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Abstract: In order to design a lightweight thin-walled structure with high specific energy absorption and high stiffness, a new
type of circular cross-section thin-walled tube with negative Gaussian curvature (negative Gaussian curvature surface circular
tube, NGC-C) is proposed and studied in this paper. The finite element analysis method verified by previous experimental data
is used to simulate the axial dynamic impact, and various performance indexes such as specific energy absorption and effective
crushing length are extracted. The comprehensive performance of the thin wall energy absorption structure with zero Gaussian
curvature and positive Gaussian curvature is compared with the complex proportional assessment method (complex proportion
assessment, COPRAS). The Latin hypercube sampling method is used to extract 20 sample points from the design space and
obtain the corresponding performance response values of each sample point, and the polynomial fitting method is used to
establish the proxy model. Based on the agent model, the multi-objective optimization design is carried out by using the
improved non dominated sorting genetic algorithm (non-dominated sorting genetic algorithm, NSGA-II'). The results show
that the comprehensive performance of the thin-walled circular tube with negative Gaussian curvature is better than that of all

kinds of non-negative Gaussian curvature thin-walled energy absorbing structures, especially in that it has the minimum
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effective crushing length. The goodness of fit of the established proxy models is higher than 98%, which can better reflect the
relationship between structural design variables and performance response. After optimization, the specific energy absorption
of thin-walled circular tubes with negative Gaussian curvature is increased by 16.47 %, the effective crushing length is reduced
by 12.4 %, and the mass is reduced by 20.18 %. To sum up: introducing the negative Gaussian curvature surface shape into the
thin-walled tube configuration can reduce the structural quality and improve the crashworthiness of the thin-walled tube,
provide a new idea for the design of the thin-walled energy absorbing structure, and can be applied to the energy absorbing
scenarios such as the automobile energy absorbing box.

Keywords: thin-walled structure; negative Gaussian curvature surface; energy absorption; COPRAS; NSGA- Il
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Fig. 1 Finite element model and element size selection
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Table 1 Material parameters

Bk 1 A4t /GPa THAALL Jti e B /M Pa
A6060-T5 69.5 0.33 264
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(b) Simulation
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Fig. 3 Comparison of experiment and simulation of four kinds of thin-walled tube deformation modes
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Table 2 Finite element verification model size parameters'"*

R K /mm HAR/mm JEJE /mm T /(m-s ™) MR kg

S-1 180 40 1.0 43 104.5
S-3 180 40 2.0 5.9 104.5
S-5 180 40 2.5 6.6 104.5
S-6 180 50 3.0 10.7 91.0

25k Experiment
Simulation
207 F=13.30 kN
3 \
35 ja) A
2 \J \
[2 H
10
5 F=12.36 kN
F stands for mean crushing force

0 10 20 30 40 50 60 70 80
Displacement/mm

K5 S-1 BERISCE S BERLAU - B 40 HE

Fig. 5 Comparison of force-displacement curves
B4 S-1 BEAISE SEUA B ASTEAR T [ between experiment and simulation of S-1 model

Fig. 4 Comparison of experiment and simulation
deformation modes of S-1 model

(a) Experiment (b) Simulation
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Table3 Comparison of experimental and simulation numerical results

. S RE SFE R /KN
e JoH HRAHAN WE% ey HAEAA W2E/%
S-1 998 958 4.18 13.03 12.39 5.17
S-3 1858 1835 1.25 46.40 45.79 133
S-5 2260 2197 2.88 4230 41.02 3.12
S-6 5081 4996 1.70 86.00 84.03 2.34
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(a) Negative Gaussian curvature (NGC)
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(b) Positive Gaussian curvature (PGC)

l'

a=60 mm, G=0 mm a=40 mm, G=0 mm a=30 mm, G=0 mm r=38.2 mm, G=0 mm
(c) Zero Gaussian curvature (ZGC)

9 ARt

Fig. 9 Comparison of deformation modes
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(a) Force-displacement curves of each model

(b) Force-displacement curves of each model
under negative Gaussian curvature

under positive Gaussian curvature

108 —— 7GC-S
—7GCH
— 7GC0
—7GCC

Force/kN

0 14 28 42 56 70 84 98 112
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(c) Force-displacement curves of each model
under zero Gaussian curvature

B 10 3wl ol T BoRial A% 2k
Fig. 10 Force-displacement curves of model under three kinds of Gaussian curvature
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VAR 5t 3 38R B MR, A 280 54 B DU A 280/, oI o T B AR AT 2 B0 S5 AR Y BE ) 4
SR, AR XS 22, AR R AR s o (EL R T K — 20 o 2 B AT, M BB bR 22 S B s, A
FEARAZAL I B 45 SCHR [14] Bris—2, Horh ZGC-0 4544 1Y L W REFIAT AU R BHS B &R AL, W1E 11(a) Frs .
b T AT 0 S o T 7 A A b A 15 0 TR A 7 I v 30T Y SRR 7 e 0T SRR B B, (EAE I
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5600 —4- NGC-H
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BT 3 e A B0 T BURMERESE I LA

Fig. 11 Comparison of model performance indexes under three kinds of Gaussian curvature
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it ZR2 h PGC-H 45 F 1 LU BERIA R0 5t I fe 118, AnT&T 11(b) Bz DA i i R 417 NGC-O 454
1) LI RE Fe P NGC-C 1A 3R K B FR A L, &l 11(c) P o

RAE 3 BRI ST ZE R, 45T SCHK [20] M5, AR SO E B &R 24 E BT A % (complex
proportion assessment, COPRAS) B Je X} FL IR RE . A RUR T BE | #0401 77 F1RR 15t 77 %503 DU T 14 BE 48
AT TALE S BE, RN £5 S5 30T T 28 G PERE VT 43, DT S 34T XoF 45 45 44 1) 2 WP A e R 400,
COPRAS i BRI 12 Fiz, B w, AARPERETR bR FUALE K 15 S + . S — 23 BiCERA FIE FUAFIME
Oiv U G3iMREREEGYEREE 7 MUARXT JHE, UMK BEIIZ S5 M 275 YERE AT

Start

Create initial performance matrix X

Dimensionless X to
matrix R

Solve the weight ratio w; of each performance index

The dimensionless matrix D is obtained

Sum the data in D according to the advantages and
disadvantages of performance (S+, S—)

Calculate the comprehensive performance
evaluation value Q, and relative score U,
of each sample

12 COPRAS ¥:iifil
Fig. 12 Process flow chart of COPRAS method

HT A S0 H U R BB O S 100 W R 45 ) 1 L o LR BE RMIR A RUR K, IR % A b o 1IN
EAREMH, K An. Foo WG COPRAS ¥, mif e HFe br S50 Je HFs bt LURT, /i & 08 3 43,
JEAEM 1 53 A FEILSEHAT LI, 38 & 2 43, B2 S et R S itz BE s AR 7 we |
TR 4 THUPE R i b 0 AU T 23 3o A DA K k43 C B A TR w, B 136 4, 45 54058 i COPRAS 12 T 3R B
O RE DL K e A i B M RBHE A I 051 T35 5

COPRAS %43t 45 R R W], NGC-C Z5H97E 3 B rh 28 5 MR Be f AR, FLIRCh ZGC-O il PGC-H.

R4 816, I Fo. n BIIER D RERENERFw,

Table 4 Weighing and scoring process of four indicators (5, /, Fo, ) and their weighting factors (w;)

Ei=t7n 5-1 5-F, 5-n 1-Fy I-n Fo-n w;
5 2 3 3 0.333
I 2 3 3 0.333
F, 1 1 1 0.126
n 1 1 3 0.208
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k5 KLEH COPRAS SFHEXIHEE
Table 5 Relevant calculated values of COPRAS method for each structure

) S+ S— 0 U; He4
NGC-S 0.020 0.034 0.237 90.54 11
NGC-H 0.021 0.031 0.243 92.76 6
NGC-O 0.020 0.035 0.238 90.96 9
NGC-C 0.034 0.031 0.262 100.00 1
PGC-S 0.041 0.034 0.242 92.37 7
PGC-H 0.043 0.047 0.258 98.46 3
PGC-O 0.039 0.060 0.234 89.37 12
PGC-C 0.042 0.052 0.249 95.26 4
ZGC-S 0.040 0.056 0.239 91.39 8
ZGC-H 0.050 0.039 0.237 90.69 10
ZGC-0O 0.054 0.053 0.262 99.98 2
ZGC-C 0.060 0.063 0.247 94.39 5

gt 43 B NGC-C 454 WL REFE 4%, 4 NGC-C. PGC-H Fl ZGC-0 =& (1) )1 -1 #% th 42 2 i 1k,
l 13(a), K NGC-C A %R B B S/, 8oms i s e B2 e/l e TR 3 B &5 50PE BEHE A, 222 1 ik
& 13(b), &M NGC-C Z5H i He W fiE 1 ZGC-0 7 0.1 %, H PGC-H 1% 0.6 %, 1BA45 8L # K b ZGC-0
i 12.0%, & PGC-H fik 15.0%. AJ HIZEAH[A] T30 T #5 15t A (A BE 25, NGC-C 4544 H 25 8K fig it MO
F1o b1, F R AE = Bk R B NGC-C A2l ) i J5 T & AR i AR TR A L, B ZGC-0 S Xt IR, 4n
B 15 iR o Horh 8 4 il Ko SO 5E 5122 5 BRSCk [21], 8 45k K B /0N U8 BH 285 4 oF 1 i o 8 IR LAC Bk 72
O3, WL RERSCRMR R o VRS AT 24 7 A8 SR A ik 45 M 2 A IO AR AR B, A ) T 000 92 (LB R 106 B 45 44 A8
PR, REAE I 2 hf BB, 135 AR (AR 4l A0 A2 55 50 S B0 BR AR

n

e

- 4)
n

P b N ERICP RN ALE, & 050 i A BT A AL (R, n o BT B R

£
51
3
59
—— NGC-C
24 —— PGC-H
12t —— 7ZGC-0

0 12 24 36 48 60 72 84 96 108

Displacement/mm
(a) Force-displacement curves of optimized structure (b) Comparison of performance indexes of optimized
in each group structures in each group

13 AU BEIEE R LR

Fig. 13 Comparison of optimal model results of each group

113101-9



ERVE hE, A G e R T R T RERFERT S %11

FLE R &I, NGC-C 5728 XSS AR Ry Sty AR, X6 I el 0 R AR JEASE 3 0T 7 A 1 2 50 48 40, i 48
WA IME K 25 mm, b=0.118, W 14(a) FT7R; ZGC-O G5 AS I IX 30 3= BAE i 7E 8 by b HL i 43 A A
5], RREAFAE 27 IR AT IX 38, 48 48 Dk K 048 R 33 mm, W BEAR 100 AR KA B2 32 b i 3 g B2 i), [l st
5=0.103, 4n1&l 14(b) Fiw . ik, NGC-C 544 570 V-3 N AR B R, 8 AP K /N, 275 LA b4 B ] A,
NGC-C Z544 HA W Ge 4w, Al b b o P 4S5 005, T3 A Ry e i RIS 1) .

Axisymmetric fold

Edge zone

Plastic strain Plastic strain

180 /I\ 0.240 180 0.83
160 0.210 160 0.73
2 o101 0.62
12 12
£ 120 o1so £ %0 0.52
s 100 S 100
£ 0.120 g 0.42
- 80 - 80
g . 0.091 2 60 0.31
< <
40 0.061 40 0.21
20 0.030 20 0.10
0 0
0 50 100 150 200 250 0 50 100 150 200
Circumferential length/mm Circumferential length/mm
(a) Strain nephogram of NGC-C (b) Strain nephogram of ZGC-O

K14 NGC-C 5 ZGC-O Z5H i A 1 1
Fig. 14  Strain of NGC-C and ZGC-O structure

3 HEREMMALIEIT

3.1 RIEBEZEY
ABR 1 ARAR IR DAL W RE S R AL NG B4R It B R/ MEA LR B AR, 288 T, G R Ak AE 4,
SHWREEE XL (MR EBERZIRT 20), ESH T, G, R BEEH 458 1~5 mm, 10~
10 mm, 60~100 mm, %5 I, RAk[a) &0
Max 6; Min [
1 mm<7<5mm
$.t.¢ —10 mm<G<10 mm
60 mm<<R<<100 mm
AR 2. BEAS R . B R0 T 7R i (B PRl 1 A 7 55, SR L T8 N7 5 R 3 EA TR A i R B
FEAR IS FEAS SR AL, 402 6 Iz o

)

)

#z6 HASKHENN

Table 6 Sample points and responses

A T/mm G/mm R/mm 5/Jgh) Ifmm
1 231 -0.55 80.77 19.12 77.4
2 4.92 1.25 96.63 8.03 19.6
3 2.44 -2.99 69.24 23.23 783
4 2.88 2.57 86.08 13.68 53.3
5 3.20 9.85 76.66 12.02 372
6 430 0.88 75.14 11.36 25.8

113101-10



5 42 45 T, S S S A o T O BB %5113

Fzo6 (&)
Table 6 (Continued)

FEA R, T/mm G/mm R/mm 8/(J-g™h I/mm
7 4.78 4.20 71.32 10.31 21.1

8 2.73 —1.90 66.34 20.12 61.9

9 1.15 -8.37 82.49 27.73 146.2

18 3.23 8.60 62.27 14.63 41.3
19 4.51 -3.49 64.50 13.86 23.6
20 3.67 7.92 73.80 11.43 30.9

AR 3. 0 SO 1 QB R N7 TSR [22] AP AR S S 81, SR A 2 0 e 1 QOB R 3R 3 H 13
THAS R SR Z R G AR o O e AR R B A, SR FH RS SR B DL R BRI R K
HEREAT 1 U TR A A 1 i e, HAARBE R SR 5 Cn R

6=73.6-12.38T —0.719G — 1.235R + 0.8917 - 0.001 93G* +0.008 35K+
0.004 2TG +0.058 3TR +0.010 39GR R, =0.9820 (6)

1=291.0—-104.97T + 1.29G - 1.03R + 10.666T* — 0.034 1G* + 0.000 3R*—
0.084TG +0.155TR—-0.033 3GR Ridj =0.9913 @)
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Xef IO P4 U o7 (B 6=26.24 J/g, 1=69.29 mm. R

Pareto front
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Pofit Fig. 15 Pareto solution set
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Table 7 Comparison of simulation and agent model prediction results

iH o/(J-gh I/mm
Tz, R 26.24 69.29
BERHISS T 27.21 73.37

R2E/% 3.56 4.19
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