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ABSTRACT

Thin-walled structures are widely used in cars due to their lightweight construction and energy-absorbing
properties. However, issues such as high initial stress and low energy-absorbing efficiency arise. This study proposes
a novel energy-absorbing structure in which a straight tube is combined with a conical tube and a bamboo-inspired
bulkhead structure is introduced. This configuration allows the conical tube to flip outward first and then fold
together with the straight tube. This deformation mode absorbs more energy and less peak force than the conical
tube sinking and flipping inward. Through finite element numerical simulation, the specific energy absorption
capacity of the structure is increased by 26% compared to that of a regular circular cross-section tube. Finally,
the impact resistance of the bionic straight tapered tube structure is further improved through multi-objective
optimization, promoting the engineering application and lightweight design of hybrid cross-section tubes.

KEYWORDS
Crashworthiness; tube inversion; multi-objective optimization; energy absorption

1 Introduction

Thin-walled structures are widely used as energy absorbers in the automotive, rail transport, and
aerospace industries due to their superior impact resistance [1–3]. The deformation mechanism of
these structures can be classified as progressive buckling, depending on the geometry, type of load,
and boundary conditions [4], tube inversion [5,6], shrinkage [7], expansion [8], or splitting [9,10]. They
are utilized in many engineering structures to dissipate the kinetic energy of impact during collisions.

The impact resistance of thin-walled tubes is related to the material properties, wall thickness,
cross-sectional configuration, geometric defects, and other factors [11–15]. Of these factors, the cross-
sectional configuration plays a vital role in the design of energy absorbers. The energy absorption
capacity of thin-walled tubes can be significantly improved by making appropriate changes to the
cross-sectional configuration [16,17]. For example, Alavi Nia et al. [18] compared the performance of
circular, square, triangular, and conical cross-sections under axial quasi-static loading and determined
that circular cross-sections had the highest specific energy absorption of these different cross-sections.

Although thin-walled tubes are widely used as energy absorbers in safety applications due to their
lightweight and progressive deformation, they have some disadvantages. These include high initial
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peak load at the start of deformation, low energy absorption efficiency, and instability during crash
impacts [19], among other problems. To solve these problems, many novel configurations, such as
the multi-angle [20], multi-cell [21,22], and other structural profiles [23], have been introduced into
thin-walled structures. For example, Liu et al. [24] investigated the deformation pattern and energy
absorption efficiency of polygonal tubes with a star cross-section. They found that the specific energy
absorption (SEA) of star tubes is slightly better than that of polygonal tubes. Zhang et al. [25] proposed
a bionic thin-walled tube inspired by the microstructure of bamboo and beetle forewings. The finite
element model of the bionic thin-walled tube was validated experimentally.

The inversion of thin-walled tubes results in an ideal deformation energy absorption pattern.
Stable crushing forces, long strokes, and low initial force peaks can be achieved during inversion.
Stable braking forces and long strokes are considered good indicators of an energy-absorbing
structure. Several researchers have investigated the impact resistance parameters of circular tubes in
internal and external inversions through theoretical, experimental, and numerical simulations [26–32].
Rezvani et al. [33] proposed a tube overturning model with a trigger mechanism press-fitted to the
bottom of the circular tube. They showed that this approach prevents the sudden application of loads
to the main part of the structure and the passengers in the event of an accident. Chahardoli et al. [34]
developed a device to produce an inward flip of the truncated conical by squeezing downwards through
a hollow cylinder with a cap below. Once the truncated conical is fully inverted, both structures
are subjected to simultaneous progressive folding, and experimental results indicate that the specific
energy of the proposed absorber is increased compared to conventional absorbers.

Materials and structures from natural organisms show superior mechanical and multifunctional
properties of lightweight, high-strength, and impact-resistant [35,36], which has attracted attention
in the field of structural bionics. As a result, many researchers have studied thin-walled tubes with
biconically inspired characteristics. For instance, Huang et al. [37] designed a hierarchical topological
tubular honeycomb. Their numerical and theoretical results indicated that the topological honeycomb
has better energy absorption capacity than traditional honeycombs. Gong et al. [38] designed a lotus-
inspired bionic multi-cell tube (LBMT) and found that the LBMT exhibits superior energy absorption
behavior than traditional multi-cell tubes.

In the above literature, much attention has been focused on the quasi-static or dynamic com-
pression of multicellular tubes. In addition, mainly by folding deformation to absorb energy; however,
there is little research on the crashworthiness of thin-walled shell structures with combined geometries,
Gupta et al. [39] introduced several types of composite tube structures and concluded that the change
of geometry affects the collapse process, and the thickness and semi-apical angle influence the flip
mode of the conical tube, but the structural deformation mechanism and parametric analysis need
further research.

This study proposes a bamboo-inspired straight conical tube (BSCT) structure with a bulkhead
based on bamboo knots to make the conical tube turn outward stably and improve the energy
absorption capacity of the thin-walled tube. It compares the crashworthiness of BSCT with a straight
conical tube (SCT). The multi-objective optimization problem of the structure with a modified
bulkhead is solved using the Non-dominated Sorting Genetic Algorithm-II (NSGA-II), and the results
showed that the BSCT achieves good results in terms of initial peak force. In contrast, the bulkhead
in the middle of the structure can effectively improve the specific energy absorption.
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2 Materials and Methods
2.1 Geometry

Since bamboo possesses excellent mechanical properties, this study draws inspiration from
bamboo joints and introduces a bulkhead structure directly in the straight and conical tubes. Fig. 1
shows the finite element model of the BSCT, and all the geometric features of the tube are represented
by five parameters: t is thickness; R is the radius under the conical tube; r is the radius of the straight
tube; A is the length of the straight tube; B is the length of the conical tube.

Figure 1: The inspiration for the BSCT

2.2 Crashworthiness Parameters
The energy absorption (EA) represents the total energy absorption that is dissipated during the

crushing process, and it is defined as follows:

EA =
∫ lmax

0

F (s) ds (1)

where F(s) is the crushing force and lmax is the crushing distance (or effective stroke).

The SEA is defined as the ratio of the EA to the mass of the structure.

SEA = EA
m

(2)

The PCF is the peak stress, and for general energy-absorbing structures, PCF usually occurs at the
beginning stage and is termed IPCF (initial peak crushing force). However, the discontinuity of straight
conical tube structures generates two peak stresses during the deformation of the combined tube. These
need to be discussed separately for excellent energy absorbers. The IPCF should be minimized for
effective protection. The second peak stress occurs when the conical tube is folded together with the
straight tube after it has been turned outwards and is called the SPCF (second peak crushing force).

2.3 Material Properties
A standard elastic-plastic intrinsic model was employed to simulate the large deformation of the

tube during the crushing process. The material of the tube is aluminum alloy Al-6063-T5. Fig. 2 depicts
the actual stress and plastic strain data.
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Figure 2: True stress-true plastic strain curve for the aluminum AL-6063-T5 [40]

Due to the insensitivity of Al-6063-T5 material to strain rate [41], the inertial effect of low-velocity
impacts has a negligible effect on the crashworthiness of the structure. Hence, quasi-static tests are
widely applied to verify the energy absorber for low-velocity impacts (10 m/s) [42–44]; they are also
used in this study.

2.4 Finite Element Method
The commercial finite element software ABAQUS/ EXPLICIT is often used as an effective solver

for numerical simulation experiments. The impact model consists of a rigid plate, a tube structure,
and a supporting rigid plate (Fig. 3), with the mass of the impact rigid plate set to 600 kg. The impact
distance is 96 mm, which is 80% of the height of the column (H = 120 mm). The impact plate velocity is
always downwards, and all the degrees of freedom of the supporting rigid plate are fixed. In addition,
the thin-walled structure is simulated using a four-node simplified integral shell element (S4R) with
five integration points along the thickness direction. The model uses general contact to describe the
interaction effects, and the friction coefficient is set to 0.2 [24].

The convergence of the mesh sizes was obtained by mesh sensitivity analysis. Therefore, the
dimensions t = 2 mm, r = 20 mm, R = 40 mm, A = 40 mm, and B = 80 mm were chosen to compare
the EA and IPCF for six different sets of mesh sizes to determine the optimum mesh size for the model.

Fig. 4 indicates that the mesh size has little influence on the PCF but significantly affects the EA.
It also exhibits that the mesh size impacts the energy absorption, and it requires more time to calculate
the same model with too small a mesh size. Table 1 compares absorbed energy and peak initial force
for different mesh sizes. It shows that when the mesh size is 1.5 mm, the initial peak crushing force
error is only 0.27%, and the absorbed energy error is 1.44% compared to the 1 mm. Therefore, a mesh
size of 1.5 mm is the best choice, considering the computational cost and accuracy balance.
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Figure 3: Schematic of impact model

Figure 4: Mesh sensitivity analysis for the BSCT

Table 1: Absorbed energy and initial peak force at different meshes

Mesh size (mm) EA (J) Diff (%) IPCF (kN) Diff (%) Cost time (min)

0.75 4091.7 – 40.91 – 166
1 4196.8 2.57 41.04 0.31 37
1.5 4257.1 1.44 41.15 0.27 19
2 3848.1 −9.61 41.38 0.56 9
2.5 3890.8 1.11 41.59 0.51 6
3 3571.1 −8.22 41.82 0.56 4

2.5 Verification of the FE Model
In order to guarantee accuracy, the experimental results in [39] were utilized to validate the FE

model. The experiments were conducted at 10 mm/min speed under quasi-static compression. The
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crushing speed was increased to 1 mm/s in the simulations to improve the efficiency of the structure
analysis and reduce the computational cost.

Fig. 5 shows that the total kinetic energy is 1% of the total internal energy, less than the critical
threshold. Therefore, quasi-static loading scenarios can amplify the crushing velocity, and the dynamic
effects can be neglected [45]. Fig. 6 indicates that the deformation results of finite element simulation
are consistent with the deformation results of previous experimental studies. In addition, the force-
displacement curves obtained from the numerical calculation results in this study agree with the
experimental tests, and the curves’ similarity is represented in the amplitude and waveform. The small
differences can be due to the uniform thickness used in the finite element model, the manufacturing
accuracy of the test specimens, or material defects. This indicates that the accuracy of the finite element
model is acceptable to investigate the energy absorption characteristics of the straight conical tube.
The following simulations are set up the same way as the above verification, with the same boundary
and loading conditions but different shapes and material properties of the structure. Therefore, the
following simulations can be performed with acceptable accuracy based on these parameters.

Figure 5: Kinetic and internal energies of the FE model of the tube

Figure 6: Numerical and experimental results [39] comparison of tubes under quasi-static oblique
loadings
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3 Results and Discussion
3.1 Influence of Bulkhead on the BSCT

Fig. 7 depicts the deformation of the BSCT and SCT. The SCT collapses internally at the junction
during compressions, causing the conical tube to flip inwards and then fold with the straight tube after
the flip. In contrast, the BSCT starts to flip outwards at the lower end during compression and then
folds with the straight tube after the flip is complete.

Figure 7: Deformation diagram of BSCT and SCT

Fig. 8 compares the energy absorption and force-displacement curves for BSCT and SCT. It can
be concluded that the IPCF of BSCT is 46.34 kN, the IPCF of SCT is 53.24 kN, and the difference
is 6.9 kN. The SPCF of BSCT is 113.47 kN, the SCT is 145.02 kN, and the difference is 31.55 kN.
The energy absorption curve shows that both have a turning point; the energy absorbed by BSCT
is 5025 J, and the energy absorbed by SCT is 3510 J. The difference between the two is 1515 J, an
increase of 30.15%. In addition, the BSCT straight tapered tube with a bulkhead has a lower peak
force, higher energy absorption, and superior crashworthiness characteristics compared to the SCT
without a bulkhead.

Figure 8: Force displacement and energy absorption curves

The reason is that BSCT has a partition reinforcement at the connection between the straight tube
and the conical tube so that the force of the whole tube is relatively stable. During the pressure, it does
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not yield from the middle, resulting in the inward flip of the conical tube, and the case of external
inversion can produce more significant plastic deformation, and this deformation allows for greater
energy absorption. Moreover, the IPCF and SPCF with the bulkhead are small, indicating that the
bulkhead’s introduction improves the structure’s crashworthiness.

3.2 Trim the Bulkhead
Fig. 9 demonstrates that the bulkhead does not directly bear the load in the deformation

process but strengthens the stability of the stressed structure and does not directly participate in the
compression and collapse deformation. It considers digging holes in the bulkhead to reduce the weight
of the bulkhead and further improve the SEA. The diameter of the circular hole dug in the bulkhead
is 0%, 25%, 50%, 75%, and 100% of the radius of the straight tube.

Figure 9: BSCT deformation diagrams for different digging radiuses

Fig. 10a indicates that the appropriate openings improve the absorption performance of the SEA
due to the reduction of the structure’s mass and the fact that the bulkhead’s function does not fail.

Figure 10: Comparison of (a) SEA and (b) peak forces for different digging ratios

Fig. 10b demonstrates that the initial peak stresses are not significantly different when the
bulkhead is present but are significantly greater when the bulkhead is absent.
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3.3 Comparison of Conventional Round Tubes and BSCT for the Same Mass
Five different cross-sectional tubes were chosen to compare the SEA of different cross-sectional

tubes. Fig. 11a compares the BSCT with the other cross-sectional tubes, which differ only in cross-
sectional dimensions for the same wall thickness and mass. The SEA of the BSCT is 26.85% higher
than the SEA of the circular cross-section tube. Fig. 11b shows that the peak stress of the BSCT is
lower than all four other cross-section tubes, and the initial peak stress is 40.26% lower than the circular
cross-section comparison.

Figure 11: Comparison of (a) SEA and (b) peak forces for different cross-sectional tubes

3.4 Design Optimization
3.4.1 Multi-Objective Optimization Problem

As an ideal energy absorber, the structure should dissipate more of the kinetic energy of the
impact while minimizing the peak reaction force. Therefore, SEA, IPCF, and SPCF were chosen as the
three objective functions in optimizing the impact resistance. Wall thickness, straight tube radius, and
conical tube radius are sensitive to the impact resistance of the straight conical tube and were therefore
selected as design variables. The final selected optimization model has a circular hole diameter cut in
the bulkhead of 75% of the straight tube radius.

The problem of optimizing the design for crashworthiness can be written as follows:⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Max SEA = f (t, r, R)

Min IPCF = f (t, r, R)

Min SPCF = f (t, r, R)

s.t.1 mm ≤ t ≤ 3 mm
20 mm ≤ r ≤ 40 mm
40 mm ≤ R ≤ 60 mm

(3)

To clarify, the optimization process employed in this study is described in brief detail below.
Sampling points were initially selected from different combinations of the design variables shown in
Fig. 12. These structures were then modeled and analyzed in ABAQUS to extract the crashworthiness
criteria SEA and PCF. The objective functions for the crashworthiness criteria SEA and PCF were
then obtained based on the dimensions of thickness and radius by generating approximate models
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using the input (i.e., t and r and R) and output (i.e., SEA and PCF) data. If the accuracy of these
functions is adequate, the best combination of thickness and radius is determined by minimizing and
maximizing the objective functions of PCF and SEA, respectively, using an undominated ranking
genetic algorithm. Otherwise, new sampling points are selected from the space of design variables
shown in it. The above process is repeated multiple times until an optimal point is reached.

Figure 12: Flowchart of optimization

3.4.2 Design of Experiment and Surrogate Model

Due to interaction effects, obtaining an analytical formulation of the objective function concern-
ing the shape and material parameters is challenging. As an alternative, surrogate modeling techniques,
such as Kriging modeling, have proven effective and are widely used in crashworthiness design [46].
In practice, surrogate modeling techniques start with data samples from specific training points.
Design of experiments (DOE) is a method that addresses how to select training points effectively, and
commonly used methods are complete factorial design, orthogonal arrays, central composite design,
Box-Behnken, Latin hypercube design, and optimal Latin hypercube design. This study uses optimal
Latin hypercube sampling (OLHS) to generate training points. It has the advantage of effective space-
filling capability, fitting non-linear responses, and good space-filling and equilibrium compared to
Latin hypercube sampling.

A Kriging surrogate model was then built to approximate the SEA and PCF to ensure that the
surrogate model met the accuracy requirements and to assess the surrogate model’s accuracy. Fig. 13
depicts the spatial distribution of these sample points. The training point data are detailed in Table 2,
and the validation point data are listed in Table 3.
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Figure 13: Sample points for testing the Latin hypercube design

Table 2: Sample points for training surrogate models

No. r (mm) R (mm) t (mm) EA (J) SEA (kJ/kg) IPCF (kN) SPCF (kN)

1 28.57 45.31 1.06 2058.06 26.35 34.5787 44.23
2 37.96 40.8 1.37 2848.45 24.56 60.3224 63.47
3 34.69 57.55 1.89 5572.35 31.66 71.1537 147.21
4 20.82 46.12 2.13 5286.18 39.16 51.0434 123.99
5 30.61 53.06 1.8 5078.49 34.08 61.8389 139.33
6 40 45.71 1.74 3924.41 24.68 80.3731 73.2
7 39.59 53.88 2.01 6865.42 35.21 90.359 161.36
8 35.1 50.61 1.03 1654.43 18.3 40.9863 42.34
9 30.2 50.61 2.22 6662.95 37.22 75.8382 159.59
10 23.67 59.18 1.55 3407.93 27.48 39.6142 92.78
11 33.88 43.27 1.61 3192.39 24.75 63.0574 58.19
12 22.04 43.67 1.7 4142.88 38.72 43.0747 97.82
13 32.24 48.57 1.43 3696.77 31.6 54.8964 80.94
14 28.16 41.63 1.77 3853.51 31.08 57.4551 82.72
15 26.53 47.35 1.49 3800.35 35.19 44.777 89.39
16 24.08 40 2.07 4959.19 38.15 57.587 146.37
17 25.31 48.98 1.92 5049.97 36.59 54.9413 128.33
18 31.84 42.04 2.16 4747.37 28.95 79.2262 88.06
19 24.9 50.2 2.44 6800.59 38.42 69.0504 181.91
20 32.65 54.29 1.4 3787.92 31.05 51.1902 89.7
21 35.92 48.16 2.04 4997.75 28.24 84.0386 95.26
22 33.06 46.53 2.47 8264.01 41.11 93.174 183.14
23 34.29 44.49 1.12 1881.74 20.57 44.4737 43.59
24 20 55.92 1.8 4061.71 31.73 40.2685 126.07
25 26.94 44.9 2.26 6691.55 41.82 69.1237 173.23

(Continued)
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Table 2 (continued)

No. r (mm) R (mm) t (mm) EA (J) SEA (kJ/kg) IPCF (kN) SPCF (kN)

26 27.76 57.96 1.18 2632.81 26.51 33.9771 86.12
27 25.71 54.69 1.98 5034.89 32.69 56.9224 122.98
28 28.98 51.84 1.09 2582.92 29.62 35.4236 71.06
29 21.22 49.8 1.58 3648.53 34.42 38.1911 102.9
30 35.51 59.59 1.46 4064.87 29.03 54.0711 103.17
31 29.39 58.78 1.67 4249.76 29.31 52.2538 108.06
32 21.63 55.51 1.21 2405.4 27.06 28.6782 67.48
33 36.33 52.24 2.38 7908.39 36.61 98.1699 174.87
34 30.61 46.94 1.86 5598.26 38.61 64.9436 130.55
35 33.47 57.14 1 2354.61 25.87 34.3257 68.86
36 39.18 47.76 1.31 2531.84 21.1 59.2573 45.23
37 27.35 60 2.1 5438.56 30.38 62.3664 152.46
38 22.45 42.45 2.5 6986.93 44.79 64.4754 169.64
39 29.8 40.41 1.34 2255.54 23.57 46.1415 41.49
40 38.78 55.1 1.28 3955.09 31.9 55.2569 86.82
41 23.27 42.86 1.25 2643.63 33.17 33.1155 61.94
42 38.37 44.08 2.35 5925.08 28.76 103.3085 106.76
43 26.12 53.47 1.52 3708.68 31.43 44.402 95.22
44 24.49 56.73 2.41 6260.46 33.3 66.1484 173.27
45 37.14 41.22 1.95 4433.19 27.2 83.8451 84.98
46 36.73 51.43 1.64 4284.67 28.76 68.6226 105.62
47 22.86 49.39 1.15 2227.54 27.95 30.1422 54.8
48 37.55 58.37 2.29 7402.84 33.05 93.6164 160.81
49 20.41 52.65 2.19 5175.43 34.27 51.167 130.13
50 31.43 56.33 2.32 6861.94 33.97 80.4535 174.01

Table 3: Validation points and relevant simulation results on these points

No. r (mm) R (mm) T (mm) EA (J) SEA (kJ/kg) IPCF (kN) SPCF (kN)

1 33.88 53.88 1.92 5805.81 34.15 73.22 145.8
2 23.27 49.8 2.38 6371.73 38.15 63.29 177.52
3 25.71 56.33 2.44 6497.35 33.49 70.29 175.69
4 20.41 55.1 2.26 5288.56 32.85 51.9 136.6
5 33.47 41.63 2.22 4964.83 28.53 85.67 89.87
6 27.35 54.29 1.98 5223.05 33.06 60.64 126.75
7 29.8 51.43 2.35 7025.66 37.17 79.06 168.96
8 38.37 56.73 1.21 3564.61 29.95 51.9 89.58
9 24.08 50.61 1.61 3887.17 33.51 44.11 95.92
10 31.84 57.14 2.28 6752.98 33.27 79.94 174.83
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3.4.3 Evaluation of Surrogate Model Fit Accuracy Indicators

R2 = 1 −

n∑
i=1

(
yi − ∧

yi

)2

n∑
i=1

(yi − yi)
2

(4)

RAAE =

n∑
i=1

∣∣∣yi − ∧
yi

∣∣∣
n ×

√
1

n − 1

n∑
i=1

(
yi − ∧

yi

) (5)

RMAE =
max

(∣∣∣y1 − ∧
y1

∣∣∣ ,
∣∣∣y2 − ∧

y2

∣∣∣ , . . . ,
∣∣∣yn − ∧

yn

∣∣∣)√
1

n − 1

n∑
i=1

(
yi − ∧

yi

) (6)

RMSE =
√√√√1

n

n∑
i=1

(
yi − ∧

yi

)2

(7)

where yi is the actual value;
∧
yi is the predicted value; yi is the mean of the sample points; n is the number

of samples.

For R2, the closer the value is to 1, the higher its accuracy. For the assessment metrics, RSME,
RAAE and RMAE, the closer the value is to 0, the higher its accuracy. Table 4 indicates that
the fitted accuracies are all within acceptable limits, illustrating the reliability of the surrogate
models.

Table 4: Evaluation of the accuracy of the surrogate model

Item Evaluation type R-squared RAAE RMAE RSME

SEA 0.9372 0.0498 0.19 0.07
IPCF 0.99161 0.02277 0.06 0.03
SPCF 0.9457 0.0732 0.16 0.09

Acceptance level – 0.9 0.2 0.30 0.20

3.4.4 Optimization Algorithm

This study utilizes the Non-Dominated Sorting Genetic Algorithm (NSGA-II) [42] to search for
the Pareto frontier of these two conflicting objectives. The algorithm is based on the principle of fast,
non-dominated sorting.

The non-dominated set can be obtained using the elite non-dominated sort and the crowded
distance sort. The non-dominated fronts are generated after each generation. Finally, the non-
dominated set is obtained by iterative convergence to form the Pareto front. This algorithm effectively
solves collision-resistant design problems [43,44]. Table 5 lists the optimization calculation parameters.
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Table 5: Parameter details of the NSGA-II algorithm

Parameters Value

Population size (multiple of 4) 20
Number of generations 100
Cross over probability 0.9
Cross-over distribution index 10
Mutation distribution index 20
Initialization mode Random
Max failed runs 5
Failed run penalty value 1.00E + 30
Failed run objective value 1.00E + 30

3.4.5 Pareto Front

Fig. 14 depicts the Pareto front of the bionic straight conical tube obtained by multi-objective
optimization, and it is clear that there is an intense conflict between the two optimization objectives,
PCF and SEA. The designer can choose the optimal design at the Pareto front based on the
actual engineering design requirements. This research selected three sample points, and the geometric
parameters are listed in Table 6. When only SEA is considered, Case 3 has a straight tube radius of
22.16 mm and a conical tube radius of 43.40 mm with a wall thickness of 2.47 mm. The surrogate
model predicts that the optimum SEA point is 44.72 kJ/kg; the actual value obtained by the finite
element model is 43.97 kJ/kg.

Figure 14: Pareto frontiers from the BSCT
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Table 6: Validation points and relevant simulation results on these points

NSGA-II FEA Diff (%)

Case 1
R (mm) 47.20 IPCF (kN) 47.80 48.86 2.17
r (mm) 35.62 SPCF (kN) 36.34 37.87 4.04
t (mm) 1.19 SEA (kJ/kg) 19.05 20.02 4.85

Case 2
R (mm) 44.57 IPCF (kN) 36.94 38.13 3.12
r (mm) 22.39 SPCF (kN) 80.18 76.90 4.27
t (mm) 1.48 SEA (kJ/kg) 36.35 36.22 0.36

Case 3
R (mm) 43.30 IPCF (kN) 63.77 62.93 1.33
r (mm) 22.16 SPCF (kN) 169.39 167.10 1.37
t (mm) 2.47 SEA (kJ/kg) 44.72 43.97 1.71

On the other hand, if only the PCF is considered, the optimal Case 1 is obtained, in which the
optimized tube configuration is a straight tube radius of 35.62 mm and a conical tube radius of
47.20 mm with a wall thickness of 1.19 mm, and the IPCF, SPCF, and SEA for this design are 47.80 kN,
36.34 kN, and 19.05 kJ/kg, respectively.

In addition, a compromise solution, Case 2, is considered, which balances the PCF and SEA to a
certain extent. The radius of the straight tube in Case 2 is 22.39 mm, the radius of the conical tube is
44.57 mm, the wall thickness of the tube is 1.48 mm, and the thickness of the tube is 1.5 mm. When
the tube wall is thin, the SEA value is low, and the initial force peak is the maximum peak force.
In contrast, as the wall thickness increases, the straight conical tube shows prominent graded energy
absorption characteristics, and the second force peak is higher than the initial force peak.

A comparison of the finite element results with the surrogate model results is provided. The errors
are within 5%, all within reasonable limits. The accuracy of the optimization results is verified.

4 Conclusion

This study proposes a BSCT structure with a bulkhead based on bamboo knots. It investigates the
impact of the bulkhead on energy absorption with openings in the bulkhead and considers the effect
of tube geometry on crashworthiness. Finally, multi-objective optimization is employed to enhance
the crashworthiness of the BSCT structures. Within its limitation, the following conclusions can be
drawn:

1. The BSCT passes through the discontinuity of the tube structure; first, the conical tube
undergoes a flip, which produces a lower peak force. Then, the conical tube flip collapses with
the straight tube, and the folding stage contributes to a higher stress plateau. This enhances
the structure’s energy-absorbing capacity. The SEA increases by 26.85% for the same mass
compared to the circular cross-section tube.

2. The outward flip of the conical tube exhibits a lower PCF and a higher SEA than the inward
flip of the conical tube, as the outward flip induces greater plastic deformation. Also, the BSCT
that produces the outward-flip case absorbs 30.15% more energy than the SCT that produces
the inward-flip case.
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3. The bulkhead is a key factor influencing the impact resistance characteristics of BSCT. It
suppresses the inward collapsing deformation mode, and trimming the bulkhead can further
improve the energy absorption efficiency.

4. The SEA and PCF rise with an increasing thickness, and the BSCT exhibits significant gradient
energy absorption characteristics, with the second peak crushing force higher than the initial
peak crushing force.
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