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Abstract

To improve the crashworthiness and energy absorption of thin-walled tube structures, a bionic thin-walled tube was
designed based on the structural characteristics of antler osteon and the principle of structural bionics and had the
same inner and outer diameters and the same gradient thickness as antler osteon. A nonlinear finite element method
is used to simulate the crashworthiness of a thin-walled tube with equal gradient thickness variation (EGTTS) under
axial and oblique loads. The crashworthiness of EGTTS-7 (Egtts with 7 layers) was evaluated using the complex
proportional assessment(COPRAS). A multi-objective particle swarm optimization (MOPSO) algorithm was used to
optimize the EGTTS-7 and the Pareto boundary was used to obtain the optimal structure parameters of the EGTTS-7
by using the loading angles of 0°, 10°, 20°, and 30°. It is found that the crashworthiness of the EGTTS is best when the
axial load weight factor of the case is large. Compared with EGTTS and circular tubes(CT), Fmax can be reduced by up to
50.1% and EA can be increased by up to 22.7%.

Keywords

Thin-walled tube; Structural bionics; Crashworthiness design; COPRAS; MOPSO algorithm

Graphical Abstract

l Moving rigid wall
O nn!-
Equal gradient thickness

thin-walled structure(EGTTS)

Optimization
Bottom edge fully selection
fixed to rigid base

acroscopic

Bionics
Design

Received January 21, 2021. In revised form February 25, 2021. Accepted March 01, 2021. Available online March 01, 2021.
https://doi.org/10.1590/1679-78256406

Latin American Journal of Solids and Structures. ISSN 1679-7825. Copyright © 2021. This is an Open Access article distributed under the terms of the Creative
[ Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Latin American Journal of Solids and Structures, 2021, 18(3), e365 1/18


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-0316-7872
https://orcid.org/0000-0002-7505-6303
https://orcid.org/0000-0003-2516-9235
https://orcid.org/0000-0002-9766-0122
https://orcid.org/0000-0003-2807-3888
https://orcid.org/0000-0003-0689-2022

Design and optimization of equal gradient thin-walled tube: Bionic application of antler osteon Peng Huo et al.

1. Introduction

Thin-walled tube structures are widely used as energy absorbers in the transportation, aerospace, shipping, and
aircraft industries because of their high specific strength, high specific stiffness, and high energy absorption [1-4]
properties. Research on thin-walled tubes with traditional cross-sections has been conducted, such as on round tubes
[5-6], square tubes [7-8], rectangles [9], polygons [10-11], and polycells [12-13]. Additional research results have been
obtained about the mechanical properties and energy absorption characteristics of thin-walled tubes under lateral
loading [14-17]. Several scholars have added an induction structure to the traditional thin-walled tube structure in their
research. L. Tan et al. [18] have introduced an arc-shaped groove induction structure about a thin-walled metal tube and
have produced a multi-objective optimization design to obtain betterenergy absorption.. Z. Yin [19] used least squares
surface fitting and a genetic algorithm to optimize the crashworthiness of thin-walled round tubes with induced defects.
The results show that the optimized structure has a high energy absorption effect and is convenient for application in
structural designs. W. Hao et al. [20] have introduced a fold structure about a square tube, have established the fold
angle formula of the fold tube by using geometric relations, and have used LS-DYNA to study the buckling mode and
energy absorption performance of various fold tubes. The results showed that the introduction of folds can effectively
improve energy absorption performance and that the axial thickness of a thin-walled tube will also affect its
crashworthiness. F. Xu et al. [21] have studied a thin-walled energy-absorbing structure in which the tube wall thickness
is continually distributed in the form of a power exponent. The design criteria for crashworthiness of the tube are given
and the quantitative analysis of other tube structures under equal mass conditions is derived based on the distribution
characteristics. The relationship is analyzed and the impact of various gradients on the crashworthiness of power
exponent tubes is evaluated. Eyvazian etal. [22] have designed a new type of double bellows and conducted a
compression test to evaluate crashworthiness under radial loading conditions, which effectively enhanced the energy
absorption of thin-walled pipes under radial loading and produced more energy than a uniform tube does. G. Li et al.
[23] have analyzed the functionally graded thickness under oblique impact load and the energy absorption of a tapered
tube and have shown that the gradient index 2.0 has an increased energy absorption effect. Menouer et al. [24] have
studied biaxial buckling of copper and aluminum alloy circular tubes (CT) and square tubes under oblique loading. They
have shown that an increase in the angle increases the rate of change of the torsional component and the average

crushing force.

Natural organisms have evolved over a long period of time to adapt to their environments and have produced
optimized processes for hunting and self-defense [25]. Biomimetic thin-walled tubes exhibit excellent structural
crashworthiness when their mechanical properties are applied to the design of thin-walled tubes. Based on a bionic
prototype of the structure of the odontodactylus scyllarus, a bionic unit multi-cell thin-walled tube was designed and its
impact resistance under axial and oblique impact was studied. The structural parameters were optimized using MOPSO
and the optimal solution was obtained [26, 27]. A thin-walled tube composed of a bionic section, bionic unit, and bionic
inner tube was designed by applying a bamboo section to the thin-walled tube [28, 29]. J. Chen [30] and J. Du [31, 32]
have observed the microstructures of the hollow column and pole tube of the ladybug coleoptera and have proposed
the bionic trabecular-honeycomb thin-walled structure, the bionic honeycomb thin-walled structure, and the bionic
double-tube thin-walled structure, as well as having studied the mechanical properties of bionic structures under axial
impact loads. In this paper, a new type of tubular wave structure is proposed to simulate the contours of the coconut
tree. Four deformation modes of the bionic tube exist, which are affected by the cone angle and wavelength, and exhibit

a significantly lower initial peak crushing force than a CT does.

In addition to the above biological prototypes, various studies have found that antlers also have high strength and

excellent mechanical properties [33]. Antlers are a status symbol and act as weapons and shields during stag fights,
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showing extremely high strength, toughness, and bending resistance [34]. Antlers can withstand impact loads much
higher than the mass of a male deer and are able to endure bending and avoid fracturing [35]. Kitchener et al. [36] have
studied various types of antlers and have found that the specific strength of antlers was higher than that of mild steel
and have determined that antlers can resist deformation. Mechanical tests on antlers performed by Chen et al. [37] have
shown that the axial strength of antlers was approximately 197.3 MPa, which was higher than that of the transverse
strength (approximately 66.7 MPa). Z. Fang et al. [38] have studied the microstructure of densified antler osteon and
have tested the bending mechanical properties of three specimens by using a material testing machine. The crack growth
path and fracture morphology from bending in three different directions were observed using a scanning electron
microscope. The antlers have anisotropic mechanical properties, showing that the unique structure of antler osteon has
a significant effect on the mechanical properties of antler.

Based on the structural bionic principle, a new bionic thin-walled tube with EGTTS is designed according to the
microstructure characteristics of antler osteon, the energy absorption under axial and oblique loading is studied using
nonlinear finite element analysis, and crashworthiness is investigated. The parameters of the bionic thin-walled tube are
also optimized using MOPSO to obtain the structural parameters for a tube with the best crashworthiness, which can be

used in the design and application of the thin-walled tube.

2. Bionic design of thin-walled tube

2.1. Microstructure characteristics of antler bone

Osteon is also called the Haversian system [39], which is the primary structural unit of antlers and other dense long
bones, as shown in Fig. 1. The osteon is cylindrical and its outer diameter increases layer by layer, with its axis parallel to
the long axis of the long bone. Each osteon has 4 layers to 20 layers of concentric annular tubes and the height of each
layer is identical, the thickness decreases from bottom to top, and the gradient of thickness changes is identical [37, 40].

Fig. 1 Schematic diagram of Antler osteon: (a) American elk bucks®¥; (b) Cross section of antler); (c) Osteon®®!,

Similarity analysis showed that the load and function characteristics of osteon are similar to those of thin-walled
tubes, which can withstand axial loads, oblique loads, and lateral loads when impacted. When a thin-walled tube is
subjected to an impact load in different directions, the resulting collision energy can be absorbed by deformation. Antler

osteon also has this function and is an excellent bionic prototype for designing bionic thin-walled tubes.
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2.2. Bionic thin-walled tube design

Based on the principle of structural bionics, a thin-walled tube of EGTTS was designed by analyzing the
microstructure of osteon and simulating its multilayer structure (the inner diameter was identical, the outer
diameter decreased from bottom to top, and the gradient phase of wall thickness changed). The dimensions of
EGTTS are height h = 160 mm, outer diameter D; =70 mm, and inner diameter D, = 66 mm. The number of bionic
layersare N=2,3,4,5,6,7,8,9, and 10. Various suffixes are used to differentiate different numbers of bionic
layers of EGTTS. For example, EGTTS-2 represents an EGTTS with two layers, as shown in Fig. 2. The figure
provides the front view of EGTTS with different numbers of bionic layers. EGTTS with different bionic layers are

given different gradient values to ensure that the mass of each EGTTS is 0.15 kg.

(a) (c)
(d) ®
(2) (h) (i)

Fig.2 Bionic thin-walled tubes with different layers: (a) N=2, a=0.65 mm; (b) N=3, a=0.32 mm; (c) N=4, a=0.22 mm; (d) N=5, a=0.16
mm; (e) N=6, a=0.13 mm; (f) N=7, a=0.11 mm; (g) N=8, a=0.09 mm; (h) N=9, a=0.08 mm; (i) N=10, a=0.07 mm.

2.3. Establishment and verification of EGTTS finite element model

The finite element models of the above nine EGTTS are established using HyperMesh software. The aluminum alloy
AA6061 is chosen as the material, with initial yield strength o, = 250 MPa, elastic modulus E = 71 GPa, density p = 2.7 x
103 kg/m3, and Poisson’s ratio u = 0.3. A bilinear elastic-plastic material with strain hardening characteristics is adopted and
the corresponding material tab in HyperMesh is MATL24. The mass and velocity of the moving rigid wall are 200 kg and 10 m/s,
respectively, and the loading angle & is 0°, 10°, 20°, and 30°, respectively. A fixation constraint is applied to the bottom of the

EGTTS, which is fixed on a rigid base. The EGTTS finite element model under axial and oblique impact loads is shown in Fig. 3.
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Fig. 3 Finite element model of Bionic thin-walled tube.

The EGTTS finite element model of five different grid elements is simulated and the numerical results are shown in
Fig. 4. The error between element 1.5 mm x 1.5 mm and element 2.0 mm x 2.0 mm is smaller, which shows that the
smaller mesh size cannot significantly improve the accuracy of numerical simulation results, but that computational

complexity will increase significantly. Finally, the 2.0 mm x 2.0 mm mesh size was used.

50 T T T T T T T
| — Element size 1.5mm*1.5mm
- - - Element size 2mm*2mm
40F..... Element size 2.5mm*2.5mm
I —- = Element size 3mm*3mm
30 |-~ Element size 3.5mm*3.5mm

Force (kN)

20

10

1 M 1 M 1 M 1

0 20 40 60 80 100

Displacement (mm)

Fig. 4 Force versus displacement curves with different element sizes.

An EGTTS-4 specimen with biomimetic layer n = 4, gradient a = 0.22, height h = 160 mm, outer diameter D; =70 mm,
inner diameter D, = 66 mm, and bottom layer thickness t = 4 mm was fabricated. Impact tests were performed to verify
the finite element model of the specimen, as shown in Fig. 5.
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(a) (b) (© (d)

Fig. 5 Collapse of thin-walled tubes at different times: (a) 1.729's; (b) 1.734 s; (c) 1.738 s; (d) 1.747 s.

The impact force can be recorded by a drop weight sensor and the deformation process can be recorded using a
high-speed video camera. The crushing force versus displacement curve of EGTTS-4 is shown in Fig. 6. The stress-
displacement relationship of the simulation is generally consistent with experimental values and the deformation mode
of the simulation agrees with the experimental results. The relative errors between simulation and test results are 3.76%
for maximum crushing force, 6.08% for energy absorption, and 5.28% for crushing force efficiency. Therefore, the finite
element model established in this paper has sufficient accuracy and can be used for further comparative analysis and

design optimization of different types of EGTTS thin-walled tubes.

50 T T T T T T T T

— Simulation

40 - - - Test

30 |r

20

Force (kN)

10 H

0 20 40 60 80 100

Displacement (mm)

Fig. 6 Simulation and experimental comparison of force vs. displacement curves.

3. Numerical simulation results of EGTTS

3.1. Crashworthiness index

To correctly evaluate the crashworthiness of EGTTS, it is necessary to determine an appropriate crashworthiness

index. Most literature uses Fmax, EA, and CFE to evaluate the crashworthiness of thin-walled tubes [1].
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Fmax represents the maximum crushing force of the thin-walled pipe, which should be reduced as much as possible
during the deformation process. An excessively large Fmax value will cause excessive acceleration, that is, a large impact
force will cause greater damage to a device using thin-walled pipes.

EA represents the energy absorption of the thin-walled tube during the deformation process, which can be
expressed by Eq. (1).

EA=[ F(x)dx (1)

In the formula, x is the deformation displacement and F(x) is the instantaneous crushing force under this
displacement.

CFE represents the crushing force efficiency, which can be expressed by Eq. (2).

F,
CFE =2 x100% 2)

max

In the formula, Fmean is the average crushing force, which is the ratio of EA to x, which can be expressed by Eq. (3).
Foo==2 (3)
X

3.2. Crashworthiness analysis of EGTTS

The deformation modes of EGTTS with different numbers of bionic layers under axial and oblique impact loads are
shown in Fig. 7. EGTTS exhibits a stable and progressive crush pattern under multi-angle impact loads. As the angle
increases, an overall bending mode appears at the bottom of the EGTTS, but the overall deformation is stable and there

is no direct overall bending.

- 80888888
B BB BB AR A B
~ 9P S
R RRRRRARRR

Fig.7 Deformation modes of EGTTS with different number of bionic-layer under axial and oblique loads.

EGTTS-4 is shown in Fig. 8 as an example of the difference in crushing force-displacement curves at different impact
angles. For axial loading, the crushing force first reaches a peak, then drops sharply, then fluctuates at various lower
values corresponding to the progressive fold and a new peak appears at the change of deformation to thickness, but is
smaller than the peak of the initial crushing force. The appearance of the curve is caused by a sudden change in thickness.
After the new peak appears, the curve continues to change in a progressive way until it reaches its maximum value. The
collapse of the fold occurs when the critical condition of deformation is reached. For oblique loading, the peak value of

the crushing force is small; beyond the peak value, the curve fluctuates at the maximum value and no new peak value
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appears. The maximum crushing force under axial loading is larger than that under oblique loading. The position of the

maximum crushing force increases with the increase of the loading angle 8.

Force (kN)

Displacement (mm)
Fig. 8 Force vs. displacement curves of EGTTS-4 at different impact angles.

The maximum crushing force Fmax, €nergy absorption EA, and crushing force efficiency CFE of different biomimetic
layers are shown in Fig. 9. Because Fmean represents the ratio of energy absorption to displacement, it is not listed here.
The maximum value of Fnax is 44.97 kN in EGTTS-4 under axial loading. The EA gap and the change were small, with the

highest value of 1.65 kJ being at EGTTS-9.
Under oblique loading, both Frmax and EA decrease, but CFE increases. At 10° and 20° loading, the decrease of Fmax is

larger than that of EA, which results in CFE being larger than that of axial loading at oblique loading and higher than that
at 20° loading. Increasing the loading angle to 20° and 30° shows no obvious change in Fmax, but a decrease in EA, which

leads to the decrease in CFE compared with 20°.

|
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% 25 = |
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Fig. 9 Fmax, EA, and CFE of different bionic layers: (a) Fmax; (b) EA; (c) CFE.
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3.3. Optimal thin-walled tube structure selection

Based on the above three crashworthiness evaluation indices, the thin-walled tube structures with the best
crashworthiness were selected from the nine EGTTS with different layers. In this paper, the complex proportional
assessment (COPRAS) is used to solve the multi-objective decision-making problem.

Step 1: Generate the decision matrix A, which is applied with the EGTTS crashworthiness index of nine different

layers under four loading angles.

ay dp 4
a a oo a
21 22 2n
A=la]=) 70T T )
aml aml amn

In this formula, aj is the value of the i scheme under the index j, m is the number of design schemes, this paper
refers to the number of bionic layers, and n is the number of indicators.
Step 2: Obtain the normalized decision matrix R in order to obtain the dimensionless values under different indices

for comparison.

R=[r], :a—j ©)

Zizl a;

Step 3: Determine the individual weights for each indicator, as follows.
In this paper, the total comparison set is C = n(n-1)/2 = 3. Using the scaling method [18], two comparisons are made
and crashworthiness indices are scaled according to their importance, as shown in Table 1. Sum the w; of indexj as shown

in Eq. (6) and then calculate the weight of the j index wj, as with Eq. (7).

Table 1. Scale of crashworthiness criteria.

Number of comparison sets

Crashworthiness criteria W; Wi
1 2 3
Frmax 2 3 5 5/12=0.417
EA 2 3 5 5/12=0.417
CFE 1 1 2 2/12=0.166
m
W= Zi:l Gy (6)
W/
R (7)

In this paper, the criterion Wa under multi-angle loading is considered. The weight factors of the loading angle are
0.4(8 =0°), 0.3(% = 10°), 0.2(F = 20°), and 0.1(F = 30°), respectively. For example, when Fmax is weighted, the weighting
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factors should be 0.417 x 0.4 = 0.1668(% = 0°), 0.417 x 0.3 = 0.1251(% = 10°), 0.417 x 0.2 = 0.0834(% = 20°), and 0.417 x
0.1 =0.0417(9 = 30°), respectively.

Step 4: Compute the weighted normalized decision matrix D.
D:[dij]:rijij (8)

From Eq. (8), dj is the weighted normalized index value of the i scheme under the j index. All EGTTS crashworthiness
indices under different loading conditions are taken into account when the decision matrix is generated, as shown in
Table 2.

Table 2. The decision matrix, normalized decision matrix and weighted normalized decision matrix.

Decision matrix Normalized decision matrix Weighted normalized decision matrix
Angle N
Frmax EA CFE Frmax EA CFE Frmax EA CFE
0° 2 42.25 1.63 38.58 0.1151 0.1146 0.1100 0.0192 0.0191 0.0073
3 38.80 1.51 38.92 0.1057 0.1061 0.1110 0.0176 0.0177 0.0073
4 44.97 1.58 35.13 0.1225 0.1111 0.1002 0.0204 0.0185 0.0066
5 36.86 1.55 42.05 0.1004 0.1090 0.1199 0.0167 0.0181 0.0079
6 42.86 1.53 35.70 0.1167 0.1075 0.1018 0.0194 0.0179 0.0067
7 36.11 1.61 44.59 0.0983 0.1132 0.1272 0.0164 0.0188 0.0084
8 42.70 1.53 35.83 0.1163 0.1075 0.1022 0.0194 0.0179 0.0067
9 43.27 1.65 38.13 0.1178 0.1160 0.1087 0.0196 0.0193 0.0072
10 39.21 1.63 41.57 0.1068 0.1146 0.1186 0.0178 0.0191 0.0078
10° 2 24.64 1.37 55.60 0.1303 0.1198 0.1017 0.0163 0.0149 0.0050
3 21.12 1.20 56.82 0.1116 0.1049 0.1039 0.0139 0.0131 0.0051
4 19.98 1.27 63.56 0.1056 0.1111 0.1163 0.0132 0.0139 0.0057
5 19.39 1.23 63.43 0.1025 0.1076 0.1160 0.0128 0.0134 0.0057
6 19.66 1.21 61.55 0.1039 0.1058 0.1126 0.0130 0.0132 0.0056
7 18.81 1.29 68.58 0.0994 0.1128 0.1255 0.0124 0.0141 0.0062
8 21.77 1.24 56.96 0.1151 0.1084 0.1042 0.0144 0.0135 0.0051
9 22.43 1.32 58.85 0.1186 0.1154 0.1076 0.0148 0.0144 0.0053
10 21.28 1.30 61.09 0.1125 0.1137 0.1117 0.0140 0.0142 0.0055
20° 2 10.04 0.83 82.67 0.0953 0.1025 0.1192 0.0079 0.0085 0.0039
3 12.64 0.88 69.62 0.1200 0.1087 0.1004 0.0100 0.0090 0.0033
4 10.77 0.81 75.21 0.1022 0.1001 0.1085 0.0085 0.0083 0.0036
5 12.04 0.93 77.24 0.1143 0.1149 0.1114 0.0095 0.0095 0.0037
6 11.71 0.93 79.42 0.1112 0.1149 0.1145 0.0092 0.0095 0.0038
7 12.05 0.90 74.69 0.1144 0.1112 0.1077 0.0095 0.0092 0.0035
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Table 2. Continued...

Decision matrix Normalized decision matrix Weighted normalized decision matrix
Angle N
Fmax EA CFE Fnax EA CFE Frax EA CFE
8 11.91 0.97 81.44 0.1131 0.1199 0.1174 0.0094 0.0100 0.0039
9 11.55 0.94 81.39 0.1096 0.1161 0.1174 0.0091 0.0096 0.0038
10 12.59 0.90 71.49 0.1195 0.1112 0.1031 0.0099 0.0092 0.0034
30° 2 10.59 0.72 67.99 0.1155 0.1196 0.1146 0.0048 0.0049 0.0019
3 10.42 0.66 63.34 0.1136 0.1096 0.1068 0.0047 0.0045 0.0017
4 9.94 0.69 69.42 0.1084 0.1146 0.1170 0.0045 0.0047 0.0019
5 10.67 0.67 62.79 0.1164 0.1112 0.1058 0.0048 0.0046 0.0017
6 9.45 0.66 69.84 0.1030 0.1096 0.1177 0.0042 0.0045 0.0019
7 9.11 0.68 74.64 0.0999 0.1129 0.1258 0.0041 0.0047 0.0020
8 10.55 0.66 62.56 0.1150 0.1096 0.1055 0.0048 0.0045 0.0017
9 10.65 0.63 59.15 0.1161 0.1046 0.0997 0.0048 0.0043 0.0016
10 10.28 0.65 63.23 0.1121 0.1079 0.1066 0.0046 0.0045 0.0017

Note: Frmax,kN,EA,kI,CFE, %,

Step 5: Sum the weighted normalized values of the beneficial and non-beneficial attributes.

m
+1 i=

N oy (9)

Si=21dy (10)

In the formula, dj; and d.jare weighted normalized performance values for beneficial and non-beneficial attributes,
respectively.

Step 6: Determine the relative merits of the different options.

"S,
0 =5, —== - (11)

+
S—izi’il(l/s—i)

where Q; is the value of relative superiority. The higher the Q; value is, the higher the superiority of the scheme is.

Step 7: Calculate the utility of scenario .

U =2 100% (12)

1
max

where Qmax is the maximum value of relative excellence. The larger the value of the utility U;, the better the crash
resistance of the design, and a value of 100% corresponds to the optimal structure. The relative merits of each scenario,

Qi and the utility U;, are shown in Table 3. The results show that when the number of biomimetic layers is n = 7, the utility
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is the highest, that is, the crashworthiness of EGTTS-7 is the best considering various loading angles. The structural

parameters are further optimized in the following section.

Table 3. Result of COPRAS.

N S. S. Q; Ui Rank
2 0.0656 0.0482 0.1102 93.68 4
3 0.0621 0.0463 0.1083 92.05 8
4 0.0635 0.0467 0.1094 92.95 7
5 0.0650 0.04397 0.1138 96.67 2
6 0.0635 0.0460 0.1100 93.44 6
7 0.0673 0.0425 0.1177 100.00 1
8 0.0637 0.0480 0.1083 92.01 9
9 0.0659 0.0484 0.1101 93.59 5
10 0.0657 0.0465 0.1118 94.96 3

4. Multi-objective optimization

4.1. Optimization model

To obtain the optimal crashworthiness of EGTTS, its structural parameters are optimized; this paper uses a multi-
objective optimization design under different loading conditions. Energy absorption is the primary function of a thin-
walled tube, which is expected to absorb as much energy as possible. Therefore, EA is an optimization target; Fmax should
also be used as an optimization target because too large an Fmax may cause the impact height to decelerate and cause
serious injury or death to vehicle passengers. In addition, the impact of different loading angles should also be
considered. Therefore, this paper expresses the weighted index as Eq. (13). Fmaxw and EAy, respectively, represent the
weighted maximum crushing force and the weighted energy absorption value. k represents the number of loading

conditions; in this paper k=4 and /=1, 2, 3, and 4 represent the loading angle ¢ = 0°, 10°, 20°, and 30°, respectively.

Enax,w = Zle Wi Fmax,i
EA,=Y" wEA (13)

k
i:lwf_l

Based on the two weighted normalization indices Fmaxw and EAy, EA is maximized while Frax is minimized. For each

loading angle 8, the optimization model can be expressed as Eq. (14).

min[FmaX‘w (t,a)—EA, (¢, a)J

Imm <t <3mm (14)
“710.05mm < @ < 0.25mm
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4.2. Experimental design and meta-model

Because of the homogeneity of the sample points, the whole factor experiment is used to generate the sample
points, and 25 sample points are generated. Polynomial regression (PR) was used to establish the meta-model of
crashworthiness indices Fmax and EA and the accuracy of the meta-model was determined according to R2. R? is listed in
Table 4. The results show that the prediction accuracy of the PR meta-model for crashworthiness indices Fmax and EA is
high and both R? are close to 1, which indicates that the PR meta-model can be used in subsequent multi-objective

optimizations.

Table 4. Fitting coefficient R? of crashworthiness criteria.

Crashworthiness criteria 0° 10° 20° 30°
(e 0.9934 0.9952 0.9928 0.9931
EA 0.9953 0.9917 0.9979 0.9952

4.3. Multi-objective optimization design

To solve the multi-objective optimization problem in Eq. (14), MOPSO is used to obtain the Pareto boundary and
apply it to the optimization design. The weight factors wy1, Waa, Wes, and wgs were set for four loading angles: & = 0°, 10°,
20°, and 30°. The impact of different loading angles on the crashworthiness of the thin-walled tube is studied by
considering the following seven configurations. Case-I, case-Il, case-lll, and case-IV are four single-angle configurations.
Case-V, case-VI, and case-VIl are multi-angle configurations. The angle weighting factors for different configurations are

shown in Table 5.

Table 5. Value of weighting factor for different design cases.

Design case wi w; w3 Wy
case-| 1 0 0 0
case-l| 0 1 0 0
case-lll 0 0 1 0
case-1V 0 0 0 1
case-V 0.1 0.2 0.3 0.4
case-VI 0.25 0.25 0.25 0.25

case-VII 0.4 0.3 0.2 0.1

Based on the PR meta-model, the Pareto boundary is obtained as shown in Fig. 10. The maximum crushing force
Fmax and energy absorption EA decrease with the increase of the angle and Fyax decreases with the decrease of the EA.
However, when EA decreases in case-l, Fmax decreases the most; when EA decreases in case-ll, Fmax decreases the least.
When EA decreases in case-lll and case-1V, the degree of Fmax decrease is not obvious. This shows that the loading angle
influences the position and range of the Pareto boundary, thus affecting its crashworthiness. During axial loading, the
degree of change of Fma is close to that of EA, while under diagonal loading, the degree of change of Fnax is different
from that of EA.
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Fig. 10 Pareto boundary of different design cases: (a) Single loading case; (b) Multiple loading case.

To select the optimal structure for crashworthiness under four single-angle loading conditions, the minimum

distance method is used to find the inflection point. The corresponding structural parameters are listed in Table 6.

Table 6. Optimal structural parameters and crashworthiness criteria under single loading angle.

Design case Structural parameter Fimax / kN EA/K)
t/ mm a/mm
case-| 213 0.10 38.74 1.54
case-ll 1.91 0.13 20.89 1.19
case-lll 2.02 0.15 12.65 0.93
case-1V 2.20 0.17 9.95 0.69

The Pareto boundary of the scenario is configured for multiple loading angles, as shown in Fig. 10b. Case-V, case-VI,
and case-VII move from the lower right-hand corner to the upper left-hand corner with little difference in the slope of
the boundary because as the weight factor from case-V to case-VIl increases, a larger Fmax and EA are obtained. Case-VII
absorbs more energy than case-VI and case-VI absorbs more energy than case-V under the same Fmax. From the extension
of the Pareto boundary, the thin-walled tubes under case-VII have better energy absorption than case-V and case-VI do.
The selection of the thin-walled tube with the best crashworthiness is influenced by the weight factor when considering

the different loading angles The weight factor should be considered comprehensively in practical application.

5. Crashworthiness comparison

The optimized EGTTS is simulated under the condition of single-angle loading and compared with the CT tube under
the same condition to analyze crashworthiness. The same aluminum alloy is selected as the material for the CT. The initial
yield strength is o, = 250 MPa, the elastic modulus is £ = 71 GPa, the density is p = 2.7 x 103 kg/m?3, the Poisson's ratio is
1 =0.3, the mass is 0.15 kg, the height is 160 mm, and the thickness is the same as the optimized bottom layer thickness
t of EGTTS in Table 6. Fig. 11 shows the comparison of EGTTS and CT numerical simulation results under four single
loading angles. The optimized EGTTS has a lower Fmax than the CT does and the optimized EGTTS with a thickness of 2.02
mm and a gradient of 0.15 mm reduces the Fmax by 50.1% at a 20° oblique loading. Compared with the CT, the optimized
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EGTTS has a higher EA and the EGTTS with a wall thickness of 1.91 mm and a gradient of 0.13 mm under a 10° oblique
loading can improve EA by 22.7%, which indicates that the optimized EGTTS has better crashworthiness.

T T T T T T T T
5oL [ EGTTS 16 ] EGTTS
Bz cT 14H BEEcr ]

1.2 H .

1.0 H -

0.4 H

0.2 H

0° 10° 20° 30° 0° 10° 20° 30°
W) a()
(b)

Fig. 11 Comparison of numerical simulation results between EGTTS and CT under four single loading angles: (a) Comparison of Frax

between EGTTS and CT; (b) Comparison of EA between EGTTS and CT.

6. Conclusion

1. Anew bionic thin-walled tube is designed. Based on the principle of structural bionics, a desigh method is proposed
to create a bionic thin-walled tube to replicate an antler osteon and a new macrostructure model of the bionic thin-
walled tube (i.e., EGTTS) is also designed.

2. The simulation test verifies the rationality of the bionic thin-walled tube structure design and its excellent
crashworthiness. LS-DYNA was used to simulate axial and oblique loading at different angles. The results show that
the bionic thin-walled tube has good crashworthiness, the deformation mode gradually collapses, and no complete

bending deformation mode exists. It shows that osteon can be used in the design of bionic thin-walled tube.

3. The EGTTS-7 with the best crashworthiness is selected. The multi-crashworthiness index problem is solved using the
COPRAS. The results show that EGTTS-7 has the best crashworthiness. The Fnax and EA are 36.11, 18.81, 12.05, 9.11
kN and 1.61, 1.29, 0.90, 9.11 kJ at 0°, 10°, 20° and 30° respectively.

4. Multi-objective optimization design is used to obtain the optimal structural parameters under single-angle loading.
MOPSO is used to obtain the optimal structure parameters under single-angle loading through the Pareto boundary.
Under the loading conditions of 0°, 10°, 20° and 30°, t-a is 2.13 mm-0.13 mm, 1.91 mm-0.15 mm, 2.02 mm-0.15 mm

and 2.20 mm-0.17 mm respectively.

5. The optimized EGTTS has a lower Fmax than the CT does and the optimized EGTTS with a thickness of 2.02 mm and
a gradient of 0.15 mm reduces the Fmax by 50.1% at a 20° oblique loading. Compared with the CT, the optimized
EGTTS has a higher EA and the EGTTS with a wall thickness of 1.91 mm and a gradient of 0.13 mm under a 10°
oblique loading can improve EA by 22.7%, which indicates that the optimized EGTTS has better crashworthiness.

6. The reliability of the simulation results is verified through physical experiments. The simulation results and physical
test results prove that applying the structural characteristics of the antler osteon to the design of the energy-
absorbing thin-walled tube can effectively improve the energy-absorbing characteristics of the thin-walled tube and

its crashworthiness, providing a reference for the design of energy-absorbing components. At present, the bionic
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thin-walled tube design of osteon is only on the theoretical basis, not applied in actual production. In the future

research, we can try to apply it to energy absorbing components such as vehicles, aerospace, ships and so on.
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