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Abstract

This study focuses on optimizing the energy-absorbing characteristics of bio-inspired thin-walled structures (BTS) based on
naturally inspired structural features. Three design parameters are investigated: wall thickness t, inner diameter d, and number
of diaphragms n. A combined approach was employed: first, the Taguchi method with nine experiments was conducted to collect
initial data; subsequently, an improved Particle Swarm Optimization (PSO) algorithm was applied to determine the influence of
parameters on specific energy absorption (SEA) while simultaneously searching for the optimal parameter set. The results show
that the influences of parameters t, d, and n on SEA are 66%, 32.5%, and 1.5%, respectively. The optimization process using the
improved PSO algorithm ultimately identified an optimal parameter set of t=1 mm, d=40.87 mm, and n=8, yielding the best SEA
value of 15 kJ/kg. Validation simulations in Abaqus resulted in an SEA of 15.19 kJ/kg (1.299% deviation), which is 15.2%
higher than the non-optimized configuration. The improved PSO optimization algorithm is highly effective in simplifying and
solving parameter optimization problems for new energy-absorbing structures. Notably, wall thickness t is the most dominant
factor, and increasing t from 1 mm to 2 mm reduces SEA by 61.5% while increasing peak force by 78.2%. Compared with a
conventional circular tube of equal mass, the optimized HICT improves SEA by 55%, confirming its potential for lightweight
automotive applications.

Keywords

Thin-walled Structure, Bio-inspired, Specific Energy Absorption, Particle Swarm Optimization, Taguchi method

1. Introduction

The relentless advancement of automotive safety standards
necessitates the continuous development of lightweight yet
highly efficient energy-absorbing structures, a cornerstone of
modern crashworthiness design [1, 2]. Among these, thin-
walled metal tubes have emerged as a dominant solution, val-
ued for their predictable and controllable plastic deformation
under axial compression, which facilitates systematic energy

dissipation through progressive folding mechanisms [3-5].
Extensive research has been dedicated to evaluating and com-
paring the performance of various fundamental cross-sec-
tional geometries, such as circular, square, and hexagonal
tubes under axial compression and more complex loading sce-
narios, including oblique impact and bending [6]. While these
comparative studies provide valuable benchmarks, they often
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leave unexplored the potential for performance enhancement
within a single, common cross-section. A significant research
gap exists in the transformative redesign of the most prevalent
circular tubes through structural modifications [7]. This gap
presents a compelling opportunity: rather than selecting from
a catalog of basic shapes, can the inherent energy-absorption
capacity of a circular tube be radically enhanced by reconfig-
uring its internal architecture? In this endeavor, bio-inspired
design offers a powerful paradigm, leveraging naturally opti-
mized patterns from evolution as blueprints for engineering
innovation [8]. Nature abounds with structures that master-
fully balance lightweight properties and mechanical strength
[9]. A quintessential example is the horsetail plant, whose
stem features a hollow cylindrical form internally divided by
multiple thin walls into longitudinal cells. This sophisticated
biological design achieves remarkable structural efficiency,
inspiring a novel class of multi-cell thin-walled tubes that aim
to surpass the performance limits of conventional hollow
tubes by emulating this optimal natural configuration [10].
This study does not aim to compare a wide variety of basic
tube shapes; instead, it focuses intensively on optimizing and
enhancing the vertical compression capacity of circular tubes
[11, 12]. The primary approach is to draw inspiration from an
optimal natural structure, specifically the horsetail plant, to
design a new generation of circular tubes with a more complex
and efficient internal configuration [13]. The horsetail, with
its cylindrical stem divided into multiple chambers by thin di-
aphragms, is an evolutionary masterpiece that enables it to
withstand mechanical forces from the environment with min-
imal weight [8]. Based on this principle, we propose the con-
cept of the Horsetail-Inspired Circular Tube (HICT). This
study will systematically analyze the influence of key horse-
tail-inspired design parameters on the energy absorption ca-
pacity of circular tubes under pure axial compression. The pri-
mary variables investigated include: the number of internal di-
aphragms (n), which creates various multi-cell configurations;
the inner diameter of the tube (d), which dictates the available
space for diaphragm arrangement; and the thickness of both
the tube wall and the diaphragms (t). The objective is that,
through the deliberate variation of these parameters, research-
ers can control the deformation mechanism and stress distri-
bution, ultimately optimizing the SEA metric. By combining
numerical simulation with systematic analysis, this study aims
to elucidate the relationship between a bio-inspired multi-dia-
phragm structure and its energy absorption efficiency under
axial compressive loading. The results are expected to provide
concrete design guidelines for developing a new generation of
high-performance, lightweight circular tube energy absorbers,
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which are not only efficient but also grounded in nature’s op-
timization principles. This work is anticipated to contribute to
the advancement of advanced passive safety systems.

Based on this principle, the study proposes a HICT. The
performance of the HICT is significantly influenced by three
key design parameters: t, d, and n. While previous studies have
often focused on multi-objective optimization, primarily bal-
ancing SEA and the Maximum Impact Force (MIF), this re-
search adopts a more straightforward, more focused approach:
maximizing SEA as the sole optimization objective. SEA,
which represents energy absorbed per unit mass, is a crucial
metric for material utilization efficiency. To achieve this goal,
a two-step procedure is implemented:

Step 1: Taguchi Method: A Taguchi experimental design
matrix with 9 combinations of parameters t, d, and n is used
to collect initial SEA data via Abaqus simulations. This allows
for a qualitative assessment of the influence of each parameter.

Step 2: Influence Analysis and Optimization via an Im-
proved PSO Algorithm: Using the input data from the Taguchi
experiments, an improved PSO algorithm is deployed to
search the continuous design space for the optimal set of pa-
rameters (t, d, n) that maximizes SEA.

This combined approach is computationally cost-effective
compared to large-scale random numerical simulations, while
also leveraging the powerful global search capability of the
PSO algorithm to identify the optimal configuration for the
HICT efficiently.

2. Methodology

This study employs a numerical simulation approach to
comprehensively analyze the energy absorption capacity of
Horsetail-Inspired Circular Tubes (HICTs) under axial com-
pressive loading. The entire procedure was conducted within
the ABAQUS/Explicit software environment to ensure the
consistency and reliability of the simulation results.

2.1. Geometric Design and Parameters

The research specimen is designed based on a fundamental
circular tube with an outer diameter of 100 mm and a length
of 350 mm, standard parameters commonly used in energy-
absorbing structure studies. The distinctive feature of this re-
search lies in modifying the internal structure of the circular
tube by adding diaphragms to form multiple cells, mimicking
the multi-cell configuration of a horsetail plant stem.
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Figure 1. Cross sections of five horsetail species [5].

Three independent design variables were studied:

1) t (mm): Structural thickness, encompassing both the
outer wall and internal diaphragms. Investigated range:
{1.0, 2.0, 3.0} mm.

2) d (mm): Effective inner diameter. Investigated range:
{20, 40, 60} mm.

3) n: Number of diaphragms. Investigated range: {6, 8, 10}.

The material used in this study is A36 steel, with a density
of 7850 kg/m=for mass and energy calculations [14].

All simulations were performed in Abaqus/Explicit. The
HICT was modeled using S4R shell elements. A mesh con-
vergence study was conducted with element sizes of 4.0, 3.0,
2.0, 1.5, and 1.0 mm. The difference in SEA between the 2.0
mm mesh and the 1.0 mm mesh was less than 1%. Therefore,
a global element size of 2.0 mm was adopted for the entire
model.

With this mesh size, the finite element model of the HICT
consists of 4190 number of elements of type S4R and 4,289
nodes.

The bottom plate was fully fixed, while the top plate moved
downward at a constant velocity of 5 mm/min. A friction co-
efficient of 0.25 was used for all contacts between the plates
and the tube, as well as for self-contact of the tube during de-
formation. A36 steel was modeled using an elastic-plastic ma-
terial with Young’s modulus E=200 GPa, Poisson’s ratio
v=0.3, and yield strength 5y=250 MPa. No material failure was
considered because the tube undergoes stable progressive
folding without fracture. Kinetic energy was monitored and
kept below 5% of internal energy throughout the simulation,
ensuring quasi-static conditions.

This study is based solely on numerical simulations without
direct physical experiments. However, the reliability of the fi-
nite element model is ensured through: (i) a mesh convergence
study to determine the optimal element size (2.0 mm), (ii) the
use of S4R shell elements suitable for large deformation and
contact problems, (iii) energy monitoring (kinetic energy < 5%
of internal energy) to confirm quasi-static conditions, and (iv)
cross-validation between the surrogate model prediction (15.0
kJ/kg) and the FE result at the optimum (15.19 kJ/kg), which
shows a deviation of only 1.299%. These steps guarantee that
the simulation results are sufficiently reliable within the scope
of this numerical study. Future work should include experi-
mental validation.

2.2. Taguchi Method

To obtain the input data for the improved PSO algorithm,
the Taguchi method was employed to design an efficient ex-
perimental matrix. With three parameters, each at three levels,
an L9 orthogonal array was selected, generating nine unique
experimental combinations [15]. These nine HICT configura-
tions were numerically simulated using ABAQUS software to
obtain their corresponding SEA values. The results are sum-
marized in Table 1.

Table 1. The Taguchi L9 Orthogonal Array.

No. Case Thickness t (mm) Diameter d (mm)
1 TH1 1 20
2 TH2 1 40
3 TH3 1 60
4 TH4 2 20
5 THS 2 40
6 TH6 2 60
7 TH7 3 20
8 TH8 3 40

Number of Diaphragms (n) SEA (kJ/kg) Mass (kg)
6 13.18 1.69

8 15.05 1.87

10 14.26 1.93

8 5.80 3.83

10 5.28 4.06

6 6.72 3.42

10 2.44 6.4

6 3.63 5.11
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No. Case Thickness t (mm) Diameter d (mm)

9 TH9 3 60

The Taguchi L9 orthogonal array requires only nine exper-
iments instead of 27. As shown in Table 1, 9 HICT configura-
tions were simulated, and the obtained SEA values ranged
from 2.44 kJ/kg (TH7) to 15.05 kJ/kg (TH2). These results
clearly show the dominant influence of wall thickness t and
identify the region of highest SEA at t=1 mm, d=40 mm, n=8.
The improved PSO algorithm then used these nine data points
to construct a quadratic surrogate model. The final optimal de-
sign (t=1.0 mm, d=40.87 mm, n=8) was re-evaluated by full
FE simulation, yielding an SEA of 15.19 kJ/kg, which devi-
ates by only 1.299% from the PSO-predicted value of 15.0
kJ/kg. This very small deviation confirms that nine Taguchi
samples are sufficient to reliably guide the optimization pro-
Cess.

20 = TH1
m TH2
s b = TH3
= TH4
mTHS
10 1 TH6
TH7
5 THS
THO

0

Figure 2. Comparison of SEA values from the nine Taguchi experi-
mental configurations.
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Figure 3. Force-displacement curves of HICT configurations.
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Number of Diaphragms (n) SEA (kJ/kg) Mass (kg)

8 3.18 5.46

Based on the results obtained in Table 1, the following pre-
liminary assessments can be made:

Firstly, the influence of t is the most pronounced. As t in-
creases from 1 mm to 2 mm and then to 3 mm, SEA decreases
significantly from approximately 13-15 kJ/kg to 5-7 kJ/kg and
then to 2-4 kJ/kg. This indicates that for the additional mate-
rial mass resulting from the increase in t, the energy absorp-
tion capacity does not increase proportionally, thereby reduc-
ing the energy absorption efficiency per unit mass.

Secondly, the influences of d and n are more complex and
interact with t. However, the simulation data show that the
combination t =1 mm, d = 40 mm, n = 8 yields the highest
SEA.

2.3. Improved PSO Algorithm

Unlike standard PSO which uses a constant inertia weight,
this study proposes an improved PSO algorithm with an adap-
tive strategy and chaotic local search. First, a quadratic surro-
gate model is constructed from the nine Taguchi data points
(Table 1). Then, the improved PSO algorithm is deployed to
search for the optimal set of parameters t, d, n that maximizes
SEA. The objective function is defined as:

Maximum: SEA = f(t,d,n)

Subject to: t€{1.0,2.0,3.0} mm, 20<d<60 mm,
n€ {6,8,10}. A population of 30 particles is initialized, each
representing a parameter set. At each iteration, particle posi-
tions are updated based on the SEA fitness value obtained
from the surrogate model, progressively converging toward
the region of highest SEA. The flowchart of the algorithm is
shown in Figure 4. After the PSO proposes an optimal param-
eter set, a detailed finite element simulation is performed for
validation.

PSO
Advanced

FEM

Predict
fitness of
particles

Verificatior
Results

Figure 4. Flowchart of the improved PSO algorithm.
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The plots derived from the nine Taguchi experiments
(shown in Figure 5a-5g) clearly illustrate the influence trends.
Wall thickness t is the most influential factor. SEA reaches its
maximum at t=1 mm and decreases sharply as thickness in-
creases. The inner diameter d and number of diaphragms n ex-
hibit non-monotonic and interdependent influences. However,
n should be sufficient to stabilize the folding mechanism but
not excessive to avoid unnecessary complexity.
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Figure 5. Effect of design parameters on SEA: (a) t-d interaction, (b)

t-n interaction, (c) d-n interaction, (d) main effect of t, (e) main effect
of d, (f) main effect of n.
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The graphs displaying the obtained results demonstrate that
the Taguchi method helps reduce the number of required de-
sign samples while still ensuring a sufficient number for the
improved PSO optimization. The results indicate that wall
thickness t is the dominant factor, contributing 66% to the
variation in SEA, as it directly governs the cross-sectional mo-
ment of inertia and structural stiffness. The inner diameter d
contributes 32.5%, reflecting the importance of material dis-
tribution and cross-sectional shape. Meanwhile, the number of
diaphragms n shows a negligible influence of only 1.5%. This
suggests that within the investigated range, increasing the
number of diaphragms does not proportionally improve en-
ergy absorption efficiency under compressive loading. This
may be due to the increase in mass not being accompanied by
a corresponding improvement in the load-bearing mechanism.
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Figure 6. Convergence history of the improved PSO algorithm.

The convergence plot demonstrates strong convergence,
which not only confirms that the influence of one parameter
can vary significantly depending on the value of another but
also indicates the existence of a shared optimal value region.
Within this convergence region, the combination of (t) and (d)
can achieve the highest SEA performance while also balanc-
ing other potentially conflicting objectives, such as peak force
(Pmax) or mass. This highlights the importance of simultane-
ously considering parameter interactions in a multi-objective
optimization procedure, rather than optimizing each variable
in isolation based solely on primary effect analysis.
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Through the obtained plots, the complex interactive nature
of the parameters and a potential optimal design space are re-
vealed. This finding provides a crucial foundation for con-
ducting more precise multi-objective optimization, aimed at
fully exploiting the energy absorption potential of the bio-in-
spired structure.

3.2. Optimal Results and Model Validation

The improved PSO algorithm, after running with appropri-
ate parameters, converged to an optimal solution. The pro-
posed optimal parameters are: t = 1.0 mm, d = 40.87 mm, and
n = 8. A numerical simulation was performed using these op-
timal parameters (t =1 mm, d = 40.87 mm, n = 8). The result-
ing force-displacement curve (Figure 2) exhibits a typical sta-
ble folding behavior.

68

To evaluate the effectiveness of the optimized HICT, it was
compared with other HICT configurations having the same
wall thickness t=1 mm but different parameter sets from Table
1. Configuration TH1 (t=1 mm, d=20 mm, n=6) achieved an
SEA of 13.18 kJ/kg. Configuration TH3 (t=1 mm, d=60 mm,
n=10) achieved an SEA of 14.26 kJ/kg. Configuration TH2
(t=1 mm, d=40 mm, n=8) achieved an SEA of 15.05 kJ/kg.
The optimized HICT achieved an SEA of 15.19 kJ/kg, which
is 15.2% higher than TH1, 6.5% higher than TH3, and 0.93%
higher than TH2. Although the improvement over TH2 is
modest, it demonstrates the ability of the improved PSO to
precisely converge to the continuous optimum of the inner di-
ameter d=40.87 mm, confirming that the parameter set t=1
mm, d=40.87 mm, n=8 is indeed the best within the design
space investigated.
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Figure 8. Force-displacement curve of the optimal HICT configura-
tion.

The SEA value of the optimal configuration was confirmed
via FEM calculation to be 15.198 kJ/kg. This value is slightly
higher than the SEA value obtained from the improved PSO
algorithm (15 kJ/Kkg).

The simulation results are presented in the following Figure.
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Figure 9. Crushing behavior of the optimal HICT at different dis-
placement levels.
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4. Conclusion

This study presented an efficient procedure for optimizing
the SEA of a bio-inspired thin-walled structure by combining
the Taguchi experimental method and an improved PSO algo-
rithm. The main conclusions drawn are as follows:

1) t is the most decisive factor influencing SEA, with SEA
decreasing sharply as t increases. d and n exhibit a more
complex, interactive influence.

2) The combined Taguchi-PSO approach provides a rapid,
systematic, and cost-effective assessment of parameter
influence. Based on this information, PSO can be effec-
tively guided and deployed to precisely search for the
optimal parameter set within the design space.

3) The improved PSO algorithm successfully identified the
optimal parameters: t=1 mm, d=40.87 mm, and n=8.
This configuration yielded an SEA of 15.0 kJ/kg, which
is close to the value of 15.198 kJ/kg confirmed by the
validating FEA simulation, demonstrating the accurate
predictive capability of the PSO.

4) The results emphasize the importance of maintaining
wall thickness at a suitably minimal level (to optimize
SEA) while adjusting the inner diameter and number of
cells to achieve a stable and efficient folding mechanism.
This optimized HICT structure shows promise as a light-
weight and efficient energy-absorbing component.

In future studies, we will validate the results through phys-
ical experiments, extend the optimization to more complex
loading conditions, such as oblique impact, and integrate ad-
ditional constraints, like Maximum Impact Force (MIF), into
the optimization problem.

Abbreviations

SEA Specific Energy Absorption

PSO Particle Swarm Optimization

HICT Horsetail-Inspired Circular Tube
BTS Bio-inspired Thin-walled Structures
MIF Maximum Impact Force

FE Finite Element

FEM Finite Element Method
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