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Design and crashworthiness analysis of thin-walled tubes
based on a shrimp chela structure
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(1. College of Mechanical and Electrical Engineering, Agricultural University of Hebei, Baoding 071000, Hebei, China,
2. State Key Laboratory of Automotive Safety and Energy, Tsinghua University, Beijing 100084, China)

Abstract: In order to improve the crashworthiness of thin-walled tubes, the multi-cell bionic thin-walled tubes based on a
shrimp chela structure were designed by the principle of structural bionics. By taking the cell number (2—6) and the impact
angle (0°, 10°, 20°, 30°) as experimental factors, the finite element method was used to simulate the crashworthiness of the
bionic tubes, the reliability of the results by the simulation test was verified by the drop-weight tests. The results show that the
two-cell bionic tube has the best crashworthiness under axial and oblique loads. Under the same working conditions, the
reduction of the number of unit cells can reduce the peak loads of the bionic tubes. Under the oblique impact load, the time for
the bionic tubes to maintain the stable collapse deformation mode is shortened with the increase of the number of the cells, and
the crashworthiness of the bionic tubes decreases with the increase of the number of the cells. The combination of a shrimp
cheek structure and an ordinary circular tube effectively improves the crashworthiness of the designed structures. So it can
provide a reference for the design of energy-absorbing components in vehicles.
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Fig. 4 Cross-sectional structures of bionic tubes (BTs) with different cell numbers
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Fig. 6 Reliability verification flow chart of
the finite element model for BT
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Fig. 7 Samples of BT-4 Fig. 8 Drop hammer impact tester
200

Numerical result

,,,,,,,,,,,,,,,,, Experimental result
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Fig. 9 Comparison of load-displacement curves between simulation and physical test for BT-4
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(a) BT-2 (b) BT-3

(c) BT-4 (d) BT-5

(e) BT-6 ) CT

P10 ASTA] it A B2 (e 22 2240 43 51 0, 10°, 2001 30°) T 2~6 dhfit Y BT #Il CT B8 X
Fig. 10 Deformation modes of the BTs with 2—6 cells and CTs under impact angles of
0°, 10°, 20° and 30° from left to right

242 fAERREESAT
R 1IN T 2~6 S BT Ml CT EAR A (o) sk 867 TH E,. m M E, A0 FISK (. & 11
i 2~6 MRy BT F1 CT ZEA Rl ks /1 B2 T 19 LI g (E, ) (i 8 (x) 126, x B 100 mm.

Fz1 2~6 BMMEBT M CT EAEAEANEHET TN E m R E, MAERIE
Table 1 Simulation test values of £, m and £, of BTs with 2—6 cells and CTs

under different-angle impact loads

al(®) HERER E/KJ mikg E,J(kI'kg) al(°) HERER E/K] m/kg E,J(J kg

BT-2 6.01 0.223 10 26.96 BT-2 492 0.223 10 22.06

BT-3 7.11 0.247 10 28.77 BT-3 5.85 0.247 10 23.66

BT-4 8.28 0.271 20 30.53 BT-4 5.68 0.271 20 20.93

‘ BT-5 8.07 0.295 20 31.61 2 BT-5 3.41 0.295 20 11.56
BT-6 10.29 0.31920 32.23 BT-6 431 0.31920 13.51

CT 1.50 0.094 99 15.77 CT 1.02 0.094 99 10.70

BT-2 5.42 0.223 10 2428 BT-2 2.01 0.223 10 9.00

BT-3 6.50 0.247 10 26.30 BT-3 2.08 0.247 10 8.43

BT-4 7.54 0.271 20 27.82 BT-4 2.05 0.271 20 7.54

10 BT-5 8.58 0.295 20 29.08 0 BT-5 2.39 0.295 20 8.09
BT-6 9.51 0.31920 29.78 BT-6 2.53 0.31920 7.92

CT 1.33 0.094 99 14.00 CT 0.63 0.094 99 6.67

H1Z8 1 FIE LLRl %0, R hil OO, 45 f i dy BT 9 £, 339 T CT 19, flim A 100 o i
2~6 mffll) BT W E, 8421, (HIZ & T CT W E, ; A&, BT-6 1 E, 5 K, 415124 32.23 kl/kg Fl
29.78 kl/kg, & BT " E, /MK BT-2 435 #2& 55 19.55% Ml 22.65%, {HH CT 4355 T 104.37%.
112.71%. 7] UL, SZ 5t mlF0 10248 vpfi iF, BT HA LR MRERFE . 20°48 vhdiif, BT-2. BT-3 7E4 2% IE
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70 FBl N 0RO R R A 1 A TR AR e M, R R AERRBL A i A8, R R AP0 AERE 1, H E, 57 9h
22.06 kl/kg 1 23.66 kl/kg, %& CT 43538 T 106.17% F1 121.12%. i BT-4, BT-5 Fl BT-6 43 51 75 5 46 {37
¥l 54, 38 Fl 40 mm i & 2B B2 AR, B, ~x il 2R 0 s/, 3 BA L Rk i ) KR PR AIK .
CT BR KR AR, B E, AUN 10.7 ki/kg, WeRERE J15259, S8 E, W BT HAb BT, £
AR 2ZE R RERAPE . 30°M phili B, A DT T MR S AR AR AR S AR Sy Wk A il AR TR AL U e R,
RERE T W PR, E, x MTZR A RER I el KIS/, LA 4 BT /9 E, 5347 T CT 1y, Hh BT-2 i Lt
W e, A 9 kI/kg, 38 CT 47 T 34.93%.

35 CT — —BT-4 30 CT — — BT-4 7
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& 101 oF 4r
5r 21
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x/mm x/mm
(c) 20° (d) 30°

P ORTE i R 2~6 d iy BT Hl CT (¥4 LL IR RE-RL A% It £k
Fig. 11  Specific energy absorption-displacement curves of the BTs with 2—6 cells and CTs
under different impact angles

2T 2~6 @l BT Al CT 764 [A) M B iy 06 N F, o F, S B0 R (E . 181 12 24
2~6 iy BT Fl CT 7EAN [ bl £ B2 T B9 247 (F) 6085 (x) 142, x HX 100 mm.

H 2 2 FIPE 12 a1, &b AR, BT (9 F, R F, 290 T CT 1Y, FLBE & B 38 i K. ik 2
M T BT AR I A 2 S5, Rt B b 2 58RI (0 25 0 15 2, [l CHCHT ohis AR T8 19 g 07 1
58 . 0 (i) ) w5 BT-5 A1 10°#f thii if BT-6 19 np $5cimi, 4390k 56.85% Fl1 85.37%, 43 5l [F] T-4
f CT, BT-2 (& 114.77% 1 28.34%. 16.8% F1 5.2%, {H BT-5, BT-6 % BT-2 [) F, Fl F,, &5 . 20°6f o
drit, BT-2 () n e, N 77.88%, b CT MO 22.3%. 30°f mhidi if, CT 09 n 76 FT A W BE A P i i, N
50.37%; 1fii BT " BT-2 [ i i, BT-6 HIEAR, 43910 50.25%. 45.04%; {H CT #Y n 4Lt BT-2 fil BT-6 fY
n 535 0.2% F 11.8%, BT #KAR 52 I R AF O TR HE PR RE . AN [W) op o A1 B2 B, BT-2 19 247 Il i P A
104 i IF, BT-3 1 T H ARG O 1 254, 76 50~70 mm 5 80~ 100 mm P BE 7 & AE R 3 4 B 1w
e, BT BRI B sh, BLAE 20°0pd i, Hak ik shiok .
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Table 2 Simulation test values of F,,, F, and n of BTs with 2—6 cells and CTs
under different-angle impact loads
a/(°) HERER F,/kN F/kN 0% al/(°) TR F,/kN F/kN /%
BT-2 59.90 123.07 48.67 BT-2 51.64 66.30 77.88
BT-3 69.39 137.52 50.46 BT-3 60.37 84.94 71.08
BT-4 82.41 152.35 54.09 BT-4 65.19 97.72 66.71
0 20
BT-5 95.09 167.26 56.85 BT-5 53.92 105.04 51.33
BT-6 101.88 181.88 56.02 BT-6 64.09 121.03 52.95
CT 15.30 57.82 26.47 CT 12.51 19.64 63.68
BT-2 54.82 67.57 81.13 BT-2 29.91 59.52 50.25
BT-3 54.89 76.82 71.46 BT-3 31.28 67.28 46.48
BT-4 77.15 92.93 83.02 BT-4 32.27 67.49 47.82
10 30
BT-5 85.19 103.23 82.52 BT-5 38.38 85.04 45.13
BT-6 97.42 114.13 85.37 BT-6 42.18 93.64 45.04
CT 14.55 21.86 66.52 CT 9.06 17.98 50.37
00— . CT — — BT-4 SO CT — — BT-4
- - -BT-2 — --BT-5 = = =BT-2 — -- BT-5
160 --- BT-3 —— BT-6 120 [ - == BT-3 —— BT-6
120 90 r SN\ T < N L~
’ 7~ — ~
£ £ h -~ PRGN
& T ~
80 60 1 3 WM LN - ‘- .- -
o, . \ U \ 1
o e S . i ) |
40 30F L [P R ) 1’
0 0 20 40 60 80 100
x/mm
(b) 10°
120 90
....... CT — — BT-4 ceeeees CT — — BT-4
- - -BT-2 — - -BT-5 ’ - - -BT-2 ~—--BT-5
I N\ \ === BT:3 —— BT6 i/ --- BT-3 —— BT-6
90 - /\‘ ~ o !
/./ ~ \, . \ I~ 601 / Il\,\
Z / /I \'A\\ N, '\\\ ’ Z ,I A
N I R A T I < 1,008
~ .. TS N — = ve NI o=
| I’; X I//, /\\\'\_\
.’ T~ 30 e Nota P L =l
orl L) — 4 -
L T KR K L e
0 20 40 60 80 100 0 20 40 60 80 100
x/mm x/mm
(c) 20° (d) 30°
B 12 AEpEMEET 2~6 fIEH BT A CT Ry -ALE 2k

Fig. 12 Force-displacement curves of the BTs with 2—6 cells and CTs under different impact angles
3 HEERMEHIERE
FEA R B vy TO0R, 5 A0 BT (iHE L RE A 77 e L340 X AN 5 S R X, i ke % 2
AVEMHEBR A 2E G R, R, DU RE RN 2P0 18 A B9 LA & B AU R 255 PFAN A TR 45 K Y
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