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Abstract: Based on the negative Poisson’s ratio effect of the re-entrant honeycomb, the finite element simulation of its
buckling mechanical properties was carried out, and 2 buckling modes other than those of the traditional hexagonal
honeycomb structures were obtained. The beam-column theory was applied to analyze the buckling strength and mechanism
of the 2 buckling modes, where the equilibrium equations including the beam end bending moments and rotation angles
were established. The stability equation was built through application of the buckling critical condition, and then the
analytical expression of the buckling strength was obtained. The re-entrant honeycomb specimen was printed with the

additive manufacturing technology, and its buckling performance was verified by experiments. The results show that, the
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buckling modes vary significantly under different biaxial loading conditions; the re-entrant honeycomb would buckle under
biaxial tension due to the auxetic effect, being quite different from the traditional honeycomb structure; the typical buckling
bifurcation phenomenon emerges in the analysis of the buckling failure surfaces under biaxial stress states. This research
provides a significant guide for the study on the failure of re-entrant honeycomb structures due to instability, and the active

application of this instability to achieve special mechanical properties.

Key words: re-entrant honeycomb; buckling mode; negative Poisson’s ratio

=

Wy 2 RN () Z2 FL A RE, 3X AP RE LT 1T PN BT ) — HEHES AN A e A T HE S 0 RIS o A R
FIE. . BALREURE B34 T 1 P IO 2405 235 A i A5 e 5 R 0 T AR e EL A Ty P LB S5 AR I %) R X 285 B, X 3 3
R ) U D R R L e R AT PR Y AR N R T LA i 2 b e s R R A A RS D PR R BRI, A PRI
T AOTIOU 285 A o e o BLAT — BB 2544 Jm M, L N4 Poisson b, S IK™, S W ER) 45, 3 Bk At b i YR
TS AR A SOOI T LA R, T AN JZ A8 1S 06 3 1) SR A L ) UK A% B0 1E 7S 3 TR 068 3 540 1 T TR M BE R 48R
[MITE M BE, AT LAFS2IAHN 167 Poisson HUAEME, BVESHLETK I F R G 1) AR 1) XL pa) B2 ifii 26 & 4/ R k1)
A ) 0Ll . LAl A B 53 25 AR A FE B VOB TS RLEIE ST M oa A, e VA dens S5 R VR Ry e BT
PR R L MU R IR BT, A2 B T2 B OQUE . UFE Y R 22 2 3 T M1 A W g SR A Y W B 0 2247 oR, R
AR5 w0 gheEt Sl D) R e U QG . A Hou SEU BIFFE T MR 7S 0 663 1 S e AR
P, g e s A0 L, M 7S 208 16 s HAT B 5y A WG R 0. T AR B VEd S R i 1y 2 VE TS, M6 63 45 4 1) i
B 23 e A T R DT e 2 AR .

CA T R, W58 25 A0 e TR AR 2 A/ R 2 A T il R, JEAS R A —Fh S5 P Sl (0 A1 . e sT 445
) (R RO AN R S AR Ay — 8 i ) SO Pk 35 4 UL 1 S MR R IR 7 YA C &) 2 R, LEan 1k | A4k . 75
FREE LA RO AR5 Bertoldi 55" #8578 T 2 Mu 4544 i F 3 S 2T 7= 4= £ Poisson FLAIUN AYHLEE. Yang
SEU R Z2 Ma 25 A i Je i B o8 T — U it B0sh s F T RIVEEARPIL AR N el e mT T, X i s 4 R 1) R R o3BT
IR [ e K o G s 8 ) JEE BT 2+ 23 W B2 1)L Jiménez A1 Triantafyllidis"” #5971 A8 E A IE 7S 1 B
3l 1) 4 R 1) YD 2E B far AR R T A0 S it & 3 A v R T 28 25 28, Combescure %51 i
LT VENIEGE T A B A2 (R 6% 1) AR AR X R RS e M SR 5 SR E R B /e F o T 5 8
HHEAG 5 FL 4 2504 0 J i A7, W9 % B SCZR FL A% JLART 285, W B FLA5 #0) 1 Jet il B B =2 & A= B 4. Peng
SRR AR Sy e T 2 U1 £ 06 53 e S A 4 T A 5T, A5 IR AEAR R 2R T, 191 A e e e J2 M Ay et i 2
KFALG 55 I 2. Gavazzoni S FEF ARV LA EZM: DA K il i S 2 [ R A VR, P98 T i
ZERE R TR AN E P ARG ERIR N SR 1T, /0 WAL X7 Poisson WA 14 55 235 44 T PN A S 122 PR RE ORI FR A

ARSCRGEMEGE T 1WA 04 3 0 1T PN R, 2656 11 v, ST 1 T A 0 g A A B OSSR, o) [0 o A %
WhR4E N R AT T T BUEAL. DL A, FESS 2 5 S T M 0 e 1 A [ e A S Y Je
S AT 2, $8 s 1M A e e N ] LS i = A LB BE S, 7E55 3 1 HRal ad SE 6, X DA BB B B S
SINTEE R T T IRIE.

1 AT

FHA FRITA AT ABAQUS X M1 £ 84t 5 22 WL 3 B4 Je o AT ASEALL. S 57 AT BR TR B A /K - 5 1) L
BOE 5 MR, TR By BRCE 7 MIIT, R MR AR S AR A SRR PR, S B 1230 ke/m’
SRR LR 35 MPa, Poisson H 0.45. 45 FROTAS AU S = AE7e 254, Sy T FSR 1M e 3 1 P PR, PRI ASE A
R TET ML A% AR . FA) 3t P = 24 M1y e o S R0 BE 1 T AU I 200 U RT 110, Z T LA TR se 4544, Ak
FATCAERAUMR e ST A I 75 5 T2 8T 1 B B IS TSR 28 2R, Jr LAAS SCHE 1A T (M1 968 3 18 PN AT 1A BROT AR
PR FH 7 B0 AU B AT T 7K P M B R T 7K P B 75 ) ) e A T 4 P, A TR JE ) — 1



14 A 55 I Q=S| B = 2023 4 5f 44 %

A T R 2 R BIR S LS S R 2 (S B P 1 (37 8% 7R R THUR ) 4 — 39 B B30 B 2 PR BR i A B T
TR LA A LR, AN 1 B7s. 9 1 i (i, KP4 ToKF MU BE AR BT 7K-F UBE Y7 1] 70 31 5
x5 8 Ay J5 [l X = o/ (EG/LY)YRY = oy /(E(1/ 1)) 53 53R 7R W 36 x 07 6] MLy J5 1] B0 1 R EL. X = 0,Y = 136
IR Y7 SRR AR, X = 1,Y = 0/ 1T 7 ) (14 5l 46

(b)

B M A BROTBIR A A A () Wi 07 W ERRS IRAR I A A5 (b) HEy Or I 25 R AR i s 41

Fig. 1 The finite element model and boundary conditions for the re-entrant honeycomb: (a) boundary conditions for the quasi-static compression along the x

direction; (b) boundary conditions for the quasi-static compression along the y direction
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Fig. 2 Convergence calculation results
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Fig. 3 The 1st 10 buckling modes of the re-entrant honeycomb under uniaxial loading: (a) uniaxial compression along the y direction;

(b) uniaxial compression along the x direction
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Fig. 4 The Ist buckling modes of the re-entrant honeycomb: (a) buckling mode I obtained under quasi-static compression along the x direction;

0

(b) buckling mode Il obtained under quasi-static compression along the y direction
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Fig. 5 Buckling modes of the re-entrant honeycomb with different numbers of unit cells: (a) the 3x4 configuration under uniaxial compression in the y
direction; (b) the 3x4 configuration under uniaxial compression in the x direction; (c) the 7x10 configuration under uniaxial compression in the y

direction; (d) the 7x10 configuration under uniaxial compression in the x direction
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Fig. 6 Buckling strengths of the re-entrant honeycomb with different numbers of unit cells
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Fig. 8 The re-entrant honeycomb structure under a general macroscopic stress state: (a) the geometric structure and the stress state of the re-entrant

honeycomb; (b) the geometric structure and the stress state of the unit cell
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Fig. 12 Comparison of experimental and numerical results of re-entrant honeycombs under uniaxial compression along the x and y direction

3.2 IGERINIFICIR HEMARAITLL

B 12(a) JB/R T M1 A e 63 S8 WA 70 HE RS TR 40 451 T RO AE TR 0. $RER 208 45 TR v 111 £ e 5 58 4 e i A8 T2
PRSI 2 15 TP BRITRTELAY i iR HEA TX EL, & 30IM1 ) 0 o 235 40 1 A i o 8 T A5 R P e gty A
TR AE S0 A PR IOl PR i B A — 20, QiR 12(b) i, S50 45 5 3 B TV #f 06 8 Vi 2 Xy [] PR e
aie, J AR TR R I I S 1, M y 5 ol St i i, Je i A8 RCS R I i B 1T, X 53e
T i 25 R — 2.

ML 13 Hn] DUE B, SCRAEAR 3 30 AR 52 15 2 0 1) ity 7 1) B9 S i 4, 76 1 A2 31 0.039 B, YR 7 ] e
AN 7 -1 A S R R AL () SR B B Y R T 65 B B, BRI s i A e AR TR 5 Ty 7 1) He 4 7
J7-I7 7 M2 iy S B BEAE IV AR 2] 0.044 B A S5 A AR PRI - AR 4k, T LAER I TE K A I ih s, Wy 7 1)



22 VA S G L 2023 4F 5 44

i 04 il 22 HH BT 001 o, Bt S SR BT 65 O 2R . HLATAE y 7 10 R4 681 15 107 1 W 8 s 31 36 X0 1ol J R 40 1)
13 10 7, AR U A S Ty T 1) 4 P R R T A a7 i P JEE P R, X S PR 11 A AR — B R I
- I 748 i 2 DI i Be 2 SRCaod 98 DA AR - 3 B B )30k 8 017 3 8P S AR g St Rz, IS5 (R B S
FEAT R A S 8 B AT XS LE, a0 1 R, SRR WA T A S it 5 BE 5 S BB T A B A i it o B2
FAAE—E TR ZE, BIEA R MR T SC 0 BB FE O 25 L. 3302 N B I 2 LA M A 86 g B R 52 AR 9
I FPARZS AR, RIVET 8 i/ i) — B AR, FREIX b — e ARZS SR B I A2 i) 4 v f 280 (RIVAT 8(b)
R P, W, F), DL AR 22 30 (5) F(9) AR S0 LIS F 1M1 A 36 83 BT 7R 52 ) ) R 4 20 1 2K,
ool 745 552 36 A0 R ELATE 45 2 ) St i 17 7 (LS BRI 0 M A5 B B4 B T (B A7 AR DR 22 R, 38 ml LAFE 1) S 56 A
WA T FEAT B0 A i i 07 (B AR AU INER 22, 332 D S BEC{ELAIE 5 8 IR o 111 e T &1 % 149 240 SR T 3
2.

8 T T
<
=W
2
S~
) 4+ -
A
g
12}
L __ uniaxial compression
along the y direction
0.039 0.044  uniaxial compression
along the x direction
0 /1 1
0 0.05 . 0.10 0.15
strain ¢

B 13 [ e A x5 [ Ly 7 [ At P4 1) -1 A i

Fig. 13 Stress-strain curves of the re-entrant honeycomb in uniaxial compression along the x and y directions
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Table 1 Comparison of buckling strengths of re-entrant honeycombs obtained from experimental, numerical and theoretical studies

experiment simulation theo error between error between
P "y simulation and experiment theory and experiment
uniaxial compression along 3.114 8 kPa 3.1628kPa  2.8395kPa 1.51% 8.83%
the x direction (mode I)
uniaxial compression along 62795kPa  63262kPa 5903 2kPa 0.74% 5.99%

the y direction (mode 1I)

4 4 ik

3 AT RO EL 3 A B T T 3 A 2 R RS A e e b A28, O T R Pl it A 2 )
iR 2 AR 7 A O AILBE, AR SCR FH BRAE BRIE X H AT 1 BRI 0B AR SR 5 RE ROV G 28 1 N7 A &5 AT 3 25
RIS £ 9 07 R 2L, R T il 5 2 PR A AR 2 D7 R, R T A 30 S ot 5 Pt M 5L R RIS A i AR
FTER M ff s a0, R0 HUJE PR REREA TS S S0 E. K BEIS A5 S0 AT FROTAS SR BEA T X L 2B, 45 2R %
W], e 3 RIS AR A, 23S AR A T e s A o e S, B0 RS T RV RS T 50U 0 g v x5 )
BBy e S AL, Bllor, > oy, MRS D0 S0 A S pAREAS 1. 25 XU S A7 vy T 1) B BT e
WP, Rllor, < ory, [MIAR 8885 DI S0 7 20 i AR TL. M1 A e e B AN ) 77— e g ) [T A J LA Ak, DT 7 2
T 11 Poisson HUAUN s I HLIX AR 1 Poisson HUASUN 15 M1 £y 86 55 7 DURIRL A B9 B R AS T MCOR 22 K A i it 72
o, MARGEIE/S I 3 AN 23 B R B G AR SCHRE H A 141 A7 86 o v o ot A S O E D7 P (8) A (12), g



551 3] JEIHE AT, A — R WUNE SRS 114 e B3 S5 A4 ) S il P RE A 23

G T I A 5 R RS T AR IS, 114 1 AT 4 B 1T g6 5 4 B 59
BRI BFSE AT 0 SR L

S %3k ( References )

[1] QUAN C, HAN B, HOU Z, et al. 3D printed continuous fiber reinforced composite auxetic honeycomb struc-
tures[J]. Composites (Part B): Engineering, 2020, 187: 107858.

[2] SON M A, CHAE K W, KIM J S, et al. Structural origin of negative thermal expansion of cordierite honeycomb
ceramics and crystal phase evolution with sintering temperature[J]. Journal of the European Ceramic Society,
2019, 39(7): 2484-2492.

[3] TAO R, JIL, L1Y, et al. 4D printed origami metamaterials with tunable compression twist behavior and stress-
strain curves[J]. Composites (Part B): Engineering, 2020, 201: 108344.

[4] GAO Q, LIAO W H, WANG L. On the low-velocity impact responses of auxetic double arrowed honeycomb[J].
Aerospace Science and Technology, 2020, 98: 105698.

[5] QI C, JIANG F, YU C, et al. In-plane crushing response of tetra-chiral honeycombs[J]. International Journal of
Impact Engineering, 2019, 130: 247-265.

[6] CHEN Z, LIU L, GAO S, et al. Dynamic response of sandwich beam with star-shaped reentrant honeycomb core
subjected to local impulsive loading [J]. Thin- Walled Structures, 2021, 161: 107420.

(7] 8% TR, KRG SRR I A S A s AR B LR ERTSE [T ] AT F) %, 2015, 36(8): 814-
820. (YUN Hao, DENG Zichen, ZHU Zhiwei. Bandgap properties of periodic 4-point star-shaped honeycomb materials
with negative Poisson’s ratios[J]. Applied Mathematics and Mechanics, 2015, 36(8): 814-820.(in Chinese))

[8] PAPKA S D, KYRIAKIDES S. In-plane compressive response and crushing of honeycombl[J]. Journal of the
Mechanics and Physics of Solids, 1994, 42(10): 1499-1532.

[9] AJDARI A, NAYEB-HASHEMI H, VAZIRI A. Dynamic crushing and energy absorption of regular, irregular and
functionally graded cellular structures[J]. International Journal of Solids and Structures, 2011, 48(3/4): 506-516.

[10] LIU Y, ZHANG X C. The influence of cell micro-topology on the in-plane dynamic crushing of honeycombs[J].
International Journal of Impact Engineering, 2009, 36(1): 98-109.

[11] YUAN C, MU X, DUNN C K, et al. Thermomechanically triggered two-stage pattern switching of 2D lattices for
adaptive structures[J]. Advanced Functional Materials, 2018, 28(18): 1705727.

[12] PAPAKOSTAS A, POTTS A, BAGNALL D M, et al. Optical manifestations of planar chirality[J]. Physical Re-
view Letters, 2003, 90(10): 107404.

[13] SPADONI A, RUZZENE M, GONELLA S, et al. Phononic properties of hexagonal chiral lattices[J]. Wave Mo-
tion, 2009, 46(7): 435-450.

[14] HOU X H, DENG Z C, ZHANG K, et al. Dynamic crushing strength analysis of auxetic honeycombs[J]. Acta
Mechanica Solida Sinica, 2016, 29: 490-501.

[15] BERTOLDIK, REIS P M, WILLSHAW S, et al. Negative Poisson’s ratio behavior induced by an elastic instability
[J]. Advanced Materials, 2010, 22(3): 361-366.

[16] YANG D, MOSADEGH B, AINLA A, et al. Buckling of elastomeric beams enables actuation of soft
machines[J]. Advanced Materials, 2015, 27(41): 6323-6327.

[17] JIMENEZ F L, TRIANTAFYLLIDIS N. Buckling of rectangular and hexagonal honeycomb under combined axi-
al compression and transverse shear[J]. International Journal of Solids and Structures, 2013, 50(24): 3934-3946.

[18] COMBESCURE C, ELLIOTT R, TRIANTAFYLLIDIS N. Deformation patterns and their stability in finitely
strained circular cell honeycombs[J]. Journal of the Mechanics and Physics of Solids, 2020, 142: 103976.

(191 ZEUYE, (@R, KASE, A5, SRS T &AL s AR dh 24 (1. BEECA T2, 2021, 42(12): 1221-1228.
(LIANG Guanpo, FU Yuxin, LOU Benliang, et al. Buckling behaviors of elastomers with periodic elliptical holes


https://doi.org/10.1016/j.jeurceramsoc.2019.02.017
https://doi.org/10.1016/j.ast.2020.105698
https://doi.org/10.1016/j.ijimpeng.2019.04.019
https://doi.org/10.1016/j.ijimpeng.2019.04.019
https://doi.org/10.1016/j.tws.2020.107420
https://doi.org/10.3879/j.issn.1000-0887.2015.08.003
https://doi.org/10.3879/j.issn.1000-0887.2015.08.003
https://doi.org/10.1016/0022-5096(94)90085-X
https://doi.org/10.1016/0022-5096(94)90085-X
https://doi.org/10.1016/j.ijsolstr.2010.10.018
https://doi.org/10.1016/j.ijimpeng.2008.03.001
https://doi.org/10.1002/adfm.201705727
https://doi.org/10.1103/PhysRevLett.90.107404
https://doi.org/10.1103/PhysRevLett.90.107404
https://doi.org/10.1103/PhysRevLett.90.107404
https://doi.org/10.1016/j.wavemoti.2009.04.002
https://doi.org/10.1016/j.wavemoti.2009.04.002
https://doi.org/10.1016/j.wavemoti.2009.04.002
https://doi.org/10.1016/S0894-9166(16)30267-1
https://doi.org/10.1016/S0894-9166(16)30267-1
https://doi.org/10.1002/adma.200901956
https://doi.org/10.1002/adma.201503188
https://doi.org/10.1016/j.ijsolstr.2013.08.001
https://doi.org/10.1016/j.jmps.2020.103976
https://doi.org/10.1016/j.jeurceramsoc.2019.02.017
https://doi.org/10.1016/j.ast.2020.105698
https://doi.org/10.1016/j.ijimpeng.2019.04.019
https://doi.org/10.1016/j.ijimpeng.2019.04.019
https://doi.org/10.1016/j.tws.2020.107420
https://doi.org/10.3879/j.issn.1000-0887.2015.08.003
https://doi.org/10.3879/j.issn.1000-0887.2015.08.003
https://doi.org/10.1016/0022-5096(94)90085-X
https://doi.org/10.1016/0022-5096(94)90085-X
https://doi.org/10.1016/j.ijsolstr.2010.10.018
https://doi.org/10.1016/j.ijimpeng.2008.03.001
https://doi.org/10.1002/adfm.201705727
https://doi.org/10.1103/PhysRevLett.90.107404
https://doi.org/10.1103/PhysRevLett.90.107404
https://doi.org/10.1103/PhysRevLett.90.107404
https://doi.org/10.1016/j.wavemoti.2009.04.002
https://doi.org/10.1016/j.wavemoti.2009.04.002
https://doi.org/10.1016/j.wavemoti.2009.04.002
https://doi.org/10.1016/S0894-9166(16)30267-1
https://doi.org/10.1016/S0894-9166(16)30267-1
https://doi.org/10.1002/adma.200901956
https://doi.org/10.1002/adma.201503188
https://doi.org/10.1016/j.ijsolstr.2013.08.001
https://doi.org/10.1016/j.jmps.2020.103976

24

VA S G L 2023 4F 5 44

[20]

[21]

[22]

[23]

under negative pressure activation[J]. Applied Mathematics and Mechanics, 2021, 42(12) : 1221-1228.( in
Chinese) )

PENG X, ZHONG Y, SHI J, et al. Global buckling analysis of composite honeycomb sandwich plate with negat-
ive Poisson’s ratio using variational asymptotic equivalent model[J]. Composite Structures, 2021, 264(5): 113721.
GAVAZZONI M, FOLETTTI S, PASINI D. Cyclic response of 3D printed metamaterials with soft cellular archi-
tecture: the interplay between as-built defects, material and geometric non-linearity[J]. Journal of the Mechan-
ics and Physics of Solids, 2022, 158: 104688.

BUHE P, 0, S SRR RO TRAT Y — SRR E MU ERE i SRS (], B A A )2, 2017, 38(8): 877-887.
(ZHAO Yanping, LI Lin, JIN Ming. Some stable and unstable critical states of a compression rod with a flexible
support[J]. Applied Mathematics and Mechanics, 2017, 38(8): 877-887.(in Chinese))

TIMOSHENKO S P, GERE J M. Theory of Elastic Stability[M]. 2nd ed. Dover Publications, 2009.


https://doi.org/10.1016/j.jmps.2021.104688
https://doi.org/10.1016/j.jmps.2021.104688
https://doi.org/10.1016/j.jmps.2021.104688
https://doi.org/10.1016/j.jmps.2021.104688
https://doi.org/10.1016/j.jmps.2021.104688
https://doi.org/10.1016/j.jmps.2021.104688

	引　　言
	1 有限元分析
	2 理 论 分 析
	2.1 屈曲模态Ⅰ
	2.2 屈曲模态Ⅱ
	2.3 理论结果分析

	3 实　　验
	3.1 实验设置
	3.2 实验结果和理论研究、数值研究的对比

	4 结　　论
	参考文献

