J]. Composite structures,2021,267:116850.

[26] WEI L L,ZHAO X,YU Q,et al. A novel star auxetic honeycomb with enhanced in-plane crushing strength [J]. Thin-walled structures,
2020,149:106623.

[27] LIN H B,LIU H T,AN M R. In-plane dynamic impact behaviors of a self-similar concentric star honeycomb with negative Poisson’s
ratio [J]. Materials today communications,2022,33:104474.

(28] 5KF-3C. WIS SRR LIS 45 A0 (Y 2 R RERIT AT [D]. A R A LB R 2%,2021.

[29] LT X,GAO L,ZHOU W.et al. Novel 2D metamaterials with negative Poisson’s ratio and negative thermal expansion [J]. Extreme
mechanics letters,2019,30:100498.

[30] LIU H T,WANG L. Design 3D improved star-shaped honeycomb with different tip angles from 2D analytical star-shaped model [J].
Composite structures,2022,283:115154.

[31] LI X L,LI Z Z,GUO Z Y,et al. A novel star-shaped honeycomb with enhanced energy absorption [J]. Composite structures,2023,309:
116716.

[32] JIN Y T,QIE Y H,LI N N,et al. Study on elastic mechanical properties of novel 2D negative Poisson’s ratio structure:re-entrant
hexagon nested with star-shaped structure [J]. Composite structures,2022,301:106065.

[33] WANG H,LU Z X,YANG Z Y,et al. In-plane dynamic crushing behaviors of a novel auxetic honeycomb with two plateau stress
regions [J]. International journal of mechanical sciences,2019,151:746-759.

[34] AN M R,WANG L,LIU H T,et al. In-plane crushing response of a novel bidirectional re-entrant honeycomb with two plateau stress
regions [J]. Thin-walled structures,2022,170:108530.

[35] ZHANG Z Y,LI J,LIU H T,et al. Novel 2D arc-star-shaped structure with tunable Poisson’s ratio and its 3D condigurations [J].

Materials today communications,2022,30:103016.



88 [EI= RN = o T AN S e %38 %

[36] ZHANG X C,AN L Q,DING H M,et al. The influence of cell micro-structure on the in-plane dynamic crushing of honeycombs with
negative Poisson’s ratio [J]. Journal of sandwich structures and materials,2015,17(1):26-55.

[37] INGROLE A,HAO A,LIANG R. Design and modeling of auxetic and hybrid honeycomb structures for in-plane property enhancement
[J]. Materials & design,2017,117:72-83.

[38] QIAO J X,CHEN C Q. Analyses on the in-plane impact resistance of auxetic double arrowhead honeycombs [J]. Journal of applied
mechanics,2015,82(5):051007.

[39] HGNIG A,STRONG W J. In-plane dynamic crushing of honeycomb. Part I:crush band initiation and wave trapping [J]. International
journal of mechanical science,2002,44:1665-1696.

[40] ZOU Z,REID S R,TAN P J,et al. Dynamic crushing of honeycombs and features of shock fronts [J]. International journal of impact
engineering,2009,36(1):165-176.

n
n
n
n
n
n
n
n
n
n
n
n
n
n
n
n

(3% 60 7D

[5] BOCCARDO L,ORSINA L. Existence results for Dirichlet problems in L' via minty’s lemma [J]. Applicable analysis,2000,76:309-
317.

[6] ARCOYA D,BOCCARDO L. Regularizing effect of the interplay between coefficients in some elliptic equations [J]. Journal of
functional analysis,2015,268(5):1153-1166.

[7] ARCOYA D,BOCCARDO L. Regularizing effect of L? interplay between coefficients in some elliptic equations [J]. Journal de
mathématiques pures et appliquées,2018,111(9):106-125.

[8] ARCOYA D,BOCCARDO L,ORSINA L. Regularizing effect of the interplay between coefficients in some nonlinear Dirichlet
problems with distributional data [J]. Annali di matematica pura ed applicata,2020,199(5):1909-1921.

[9] BUCCHERI S. Some nonlinear elliptic problems with L' (Q) coefficients [J]. Nonlinear analysis,2018,177:135-152.

[10] MORENO-MERIDA L,PORZIO M M. Existence and asymptotic behavior of a parabolic equation with L' data [J]. Asymptotic
analysis,2020,118(3):143-159.

[11] OLIVA F. Regularizing effect of absorption terms in singular problems [J]. Journal of mathematical analysis and applications,2019,

472(1):1136-1166.



	引　言
	1 胞元模型及耐撞性指标
	1.1 胞元几何模型
	1.2 耐撞性指标

	2 有限元模型与验证
	2.1 有限元模型
	2.2 模型验证
	2.3 有限元网格选取

	3 ASSH抗冲击性能的结果与讨论
	3.1 变形模式
	3.2 能量吸收
	3.3 动态泊松比

	4 参数分析
	4.1 胞元壁厚的影响
	4.2 胞元弧角的影响

	5 结　论
	参考文献

