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ABSTRACT

Conical tubes have attracted significant attention due to their more stable
deformation mode and lower initial peak load compared to non-conical
tubes under axial load. Firstly, based on LS-DYNA software and a multi-
objective optimization algorithm, simulations of the conical tube structure
under axial load were conducted to determine the optimal dimensions
of the conical tube. Then, based on the optimal unicellular conical tube
structure, the energy absorption characteristics of the windowed multi-
cell conical tube structures with horizontal and vertical partitions and
square holes were designed, and a predictive expression for the mean load
was proposed based on the simulation data. Finally, the results show that
the optimal dimensions of the mono-cell conical tube are ϕ = 10° and t =
1.29 mm, while the optimal dimensions of the windowed multi-cell coni-
cal tube structure are four transverse split panels (v = 4), four vertical split
panels (n = 4), and four holes (k = 4). Compared to the unicellular conical
tube, the energy absorption efficiency of the windowed multi-cell conical
tube has increased by 70.06%, while the initial peak load has decreased
by 23.60%. Furthermore, both simulation and experimental results show
that the predictive expression for the mean load of the windowed multi-
cell conical tube exhibits good universality and reliability. The research
results provide a new design concept for thin-walled conical tube energy
absorption boxes.
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1 Introduction

The impact kinetic energy generated by traffic accident collisions is primarily dissipated through
the plastic deformation of the buffer device. Thin-walled circular tubes are widely utilized in the field
of impact protection due to their advantages of being lightweight, high-strength, and having high
energy absorption efficiency [1]. Compared to thin-walled circular tubes, thin-walled conical tubes
with introduced conical angles have more stable deformation patterns and better energy absorption
effects [2]. The main factors affecting the energy absorption characteristics of thin-walled circular
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tubes include material types [3–6], structure sizes [7–9] and loading conditions [10–12]. Therefore, the
optimal design of thin-walled tube structure size has been researched deeply, especially the addition
of partitions in the tube, which can improve stiffness and increase the induction of defects to weaken
the initial peak load (F IPL).

The addition of partitions can effectively improve the stiffness of tube fittings, thereby increasing
the energy absorption capacity. The square tube can change its crushing mode and increase its
crashworthiness level by adding transverse partitions [13]. Moreover, the horizontal partitions provide
overall constraint to the conical tube, making the structure more stable and orderly under compression.
This effect is greater than that of simply increasing the wall thickness on specific energy absorption
(SEA) and F IPL [14]. Jusuf et al. [15] utilized numerical simulations and experiments to investigate
the energy absorption characteristics of double-layer multi-cell tubes under axial loading. The results
indicated that adding partitions can effectively enhance energy absorption efficiency, but it may also
exacerbate geometric compatibility issues [16]. In addition, combining the addition of transverse
partition and filling with gradient honeycomb in the conical tube not only enhances the overall
energy absorption, but also makes the deformation more stable. Therefore, it can be seen that the
reasonable design of transverse and vertical partitions is beneficial to improve the energy absorption
characteristics of conical tubes.

In terms of reducing F IPL and improving the crushing deformation mode, opening holes and
grooving [17,18] are the most direct and effective methods. Zhou et al. [19] and Song et al. [20]
weakened FIPL by digging a rectangular hole in a square tube and effectively improved SEA. Based on
the above, Song et al. [21] conducted a comparison and analysis of the energy absorption characteristics
of equal mass between open square tubes and multi-cell square tubes. It is found that the multi-cell tube
has a higher mean load (FML) than the open square tube, and also a larger FIPL. Slotted conical tubes
reduce F IPL by sacrificing energy absorption capability, thereby improving overall energy absorption
efficiency [22]. Additionally, hole opening and the addition of grooving can reduce F IPL, and the energy
absorption efficiency of the open conical tube is higher than that of slotted conical tubes, although
F IPL is higher than that of slotted conical tubes [8]. At the same time, Nikkhah et al. [23] found that
squares and rectangles were the best shapes for opening holes. Further, the opening and grooving
will also affect the crushing deformation mode of the structure. Song et al. [20] found that F IPL of
a perforated square tube decreased significantly under inclined load conditions, but its instability
resistance and overall energy absorption capacity both decreased. However, Gupta et al. [24,25]
found that the introduction of a circular hole on the surface of a circular tube can avoid overall
buckling when the slenderness ratio is large. To sum up, the energy absorption effect of thin-walled
tube can be effectively improved by reasonable design of opening and grooving. Many scholars have
conducted further research on the energy absorption mechanisms of thin-walled tubes [26–29]. The
energy absorption mechanism of conical tubes is primarily based on the theoretical foundations of
circular tubes. Postlethwaite et al. [27] proposed a theoretical formula for average load applicable to
conical tubes based on Alexander’s method [28]. Mamalis et al. [29] developed a theoretical model
for conical tubes with angles of 5°, 10° and 14.35°, effectively predicting the impact of cone angle
and wall thickness on energy absorption characteristics. Further, Zhang et al. [30] introduced a novel
load prediction formula for multi-cell square tubes by decomposing the cross-section into angular,
cruciform, and T-shaped elements, followed by validation.

In conclusion, there is currently limited research on conical tube structures that simultaneously
consider enhancing energy absorption capacity and reducing F IPL. Adding horizontal and vertical
partitions and openings can improve the energy absorption efficiency of thin-walled tubes while
maintaining stable deformation modes. The windowed multi-cell conical structure, which is composed
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of two or more combined structures, has significant research value. This paper proposes windowed
multi-cell conical tube (WMCT) structure and investigates its energy absorption characteristics and
crushing mechanism under axial loading, deriving a theoretical formula for the average load. Firstly,
the unicellular conical tube (UCT) with inclination angle of 5°∼10° and wall thickness of 1∼2 mm
[31] is simulated under the axial load to analyze the influence of inclination angle and wall thickness
on energy absorption characteristics and deformation mode. The optimal unicellular conical tube
(O UCT) is obtained by multi-objective optimization method. On this basis, the energy absorption
mechanism and characteristics of WMCT are studied by adding transverse and vertical partitions
and opening holes. Finally, the prediction expression of WMCT’s FML is derived and verified by the
experiment.

2 Finite Element Model for UCT
2.1 Finite Element Model

(1) Structural dimension parameters

Considering the energy absorption characteristics [32] of UCT with a wide range of inclined angles
and the physical size of the energy absorption box [33], the range values of the height L, the diameter
D of the big end, the conical inclination ϕ and the wall thickness t of the energy absorption box are
determined, as shown in Table 1. In addition, the corresponding diagram is shown in Fig. 1.

Table 1: Structural dimension parameters of UCT

L/mm D/mm ϕ/° t/mm

200 90 5∼10 1∼2

Figure 1: Schematic diagram of UCT

(2) Material property

The material selected is A6061-T4, and its elastic-plastic behavior is isotropic. As shown in Fig. 2,
uniaxial tensile test is carried out on A6061-T4 specimen according to the requirements of GB/T 228-
2010 and GB/T 2975-1998. The stress-strain relationship curve (as shown in Fig. 3) and performance
parameters (as shown in Table 2) are obtained.
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Figure 2: The tensile test for the A6061-T4 specimen

Figure 3: The stress-strain curve for the A6061-T4 specimen

Table 2: Material property of A6061-T4

Density ρ/(kg·m−3) Elastic modulus E/MPa Yield strength σ f /MPa Poisson ratio v

2700 68,900 128 0.3

(3) The parameters of the finite element model

ANSYS/LS-DYNA is used for numerical calculation in this paper. The model includes the conical
tube, punch and fixed panel. The static and dynamic friction coefficients between the thin-walled tube
and the punch, and between the thin-walled tube and the fixed panel are all set to 0.2. The contact
mode between the three components is set to “Automatic single-surface contact”.
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During the compression process, the panel is fixed while the punch compresses downward along
the axis of the conical tube at a speed set to V = 1 m/s, as shown in Fig. 4. The deformation stiffness
of the punch and the fixed panel is much larger than that of the thin-walled tube fitting. Therefore,
the punch and the fixed panel in the model are assumed to be rigid plates, and the material model
Mat20# is selected. The thin-walled conical tube has a small wall thickness and uses Belytschko-
Tsay shell elements. This shell element is characterized by high computational efficiency and accuracy.
The Belytschko-Tsay four-node thin shell element is a first-order linear element that employs reduced
integration in the plane of the element. The material model selected is Mate24#.

Figure 4: The finite element model of UCT

2.2 Determination of Mesh Size
The mesh size has an important influence on the accuracy of simulation results and calculation

cost. In this paper, the different mesh sizes from 1.0 to 3.0 mm and an inclination angle of 10° for UCT
are simulated and analyzed. As shown in Fig. 5, the calculation time and total energy absorption (EA)
of different grids are analyzed and it is found that EA tended to converge when the mesh size less than
1.5 mm. At the same time, when the mesh size is 1 mm, the calculation time is much longer than that
of 1.5 mm. Therefore, considering the calculation cost and accuracy requirements, the mesh size of 1.5
mm is more suitable.

2.3 Verification for the Finite Element Model
In order to verify the reliability of the finite element model, a finite element model analysis

consistent with that in the literature [34] is conducted, and the load-displacement curve of the
simulation results is compared with the deformation mode, as shown in Figs. 6 and 7. As shown in the
figures, when the compression amount reaches 80 mm, the average load obtained from the experiment
is 23.0 kN, while the simulation result presented in this paper is 22.3 kN, with a difference of 3.04%.
Furthermore, both have the same number of folds, and their deformation modes are consistent, each
exhibiting a triangular diamond pattern. The consistency of these results demonstrates the accuracy
and reliability of the finite element model presented in this paper.
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Figure 5: The grid sensitivity analysis

Figure 6: The force-displacement curve

Figure 7: The compressive deformation mode
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3 Optimization Design of WMCT
3.1 Multi-Objective Optimization of UCT
3.1.1 Multi-Objective Optimization Function

SEA and F IPL are two important indexes used to evaluate the crashworthiness of structures.
Combined with various variable parameters in Table 1, the multi-objective optimization problem
of UCT can be described as finding the maximum values of SEA and −F IPL in the design region.
Therefore, the multi-objective optimization problem of UCT is defined as follows:⎧⎪⎪⎨
⎪⎪⎩

Max SEA = f (t, ϕ) ;
Max −FIPL = −f (t, ϕ) ;
s.t. 1 mm ≤ t ≤ 2 mm

5◦ ≤ ϕ ≤ 10◦

(1)

3.1.2 Proxy Model Reliability Verification

Firstly, in order to take into account the accuracy of the Kriging proxy model and the simplicity
of calculation, ten sample points are selected in the design region using the optimal Latin hypervertical
method. The structural dimension and simulation results are shown in Table 3. Secondly, the calcula-
tion results of ten sample points are extracted to fit the Kriging proxy model, and the determination
coefficient (R2) and root mean square (RMSE) are used to evaluate the accuracy of the constructed
proxy model. In addition, because the proxy model constructed by Kriging method covers ten sample
points, it cannot reach the test effect [35] if the ten sample points used to construct the agent model are
used to evaluate the accuracy of the model. Therefore, three sample points are needed to be generated
to evaluate the accuracy of the proxy model as shown in Tables 4 and 5 that are the evaluation results
of the proxy model and the comparison of accuracy between the finite element model and Kriging
model, respectively. Finally, it shows that the model constructed by Kriging model has high precision,
and the relative error of the three groups of data is within 4%, which indicates that the proxy model is
accurate and reliable.

Table 3: Structural dimension design and simulation results of UCT

No. t/mm ϕ/° F IPL/kN SEA/(kJ∗kg−1)

1 1.78 5.56 39.18 19.06
2 1.56 8.33 21.47 17.81
3 1.44 6.67 27.25 17.76
4 1.22 9.44 13.30 16.23
5 1.67 10.0 17.79 19.35
6 1.0 6.11 19.57 14.35
7 1.89 7.22 33.74 20.75
8 1.33 5.0 30.96 18.01
9 1.11 7.78 15.94 15.37
10 2.0 8.89 28.58 21.33
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Table 4: Accuracy evaluation of surrogate model for UCT

Specimen Evaluation index R2 RMSE

O UCT F IPL 0.9912 0.0290
SEA 0.9754 0.0476

Table 5: Comparison of results between the precision of finite element model and Kriging model

No. t/mm ϕ/° F IPL/kN SEA/(kJ∗kg−1)

FEA Kriging Error/% FEA Kriging Error/%

11 1.09 5.34 23.90 23.78 0.50 14.79 15.27 −3.24
12 1.50 6.23 30.68 30.87 −0.62 17.69 17.76 −0.40
13 1.72 9.94 19.56 18.94 3.17 20.50 20.13 1.80

3.1.3 Optimization Results

The essence of multi-objective optimization design of UCT is to find the best balance between
energy absorption efficiency and deformation mode stability through the optimal matching of ϕ and
t, which is ultimately the stiffness design. As we known, Pareto front provides a set of optimal solutions,
which provides guidance for engineering design.

The two-dimensional diagram of UCT multi-objective optimization is as shown in Fig. 8. Since
F IPL and SEA are two conflicting optimization objectives, increasing SEA directly leads to a rapid
increase in F IPL. Therefore, take the FIPL negative, and set the maximum value of −F IPL as the
expectation. As can be seen from Fig. 8, SEA is positively correlated with −F IPL, that is, the increase
of SEA will lead to the increase of −F IPL.

Figure 8: Pareto front of UCT

In order to specifically analyze the characteristics of the optimal solution, two points (SEA (max)
and −F IPL (max)) on the edge of Pareto front curve and UCT with comprehensive optimal solution
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(O UCT for short) are selected, which are summarized in Table 6. It can be seen that all the conical
inclination angles are close to 10°, indicating that the larger conical inclination angle is conducive to
the stability and crashworthiness, and t corresponding to SEA (max) is 1.91 mm. In addition, the larger
thickness is able to increases the stiffness and energy absorption area of the structure, and improves the
energy absorption efficiency, but F IPL also increases sharply. At the same time, t corresponding to −F IPL

(max) is 1 mm, which will reduce the stiffness and energy absorption area of the structure, resulting in
the reduction of F IPL, but the energy absorption efficiency of the structure will also decline. However,
ϕ = 10° and t = 1.29 mm of O UCT are able to ensure the energy absorption efficiency and reduce
F IPL. Therefore, O UCT is an integrated optimal solution of two conflicting performance indicators.

Table 6: The data comparison among SEA (max), −F IPL (max) and O UCT

|−F IPL|/kN SEA/(kJ∗kg−1) Optimal solution

ϕ/° t/mm

SEA (max) 23.14 21.90 9.97 1.91
O UCT 13.26 16.57 10.00 1.29
−F IPL (max) 12.69 14.62 9.36 1.00

Furthermore, comparison and verification of multi-objective optimization values and simulation
values are shown in Table 7. It can be seen that the relative error of F IPL and SEA are both less than
2%, which verifies the reliability of the simulation calculation.

Table 7: Comparison of multi-objective optimization values with simulation value

Multi-objective optimization values Simulation value Relative error/%

|−F IPL|/kN 13.26 13.07 1.45
SEA/(kJ∗kg−1) 16.57 16.73 −0.96

3.2 Multi-Objective Optimization of WMCT
WMCT is designed based on the optimization results of the O UCT. The addition of horizontal

and vertical partitions, on the basis of traditional conical tubes, enhances energy absorption stability
and improves SEA, but increase F IPL [13–15]. As we known, induction holes can be dug to induce the
conical tube collapse deformation [19–21], which can reduce F IPL.

3.2.1 Structure Design of WMCT

Based on the O UCT (ϕ = 10°, t = 1.29 mm), the square hole [23–26] is designed for the WMCT,
as shown in Fig. 9. It can be seen that the transverse partition board is arranged equidistant from
the small end to the big end successively, while the start positions of square holes are arranged
equidistant from the small end (above the transverse partition) to the large end. Additionally, based
on the dimensions of the energy-absorbing box structure, the interaction among the thickness of the
partition walls, the number of horizontal and vertical partitions, and the number of square hole layers
was comprehensively considered. The determined size parameters are shown in Table 8.
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Figure 9: WMCT schematic diagram: (a) Schematic diagram of tube; (b) Distribution of vertical
partitions; (c) Distribution of the diaphragms and square holes

Table 8: The structural size of WMCT

Name Units Value

Overall height/L mm 200
Conical inclination angle/ϕ ° 10
Big end diameter/D mm 90
Partition spacing/l1 mm 33.3
Spacing between holes and partitions/l2 mm 16.7
Square hole side length/h mm 6
Outer tube wall thickness/t1 mm 1.29
Partition wall thickness/t2 mm 1∼2
Number of square holes/k layer 2∼5
Number of transverse partitions/m 2∼5
Number of vertical partitions/n 2∼5
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3.2.2 Multi-Objective Optimization Model for WMCT

In order to obtain the best energy absorption characteristics of WMCT, the maximum points
of SEA and −FIPL in the design region are selected for the objective function. The main influencing
factors of the energy absorption characteristics of WMCT include m, n, t2 and k. Therefore, the multi-
objective optimization mathematical model of WMCT is as follows:⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Max SEA = f (t2, k, m, n) ;
Min FIPL = f (t2, k, m, n) ;
s.t. 1 mm ≤ t2 ≤ 2 mm

2 ≤ k ≤ 5
2 ≤ m ≤ 5
2 ≤ n ≤ 5

(2)

3.2.3 Proxy Model Reliability Verification

The optimal design scheme of WMCT is determined as L16 (45), as shown in Table 9. A, B, C
(empty column), D and E correspond to m, n, k and t2, respectively. The design scheme and simulation
analysis results are shown in Table 10.

Table 9: Factors and levels of the orthogonal test L16 (45)

Level A B C D E

1 2 2 – 2 1
2 3 3 – 3 1.33
3 4 4 – 4 1.66
4 5 5 – 5 2

Table 10: The orthogonal test scheme and analysis results

No. Column number F IPL/kN SEA/(kJ∗kg−1)
A B C (empty column) D E

1 2 2 1 2 1 6.79 18.57
2 2 3 2 3 1.33 9.62 24.10
3 2 4 3 4 1.66 10.03 27.29
4 2 5 4 5 2 13.71 28.59
5 3 2 2 4 2 8.60 19.24
6 3 3 1 5 1.66 9.28 24.03
7 3 4 4 2 1.33 11.07 26.51
8 3 5 3 3 1 12.22 26.92
9 4 2 3 5 1.33 7.52 18.62
10 4 3 4 4 1 8.91 22.28
11 4 4 1 3 2 11.34 29.37
12 4 5 2 2 1.66 13.59 29.73

(Continued)
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Table 10 (continued)

No. Column number F IPL/kN SEA/(kJ∗kg−1)
A B C (empty column) D E

13 5 2 4 3 1.66 7.87 18.22
14 5 3 3 2 2 11.18 26.83
15 5 4 2 5 1 9.38 24.20
16 5 5 1 4 1.33 12.61 27.82

Four additional sample points (No. 17–20) are established. Then, R2 and RMSE are used to
evaluate the accuracy of the proxy model, as shown in Tables 11 and 12. The results show that the
accuracy of the model constructed by Kriging model is high, and the relative error of the three groups
of comparison verification is less than 5%, which indicates that the proxy model is accurate and reliable.

Table 11: Accuracy evaluation of proxy model for WMCT

Specimen Evaluation index R2 RMSE

WMCT F IPL 0.9683 0.0695
SEA 0.9800 0.0653

Table 12: Precision comparison between finite element model and Kriging model

No. m n k t2/mm F IPL/kN SEA/(kJ∗kg−1)

FEA Kriging Relative error/% FEA Kriging Relative error/%

17 3 2 3 1.33 7.63 7.06 3.82 18.61 18.28 1.81
18 3 3 4 1.66 10.03 9.57 4.41 23.31 22.59 3.18
19 3 4 2 2 11.84 12.09 −2.07 30.68 29.46 4.14
20 5 2 5 1.66 8.19 7.96 2.89 18.23 18.92 −3.64

3.2.4 Optimization Results

SEA (max) and −F IPL (max) on the edge of Pareto front curve are selected for comparison and
analysis with the optimal solution of the windowed multi-cell conical tube (O WMCT), as shown
in Fig. 10 and Table 13. From the table, it can be observed that when the number of horizontal and
vertical partitions and the wall thickness of the partition of SEA (max) are both large values, and k
is the minimum value, increasing t2 is conducive to improving the overall stiffness, thus increasing the
energy absorption. At the same time, F IPL increases sharply, and −F IPL (max) corresponds to a small
m, n and t2, and k = 3. In this case, reducing t2 helps to reduce the overall stiffness. Therefore, the
increase of k effectively reduces F IPL, but SEA also decreases. m, n, t2 and k are all equal to 4, which
not only ensures the structure has sufficient stiffness and large SEA, but also obtains small F IPL. In
summary, O WMCT has better comprehensive energy absorption characteristics.
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Figure 10: Pareto front of WMCT

Table 13: Data of SEA (max), −F IPL (max) and O WMCT

|-F IPL|/kN SEA/(kJ∗kg−1) Optimal solution

m n k t2/mm

SEA (max) 13.90 30.35 4 5 2 1.93
O WMCT 10.13 28.18 4 4 4 1.95
−F IPL (max) 7.06 18.28 3 2 3 1.21

Furthermore, the results of multi-objective optimization and simulation are compared in Table 14.
It can be seen that the corresponding relative errors between F IPL and SEA are both less than 5%, which
verifies the reliability of the simulation calculation.

Table 14: Comparison between theoretical optimization and simulation

Theoretical optimization Simulation Relative error/%

|−F IPL|/kN 10.13 10.36 −2.22
SEA/(kJ∗kg−1) 28.18 28.43 −0.87

4 Analysis and Discussion of Optimization Results

In order to further explore the energy absorption advantages of WMCT, the energy absorption
characteristics of O WMCT and O UCT are compared and analyzed. Fig. 11 shows the comparison
of load-displacement curves between O WMCT and O UCT, while Table 15 shows the comparison of
energy absorption characteristics. It can be seen that F IPL of O WMCT is 23.60% smaller than that of O
UCT, while SEA and EA of O WMCT increase by 70.06% and 90.66%, respectively. This is because the
addition of square holes can reduce the local stiffness at the collision end. Furthermore, the addition
of transverse and vertical partitions is able to enhance the stiffness and increases EA. However, due
to the interaction between transverse and vertical partitions, O UCT has a more regular deformation
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mode than O WMCT. In addition, Fig. 12 shows deformation modes for O WMCT and O UCT at
0.04, 0.08, 0.12 and 0.16 s. It can be seen that O WMCT exhibits a diamond pattern and folds in an
orderly layer by layer manner due to the interaction between the partitions and the hole. It is a non-
axisymmetric deformation mode as shown in Fig. 12a, while Fig. 12b illustrates that O UCT starts
bending and collapsing from the top, forming a relatively stable diamond pattern with five folds.

Figure 11: Load-displacement curves of O WMCT and O UCT

Table 15: Comparison of energy absorption characteristics between O WMCT and O UCT

O WMCT O UCT Discrepancy/%

F IPL/kN 10.13 13.26 −23.60
SEA/(kJ∗kg−1) 28.18 16.57 70.06
EA/kJ 5.51 2.89 90.66

Figure 12: Compression deformation of O WMCT and O UCT
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5 Prediction Expression for FML

5.1 Expression Derivation
In order to derive the prediction expression for FML of WMCT, 28 sets of data are designed and

simulated, as shown in Table 16. Based on the expression [31] for FML of UCT (as shown in Eq. (3)),
and considering the interaction of the four factors of WMCT, the approximate functional relationship
between the response value (̂y) and the four factors xj (j = 1, 2, . . . , m) is derived by the multiple linear
regression equation and the least square method, as shown in Eq. (4).

P = 6Yt1
1.5

(
d0.5 + 0.95t1

0.5 tan ϕ
)

(3)

ŷ = a + b1x1 + b2x2 + · · · + bmxm (4)

where Y is the average yield stress of the material, d is the diameter of the small end.

Table 16: The data of FML

No. Column number FML/kN
m n k t2

1 2 2 2 1 8.51
2 2 3 3 1.33 11.98
3 2 4 4 1.66 18.07
4 2 5 5 2 24.21
5 3 2 4 2 12.53
6 3 3 5 1.66 14.72
7 3 4 2 1.33 16.43
8 3 5 3 1 16.41
9 4 2 5 1.33 10.62
10 4 3 4 1 12.38
11 4 4 3 2 24.44
12 4 5 2 1.66 25.75
13 5 2 3 1.66 13.37
14 5 3 2 2 21.65
15 5 4 5 1 15.27
16 5 5 4 1.33 22.49
17 3 2 3 1.33 9.98
18 3 3 4 1.66 15.02
19 3 4 2 2 23.67
20 5 2 5 1.66 12.75
21 2 2 3 2 12.71
22 4 3 3 1.66 16.75
23 1 2 2 2 11.88
24 1 4 2 1.66 16.37
25 1 3 4 1.33 10.84
26 0 2 2 2 10.62
27 0 3 2 2 15.07
28 0 2 4 2 9.71
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Therefore, the empirical formula of FML is as follows:

y = λP (a + b1x1 + b2x2 + · · · + bmxm) (5)

Set x1 = m, x2 = n, x3 = k, x4 = t2, x5 = mn, x6 = mk, x7 = mt2, x8 = nk, x9 = nt2, x10 = kt2,
x11 = mnk, x12 = mnt2, x13 = mkt2, x14 = nkt2 and x15 = mnkt2, and insert the data of the Table 16 into
the argument variables x1, x2, . . . , and x15, then x1i, x2i, . . . , x10i and yi (i = 1, 2, . . . , n) are obtained.
Finally, x1i, x2i, . . . , and x15i are substituted into Eq. (4), and the calculated value of ŷi is obtained.

The simulation data in Table 16 are substituted into Eq. (5), and the coefficients obtained
are substituted into Eq. (4) to obtain the multiple linear regression Eq. (6). Furthermore, R2 and
significance p are equal to 0.997 and 0.001, respectively, which indicates that the fitting of Eq. (6)
meets the statistical requirements.

ŷ = 8.573 − 1.080x1 − 4.290x2 − 0.933x3

− 1.980x4 + 1.068x5 + 0.222x6 + 0.570x7

+ 0.947x8 + 4.019x9 + 0.060x10 − 0.201x11

− 0.312x12 − 0.039x13 − 0.432x14 + 0.069x15 (6)

The data are substituted into Eq. (5), the solution λ = 0.236 is obtained. Then, the prediction
expression for FML of WMCT is as follows:

ŷ = 0.236(8.573 − 1.080x1 − 4.290x2

− 0.933x3 − 1.980x4 + 1.068x5 + 0.222x6

+ 0.570x7 + 0.947x8 + 4.019x9 + 0.060x10

− 0.201x11 − 0.312x12 − 0.039x13 − 0.432x14

+ 0.069x15)P (7)

5.2 Universality Verification
To verify the general applicability of the prediction expression, six additional sets of simulation

data (No. 29–34) are designed and calculated, as shown in Table 17. By comparing the simulation data
with the theory, it is found that the relative error between the simulation and the theory of F IPL and SEA
are both less than 10%, which indicates that the prediction expression has good general applicability.

Table 17: Comparing simulation with the predicted expression

No. m n k t2/mm FML/kN Relative error/%
FEA Theory

29 3 2 2 2 13.53 13.78 −1.81
30 2 3 2 2 17.89 17.35 3.11
31 1 2 3 2 10.66 11.18 −4.65
32 0 0 2 0 7.15 6.71 6.56

(Continued)
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Table 17 (continued)

No. m n k t2/mm FML/kN Relative error/%
FEA Theory

33 0 0 3 0 5.35 5.77 −7.28
34 0 0 4 0 5.24 4.84 8.26

5.3 Experimental Verification
In order to further verify the reliability and validity of the prediction expression, the calculated

results are verified by experiments. Considering the difficulty of specimen processing, three groups
of specimens (No. 32−34) without transverse and vertical partitions are selected for verification of
the test model, as shown in Fig. 13. In addition, the tests were conducted using a DNS300 electronic
universal testing machine, with the punch compression speed set at 5 mm/min, as shown Fig. 14.

Figure 13: Specimen processing

Figure 14: The quasi-static compression test equipment

The load-displacement curves of test and simulation for No. 32−34 specimens are showed in
Fig. 15. As shown in the figure, the experiment and the simulation have the same change trend on the
whole, and the consistency is good. However, the coincidence of peak and valley values is misplaced,
which may be caused by the factors such as the vibration of the actual environment and the accuracy of
the testing machine itself during the experiment, which does not affect the reliability of the verification
simulation model. In addition, the deformation modes of the test and the simulation are shown at

https://www.scipedia.com/public/Wei_et_al_2025 17



T. Wei, X. Lin, X. Zhou, C. Kou and S. Zeng,

Study and optimization of energy absorption characteristics of windowed

multi-cell thin-walled conical tube under the axial loading,

Rev. int. métodos numér. cálc. diseño ing. (2025). Vol.41, (2), 3

different times, as shown in Fig. 16. It can be seen that the three specimens all formed folds at the
square hole position, which is consistent with the deformation mode of simulation analysis. Further,
Table 18 shows the comparison of test values with simulation values and theoretical values. As can
be seen from the table, the maximum relative error is 3.78%, and the maximum relative error between
the test and the theory is 8.85%. In conclusion, the experiment verifies the accuracy and reliability of
the prediction expression of WMCT, and further verifies that WMCT has better energy absorption
characteristics than UCT.

(a) No.32specimen (b)No.33 specimen (c)No.34 specimen

Figure 15: Load-displacement curves of test and simulation

(a) No.32specimen (b) No.33 specimen (c) No.33 specimen

Figure 16: Deformation modes of test and simulation at different time

Table 18: Comparison of test with simulation and theory

No. FML/kN The relative error
between the test
and the
simulation/%

The relative error
between the test
and theory/%Test Simulation Theory

32 7.23 7.15 6.71 1.11 7.19
33 5.56 5.35 5.77 3.78 −3.78
34 5.31 5.24 4.84 1.32 8.85
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6 Conclusions

In this paper, UCT with the best energy absorption characteristics is obtained by multi-objective
optimization. On the above basis, WMCT is proposed by combining transverse and vertical partitions
with square holes. Further, the accuracy, reliability and advantages of the prediction expression for
FML of WMCT are verified through simulation, theoretical derivation and test. It can be concluded as
follows:

(1) O UCT’s size is ϕ = 10° and t = 1.29 mm, while the multi-objective optimization of WMCT
shows that it has the optimal energy absorption characteristics when the number of transverse, vertical
and holes are all equal to four.

(2) The addition of transverse and vertical partitions can improve the stiffness of the WMCT,
while the F IPL can be reduced by uniformly opening holes in the tube wall. Therefore, compared to
the UCT, the F IPL of the WMCT is 23.60% smaller, while the SEA and EA increase by 70.06% and
90.66%, respectively.

(3) It is proved that the prediction expression for FML of WMCT has good universal applicability
through more simulation data. Relative errors of the three test results is less than 10%, which shows that
the prediction expression is reliable and effective. At the same time, it is further verified that WMCT
has better energy absorption characteristics than UCT.
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