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Table 1 Material parameter

W MR MR 3
R - A B
(g+em ?)  (GPa) (MPa)
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A 4 8.93 138 0.34 90
1010 44 7.845 207 0. 27 207
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Fig. 3 Boundary condition and loading condition
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Fig. 9 Nominal stress-strain and energy absorption per unit mass of gradient honeycomb structure at different velocities



« 102 -

W g 22 4l

2025 42 46 &

e RNAZIE A2 0 X 3 LA - A 0% )2 T 1t

(3) S7AP 2 UM Ak 36 5 2 A 14 1 13 0 o I i
1 It A2 38 6 48 o 395 A o S 2 X 4 A ) 78 T A
G AR KR M. Bl ool 3 52 003 o 254 11 7
TE R R0HE 5y 8 A AR T 38 1) Jg w8 A TR B AR L 46
4 BT s L A3 3% AN .

() R I ety 3o B2 I £ 288 A6 /) 6 JEE LA
b 3 2 KA 1) R i W AL B K 45 ) 1) TS 98 P
AR T o et £ JBE BT S FOAC R R A B AR

&% ik

(1] FHEZE, . 0. GRSt bR 58 L]
P TR 244 . 2018,54 (13): 1-14. (YuJ J, Xie Y,
Pei X. State-of-art of metamaterials with negative
Poisson’s ratio[ J]. Journal of Mechanical Engineer-
ing, 2018, 54 (13): 1-14. (in Chinese))

(2] fE&. Sk E. WCR. Ak Lois R g5 0 oo
HERELT]. J1%e2#4, 2019, 51(3): 656-689. (Ren X,
Zhang X Y, Xie Y M. Research progress in auxetic
materials and structures[J]. Chinese Journal of The-
oretical and Applied Mechanics, 2019, 51(3): 656-
687. (in Chinese))

(3] sk, wfh, 2280, & GO LM R OF 50 3
(J]. ¥ 4> 7l 4fe, 2003(6): 48-57. (Shi W, Yang
W, Li Z M, et al. Advances in negative Poisson’ s
ratio materials[ J]. Chinese Polymer Bulletin, 2003
(6): 48-57. (in Chinese))

[4] Lakes R'S. Foam structures with a negative Poisson’
sratio[ J]. Science, 1987, 235(4792): 1038-1040.

[5] Gibson L J, Ashby M F. The mechanics of two-di-
mensional cellularmaterials [ J]. Proceedings of the
Royal Society of London, 1982, 382(1782): 43-59.

[6] Qiao P, Wang J. Mechanics of composites sinusoidal
honeycomb cores[ J]. Jouranl of Aerospace Engineer-
ing, 2005, 18(1): 42-50.

7] A52%, EX. BikT. % BAS LM 451 10 T
MBS EBT AL E6 8 B2, 2019, 36(8):
1893-1900. (Lu Z X, Wang H, Yang Z Y, et al. In-
plane dynamic crushing of star-arrowhead honeycomb
structure [ ] ].

2019, 36(8): 1893-1900. (in Chinese))

Acta Materiae Compositae Sinica,

(8]

[9]

(10]

[11]

[12]

[13]

[14]

[15]

BB, ARUR, AR, SE. PN IS T e AN A 1 T
WA EB RN R LI ka5, 2021, 40
(4): 261-269. (Wei L L, Yu Q, Zhao X, et al. Re-
search on the in-plane dynamic collapse performance
of concave backhand honeycomb structures[J]. Jour-
nal of Vibration and Shock, 221, 40(4): 261-269. (in
Chinese))

FBE, 0. X R (U1 S5 B LA ) A AT O B
0T, HUBEREE , 2020, 42(4): 896-900. (Wang L,
Liu H T. Study on tensile mechanical behavior of X-
type re-entrant honeycomb structure[ J]. Journal of
Mechanical Strength, 2020, 42(4): 896-900. (in Chi-
nese))

Zhao C F, Zhou Z T, Liu X X, et al. The in-plane
stretching and compression mechanics of negative
Poisson’ s ratio structures: Concave hexagon, star
shape, and their combination[ J]. Journal of Alloys
and Compounds, 2020, 859(2) . 157840.

Fefl, B, ¥4, FAET B 5 S8 0 il
FALLAL AR A LT D, B2 @ 4Rk, 2016 (13): 1421-
1427. (Jiang W, Ma H, Wang J, et al. Mechanical
metamaterial with negative Poisson’s ratio based on
circular honeycomb core[J]. Chinese Science Bulle-
tin, 2016(13);: 1421-1427. (in Chinese))

TS, H R4, GRS LT ARSI A i PN I 06 e 4
teg gtk fe )] AP E P T/, 2019, 30(17):
2135-2141. (Shen ] B, Xiao J] H. Mechanical proper-
ties of negative poisson’s ratio honeycomb structure
with variable angular concave sides[J]. China Me-
chanical Engineering, 2019, 30(17): 2135-2141. (in
Chinese))

T, MR, T3IF. I P Va0 A A L 2
e Re Ll ). A MR i, 2022, 39(7):
3576-3586. (You Z H, Xiao ] H, Wang M F. Me-
chanical properties of concave honeycomb structure
with negative Poisson’ s ratio [ J ]. Acta Materiae
Compositae Sinica, 2022, 39(7): 3576-3586. (in Chi-
nese))

Wang K, Chang Y H, Chen Y W, et al. Designable
dual-material auxetic metamaterials using three-di-
mensional printing[J]. Materials & Design, 2015,
67 159-164.

Li D, Ma J, Dong L, et al. A bi-material structure



%13

TTRA A BB XURE R ST A LE 34 55 495 4 1) TED A 048 e o 20 5 W RE T .

103 -

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

with Poisson’s ratio tunable from positive to negative
via temperature control[ J]. Materials Letters, 2016,

181 285-288.

B35, BT, FImAE. XUMORH A L 45 K Y T
Wk gl g RE LT ], AR 2 R (2 MR
2021, 51(1): 114-121. (Ma F W, Liang H'Y, Wang
Q. et al. In-plane impact dynamic performance of du-
al material negative Poisson’ s ratio structure[ ] ].
Journal of Jilin University (Engineering and Technol-
ogy Edition), 2021, 51(1): 114-121. (in Chinese))
He X B, Yu]J J, Xie Y. Bi-material re-entrant trian-
gle cellular structures incorporating tailorable thermal
expansion and tunable Poisson’s ratio[ J]. Journal of
Mechanisms and Robotics, 2019, 11(6): 061003.
Jiang F, Yang S, Qi C. Two plateau characteristics of
re-entrantauxetic honeycomb along concave direction[ J].
Thin-Walled Structures, 2022, 179. 109665.

Lim T C. Functionally graded beam for attaining
Poisson-curving[ ] ]. Journal of Materials Science Let-
ters, 2002, 21 1899-1901.

Li S, Li X, Wang Z. et al. Finite element analysis of
sandwich panels with stepwise graded aluminum hon-
eycomb cores under blast loading [ J]. Composites
Part A. 2016, 80. 1-12.

Xiao D B, Dong Z C, Li Y, et al. Compression be-
havior of the graded metallic auxetic reentrant honey-
comb: experiment and finite element analysis [J].
Materials Science & Engineering A, 2019, 758(6):

163-171.

Zhang J, Dong B, Zhang W. Dynamic crushing of
gradientauxetic honeycombs[ J]. Journal of Vibration
Engineering &. Technologies, 2021, 9(3) . 421-431.
Xu Y C, Shi W, Liu M J. Dual-gradient structure of
natural cellular materials for the design of auxetic
metamaterials[ J|. Science China Materials, 2023, 66
(8): 3022-3025.

Zhang W, Ma Z D, Hu P. Mechanical properties of
cellular vehicle body structure with negative Poisson’
s ratio and enhanced strength[J]. Journal of Rein-
forced Plastics 2014, 33 (4):
342-349.

Zhang P W, Wang Z H, Zhao L. M. Dynamic crush-

and Composites,

ing behavior of open-cell aluminum foam with nega-

[26]

[27]

(28]

[29]

[30]

[31]

[32]

tive Poisson’s ratio[ J]. Applied Physics A, 2017,
123(5) . 321.

Zhao Y, Zhang Q, Li Y W, et al. Theoretical, emu-
lation and experimental analysis on auxetic re-entrant
octagonal honeycombs and its applications on pedes-
trian protection of engine hood[]J]. Composite Struc-
tures, 2021 260. 113534.

Wei L L, Zhao X, Yu Q, et al. Quasi-static axial
compressive properties and energy absorption of star-
triangular auxetic honeycomb[ J]. Composite Struc-
ture, 2021, 267, 113850.

BO5R, BT, BE. & MAE TN AN =M
FAFA LA R TP vht 2 g 2 vk Re LT ). k3h 5 ok
i, 2020, 39(4): 81-87. (Ma F W, Liang H Y,
Zhao Y, et al. In-plane dynamic crushing of concave
triangles materials with negative poisson’s ratio un-
der inclined load[J]. Journal of Vibration and Shock,
2020, 39(4): 81-87. (in Chinese))

XU B, B0, A NUIm A RS P I 0 By
S5 Y T AR e MR RE BT S LT ], Bk 5 b
2021, 40 (23): 159-165. (Liu H'T, An M R, Wang
L, et al. In plane oblique impact performance of con-
cave honeycomb structure with bidirectional angular
gradient[J]. Journal of Vibration and Shock, 2021,
40 (23): 159-165. (in Chinese))

FPR, AR, BRI, S A AR g R 266
B-a B - IRIR R E RS R IR LT ]. ZaH
Bl 4R, 2023, 40 (11): 6450-6461. (Wang Z, Mei
X, Cao X A, et al. Crushing energy absorption
mechanisms of the composite-metal-foam hybrid tubes
under axial and oblique loads [J]. Acta Materiae
Compositae Sinica, 2023, 40 (11). 6450-6461. (in
Chinese))

Tz, WA, SR BRSO Rt P9 M I R L
LG S EE R BT R[] ]. LRSI, 2024, 7
k&% (Wan W J, Xiao ] H, Guo Z X. Mechanical
properties of arc concave multicell structures of bima-
terials with negative Poisson’s ratio[ J]. Engineering
Mechanics. Online publication. (in Chinese))

FARE . BEFE . WA, . A RoTa iR MRS
BFE MM dext: FLBR Tk ik . 2021, (Xin C
L, XueZ Q. Tul]J, et al. Handbook of Common Ma-

terial Parameters for Finite Element Analysis[ M.



+ 104 - IE A Sy 2 2 4R 2025 4R 46 %

Beijing: China Machine Press, 2021. (in Chinese)) [34] JLEEIp, HERME, Ba, F. GUANS E il Py Mg s

[33] SCHEMK. FLAFIE. FOUEE, 5. IR AR 2 S5 T PN e Sl O BCE RS LT s E AL L
ity A 2 B AR LA LT PR3h S b i, i, 2020, 31(16): 1998-2004. (Shen ] B, Xiao ] H,
2015, 34(5);: 115-121. (Wen G L, Kong X Z, Yin H Liang Xi, et al. Numerical study on in-plane impact
F, et al. Multi-objective crashworthiness optimization dynamics of negative Poisson’ s ratio honeycomb
design of foam-filled sandwich wall multi-cell struc- structures with curved concave sides[ J]. China Me-
tures[ J]. Journal of Vibration and Shock, 2015, 34 chanical Engineering, 2020, 31(6): 1998-2004. (in
(5): 115-121. (in Chinese)) Chinese))

In-Plane Oblique Loading Impact Failure and Energy Absorption of Gradient

Bimaterial Honeycomb Structures with Negative Poisson’s Ratios

Wuju Wan'*? Junhua Xiao'* Zhixi Guo®
(! Department of Engineering Mechanics ,Yanshan University , Qinhuangdao, 066004)
(* Hebei Key Laboratory of Mechanical Reliability for Heavy Equipments and Large Structures ,
Yanshan University, Qinhuangdao, 066004)

(* Department o f Engineering Mechanics, Hohai University . Nanjing, 211100)

Abstract Materials with negative Poisson’s ratios, as typical mechanical metamaterials, exhibit in-
dentation resistance when impacted, significantly enhancing their impact resistance while remaining light-
weight and capable of high energy absorption. Previous research primarily focused on the mechanical prop-

erties of honeycomb structures under forward impacts, with limited studies on the dynamic response of

multi-cell structures with negative Poisson’s ratios—particularly those made of double material cells—un-
der inclined loads. However, structural failures from inclined load impacts are unavoidable in engineering
practice. This study integrates gradient design in multicellular structures with inclined load impacts to ana-
lyze energy absorption and crushing deformation modes of structures. We propose a gradient bimaterial
negative Poisson’s ratio honeycomb structure featuring a curved edge concave bimaterial cell. By changing
the materials of the transverse and longitudinal curved bars, we design four types of material gradient hon-
eycomb structures: positive gradient, negative gradient, symmetrical positive gradient, and symmetrical
negative gradient. Using numerical methods, we examine the dynamic behavior of each gradient structure
under in-plane oblique impact loading. It is found that the honeycomb structure with a negative gradient
bimaterial arrangement performs best in energy absorption during oblique impacts. We detail the deforma-
tion mode, nominal stress-strain curve, and energy absorption of the negative gradient structure at differ-
ent impact velocities and impact oblique angles. Results indicate that both impact velocity and impact ob-
lique angle significantly affect energy absorption. Regardless of speed, the smaller the impact oblique an-
gle, the better the energy absorption of the honeycomb structure, meaning crashworthiness decreases as
the impact oblique angle increases.

Key words negative Poisson’s ratio, bimaterial cell, gradient structure, failure deformation mode,

energy absorption, oblique loading





