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Abstract: For the single structural form and limited buffering energy absorption capacity of
existing energy-absorbing boxes, a filled circular tube energy-absorbing box is designed by filling
the 3D negative Poisson’s ratio structure into a thin-walled circular tube based on the existing
research to explore the new structural design and improve the buffering energy absorption
capacity of automobile energy-absorbing boxes. Firstly, the geometric model of the square tube
and circular tube energy-absorbing boxes filled with the 3D negative Poisson’s ratio structure are
established, the sample processed by 3D printing is subjected to low-velocity impact in the drop
hammer impact test, and the low-velocity impact finite element (FE) model of the structure is

established. The research results show that the drop hammer test results of the structure were in
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good agreement with the low-velocity impact simulation results, which proved the accuracy of the
FE model. Subsequently, based on the FE model, the crashworthiness of the filled square tube,
filled circular tube and original square tube energy-absorbing boxes are compared and analyzed. It
is found that compared with the original square tube energy-absorbing box and the filled square
tube energy-absorbing box, the filled circular tube energy-absorbing box exhibited a lower initial
peak force, a higher average collision force, and a better comprehensive crashworthiness performance.
Finally, the response surface method and NSGA-1I algorithm are applied to perform a multi-
objective optimization on the crashworthiness of the filled circular tube energy-absorbing box.
The optimization results show that the specific energy absorption of the optimized energy-
absorbing box increased by 14. 7%, and the initial peak force decreased by 18. 5%, which
indicated that the comprehensive crashworthiness performance was significantly improved. This
study can provide a new idea for the application of negative Poisson’ s ratio structure in automobile
energy-absorbing boxes.

Keywords: negative Poisson’s ratio structure; energy-absorbing box; crashworthiness; optimal

design
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Fig. 1 Schematic diagram of geometric configuration of 2D

and 3D negative Poisson’s ratio structurest'™
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the low-velocity impact loading
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simulation of the 3D CATS and filled circular tube

energy-absorbing box
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Table 1 Comparison of crashworthiness indicators of

different types of energy-absorbing boxes
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Table 2 Sample points and their corresponding response

simulation values

T/, T, T/ F,/ Fu/ E./
kN kN (k] - kg D
147.49  76.89 3.518
180.44 108.46  2.619
298.69 148.87  2.312
184.70 70.27 4.102
316.49 153.12  2.069
176.32 82.32 3.334
364.74 151.75  2.784
312.90 136.19  3.146
310.74 135.07  2.802
165.76 126.80  2.294
131.60 74.78 3.474
435.22 198.94  2.144
286.43 141.13  2.479
351.20 156.04  2.849
378.87 158.20  1.992
162.45 87.65 3. 206
214.42 134.62  2.205
185.01 100.39  2.926
136.80 101.82  2.705
263.33 113.74  3.186
2
3
3
2
3
2
2
2
2
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429.56 186.52 . 069
377.38 157.93 . 113
336.31 134.88 . 301
343.39 150.15 457
206.35 88.85 . 451
398.64 156.83 . 223
173.24 129.30 . 291
404.53 165.10 . 310
263.04 145.69 . 204
295.09 140. 37 .719
216.10 96. 14 . 605
261.47 122.09 . 807
231.39 110.77 . 750
219.75 128.37 . 386
152.75 63.56 . 487
275.64 148.01 . 363
145.70  96.83 L773
397.59 157.65 . 026
292.92 128.69 . 228
381.62 158.63 .052
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0.000 1 B, VWY IZAE A HAT i 35 Pk, T DU AT 1l 40
BN . X E RS RE A X R A 4% i R SR R £
XA A Z 5 A5 B0 e R $L A 5 R
F, =—108.951 18 + 115,425 7T, +
38.218 11T, + 159. 842 38T, —
14.319 67T, T, — 10.660 92T, T, —
8.561 08T, T; — 33.6358T% —
4.254 51T% +41.099 77T% (6)
E, = 8.62292 —0.474 393T, —
4.916 1T, — 2. 746 43T, +
0.038477T, T, +0.016 786 T, Ts +
1.022 36T, Ty +0.199 768T% +
0.953 931T% +0.300 6517 (7)

AR DR E R R R Ry B T 1 (W 2 R T
0.9 BIT] )00 S R ASE Y fr) 40 LA 1R o 5 )
P8 S0 AL S 7R 405 4 JEE I 8 B A 3 B, AT 3
AN S 68 G DA AR Y v A R B L R T 1L, B
AT ARUARE TR B DL R B 52 4 68, Ry T M6 T U R A 7
AR UL R BE AP e DG T Sz 7 R 5 vk RS il
BOT 5 dUBTROREAS i, (A FROTRE R TH 3 T R
X IO P A5 W SO 05 AL 5 b G A TR AT B 1Y
M o7 FF) 5000 A 34 A7 % L, 25 R 3R 4 s, Ak 4
TR e B A% W R ) (L R S L P e KR 22 1Y
Yo XME N 3. 800, TR 1R 25 SV B G LN, Ud W] 3
3 WY 40 AR A BT ST B A% e R A SRR B
R FE AR i, T LA A O R A B A Sy [ s i )
4 e B R R O TR 2k i fe .

F, =—86.76226 —119.31294T, + A3 EAARA B A4 R 3E AR
155.350 24T, +132.865 17T; — Table 3 Accuracy evaluation index of the approximate model
5.63022T,T, +19.326 28T, T — ERINEIRA R* R%;
67.486 19T, T, + 82.643T1 — F, 0.9983 0.997 8
8. 747 99T% + 0. 521 407T* (8 P 0-9761 09689
o T e E. 0.997 6 0.996 9
IR HLAORG B S B 2 E REUR
ko4 R R ARIEEEA 6 SRR R
Table 4 The fitting accuracy verification results of the response surrogate model
F, F. E,
L /) T T — - — — - — Y —
P PrEAE/  WOME/ R/ PFEME/ BUNM/ w2/ fiEM/ BiE/ R/
mm mm mm
kN kN % kN kN % (kJ+ kg (k] + kg %
1 0.7 0.5 1.3 230.18 230. 39 0.09 90. 25 91. 06 0.9 3. 801 3. 800 —0.03
2 0.7 0.8 2.0 442,16 430. 66 —2.6 166. 95 172. 64 3.4 2.473 2. 457 —0.6
3 0.9 0.6 0.8 128. 20 123.75 —3.95 46. 47 47.96 3.2 4,348 4.270 —1.8
4 0.6 1.4 1.6 309. 59 312. 89 1.1 150. 83 148. 32 —1.7 2.084 2.111 1.3
5 1.0 1.1 1.0 168. 39 174. 84 3.8 107.01 109. 15 2.0 2.773 2.833 2.2

Xf T4ty 22 5 ARG AL ) R U, % £ 5 38 11
TR 3L 2t B B, NSGA-TT 3 3E0Y 2 7
NSGA 3% 1 Fe it b 52 1 69, HAT 5P i az 530k 8
FVEEG7 i i k. (] NSGA- I 88 16 X A SC 4
AL ) o A7 00 A K A L A A i AR 18 8 Fr o
NSGA- Il 5 A S Jnk 5 fioR .

&5 NSGA-II ik oy 48 % A2
Table 5 Related parameters of NSGA- Il algorithm

S K

IR GEUES NN 100
& UMER 0.9
A5 A A 0.2
AR AL 100
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Fig. 8 The flow chart of NSGA- 1l algorithm
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Table 6 Comparison of indicators between the optimized

model and the initial model

Ei=R F./kN E,/(k] kg ') F,/kN

W R BT 101. 31 2.972 166. 98

AL EB R T &5 5% 77,73 3.476 130. 39
AL G B R A5 R 79,44 3.410 136. 07
xR 2/ Y% —2.2 1.9 —4.4
A/ % —21.6 14.7 —18.5
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