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Abstract: To improve the crashworthiness of thin-walled tube structures, a series of bio-inspired multi-cell thin-walled tubes
with sinusoidal cells (abbreviated BSTs) were designed based on the dactyl club microstructure of Odontodactylus scyllarus
(O. scyllarus) using bionic design methods. By taking initial peak load, specific energy absorption and crushing force
efficiency as crashworthiness indexes, the influences of cell numbers on the crashworthiness of the BSTs under different
impact angles (0°, 10° 20° and 30°) conditions were analyzed under low-velocity impact condition using the nonlinear finite
element (FE) method through LS-DYNA. The optimal number of bionic cells was obtained using complex proportion
assessment. A complex proportional assessment (COPRAS) method was used to select the optimal number configuration under
multiple loading angles. Base on the combination of weight factor values of different impact angles, four single-angle cases
(1-4) and three multi-angle cases (5-7) were set. A metamodel-based multi-objective optimization method based on

polynomial regression (PR) metamodels and a multi-objective particle optimization (MOPSO) algorithm were employed to
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optimize the dimensions of the optimal cell number configuration, where the initial peak load, specific energy absorption and
crushing force efficiency were taken as objectives and the height-width ratio and thickness were regarded as the design
variables. According to the results of the COPRAS method, the BST with four sinusoidal cells was determined to be the best
design based on the multi-criteria process. The optimization results of single-angel cases show that, the optimal height-width
ratio ranges from 0.88 to 1.50, and the optimal thickness ranges from 0.36 mm to 0.60 mm. The optimal height-width ratios of
cases 1-2 are significantly smaller than those of cases 3—4 . The BST with four sinusoidal cells has the maximum optimal
thickness of 0.6 mm when the impact angles is 0°. For multi-angel cases, the optimal height-width ratio ranges from 1.01 to
1.10, and the optimal thickness ranges from 0.49 mm to 0.57 mm. The results above are helpful for exploring the lightweight
design of new thin-walled tube structures and providing new ideas for their application in energy absorption and crashing field.

Keywords: multi-cell thin-walled tube; crashworthiness; multi-objective optimization; bionic design; impact
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Table 2 The values of angle weight for different design cases

TH Wy W Wes Wea
1 (@=0°) 1.0000 0.0000 0.0000 0.0000
2 (a=10°) 0.0000 1.0000 0.0000 0.0000
3 (@=20°) 0.0000 0.0000 1.0000 0.0000
4 (@=30°) 0.0000 0.0000 0.0000 1.0000
5 0.4668 0.2776 0.1603 0.0953
6 0.2500 0.2500 0.2500 0.2500
7 0.0953 0.1603 0.2776 0.4668
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5=;Z(¥)x100%, Ru= [ 2D (pi=p))’ (14)
i=1 i i=1
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WA, DA 10%. WEAE 2R a7 . LI BEFIRETE ) 3508 A9 R IR2E R, 43 AT 0.4 kN, 0.431 kl/kg
H10.07, UL RIS BEGSAERH FUIN U016 B AR (2005 F,. LLIRE E, FIREHE T 880% Co AR BN
T, A5 S0 ) e (2847 . Eb I RE RN RIEARE R iRl 9 iR o

Ak E AL 475 0 {28 g A U I RE, Hh T 9 3 B AR GE—, T BEXF R b ok A Min-max 2% 0847 5 — 1k Ak
P, 38 1 %I A bR Ak, 15 EURTE 00 N AL g kL e 5L, anlEl 10 rs . Ak — 23R
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Table 3 Error analysis of model

F, E, G
a/(°)
51% R, /KN §1% R, /(kI'kg™) §1% R,
0 0.14 0.016 0.77 0.068 0.78 0.003
10 5.56 0.379 1.35 0.11 4.83 0.07
20 5.85 0.178 5.75 0.431 3.36 0.034
30 9.98 0.339 4.96 0.276 8.15 0.067

z z z
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Fig. 9 Predicted crashworthiness indexes under different cases
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Fig. 10 Particle swarm boundaries of optimization results under different design cases
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Table 4 The optimal results for single-angle cases

T al(®) n ¢ /mm F,/kN E /(kIkg™) G
1 0 0.88 0.60 14.78 9.03 0.43
2 10 0.71 0.56 6.55 8.30 0.82
3 20 1.23 0.55 6.74 7.28 0.79
4 30 1.50 0.36 2.81 435 0.72

ZMETO PR RMES Fon, aWS8 g M E R 1.01~1.10, BEJE ¢ JE [l R
0.49~0.57 mm. .00 6 F1 T80 7 (A s 9 b AHEEE, 290 1.1, KF T80 5 19 1.01, T80 5 48k 3
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JE H AR A BE AN 0°C T 1) A2 AL 3 30°( L 4) B, F, Fl E, P40 IN i 250

x5 ZAETATHRMRER

Table 5 The optimal results for multi-angle cases

T al(®) n t /mm F,/kN E /(KI'kg™") C; F/kN E/(kIkg ") C;
0 14.04 8.78 0.42
10 7.05 8.41 0.81

5 1.01 0.57 10.24 8.04 0.61
20 6.89 7.48 0.77
30 6.49 427 0.72
0 13.32 8.53 0.41
10 6.57 8.08 0.81

6 1.09 0.54 8.03 7.02 0.68
20 6.39 7.23 0.78
30 5.84 424 0.72
0 12.09 8.14 0.39
10 5.71 7.72 0.81

7 1.10 0.49 5.96 5.88 0.72
20 5.55 6.80 0.77
30 5.04 423 0.72
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