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Abstract
While traditional or bio-inspired multi-cell structures are widely utilized for crashworthiness applications, this study explores 
the performance of novel non-closed multi-cell hexagonal columns (NMHCs) with section geometries developed through 
topology and multi-objective optimizations. Experimental tests, serving as a foundation for validating numerical simulations, 
were conducted to analyze the behavior of NMHCs under varying loading angles (0°, 10°, and 20°). Four specific configura-
tions (II-NMHC1.4–90-20, II-NMHC1.8–90-20, III-NMHC1-90–20, and III-NMHC1.4–90-20) demonstrated progressive 
deformation under a 20° oblique impact, with thicker walls preferred for II-NMHC and thinner walls for III-NMHC to achieve 
optimal performance. Notably, SEA for these four columns decreased by an average of 29% under oblique impact, whereas 
other configurations experienced a 61.5% reduction compared to axial loading. Cell number, load angle, and section geom-
etry significantly influenced peak load and specific energy absorption, while wall thickness and diameter primarily affected 
peak load. Optimization results further highlighted optimal performance at a 10° loading angle across all configurations. The 
III-NMHC outperformed its peers with identical features, achieving the smallest peak load and highest energy absorption.

Keywords  Crashworthiness and Topology optimization · Non · Closed multi · Cell thin · Walled tube · Energy absorption · 
Axial and oblique impact

1  Introduction

The surge in road traffic accidents, primarily driven by the 
proliferation of private vehicles, has necessitated enhanced 
safety measures. Consequently, energy absorption devices 
and warning systems are being integrated to improve passive 

safety and mitigate fatalities and severe injuries in automo-
bile accidents.

Crash boxes, particularly those utilizing tubular metals 
based on thin-walled tubes, have emerged as promising 
lightweight structures for impact energy absorption. These 
designs boast an exceptional energy absorption-to-mass 
ratio (Olabi et al. 2007), making them ideal for automotive 
applications. However, ongoing technological advancements 
underscore the need for further enhancements to their energy 
absorption efficiency (Lam et al. 2023).

Studies reveal that thin-walled columns exhibit progres-
sive deformation under axial impact (Xu et al. 2018) and 
oblique impact with minimal load angles (Qi et al. 2012), 
whereas large load angles induce global bending (Tarlochan 
et al. 2013). Notably, their primary energy-absorbing mecha-
nism involves irreversible plastic deformation and/or tear-
ing (Reid 1993), emphasizing the importance of optimized 
design.

Extensive research has been conducted on the crashwor-
thiness of thin-walled structures, employing diverse meth-
ods such as theoretical modeling, numerical simulation, and 
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experimentation. Notably, Chen and Wierzbiecki (Chen and 
Wierzbicki 2001) adapted the super folding element theory 
to predict the mean collapsing force of axially impacted 
thin-walled square tubes, while Tran et al. (Tran et al. 2014) 
expanded this theory to encompass oblique impacts.

Complementary experimental studies have provided valu-
able insights. For instance, Alavi Nia and Parsapour (Alavi 
Nia and Parsapour 2014) investigated the energy absorption 
responses of thin-walled tubes with varying cross-sectional 
configurations under quasi-static loading, revealing that 
multi-cell tubes require greater energy to fold due to addi-
tional blades. Additionally, Tran et al. (Tran et al. 2020) 
examined the crashworthiness characteristics of tube-nested 
structures subjected to lateral compression, highlighting the 
critical role of inner tubes in resisting compression.

Numerical simulation methods dominate the literature, 
offering detailed analyses. Yang et al. (Yang et al. 2019) 
utilized numerical simulations to investigate the failure and 
crashworthiness performance of frustum sandwich struc-
tures, elucidating the impact of structural parameters on 
crashworthiness indexes. Isaac and Oluwole (Isaac and Olu-
wole 2018) employed finite element simulations to explore 
the behavior and energy absorption characteristics of sin-
gular tubes under axial and oblique impacts, demonstrat-
ing the superior crashworthiness of hexagonal tubes with 
vertical grooves. Furthermore, Nikkhah et al. (Nikkhah et al. 
2017) leveraged finite element modeling to investigate the 
influence of hole shape on tube crashworthiness, concluding 
that square and rectangular holes substantially impair tube 
integrity.

Numerous studies focus on optimizing thin-walled 
tubes, paralleling simulation research. Pirmohammad and 
Esmaeili-Marzdashti (Pirmohammad and Esmaeili-Mar-
zdashti 2019) conducted multi-objective optimization of 
multi-cell tubes with varying hole configurations, dem-
onstrating enhanced crashworthiness indexes. Huang and 
Xu (Huang and Xu 2019) optimized multi-cell tubes under 
combined axial and oblique loading, utilizing weighting fac-
tors to determine optimal solutions. Further advancing this 
field, Booth et al. (Booth et al. 2021) employed an adaptive 
surrogate-assisted response surface method in their optimi-
zation of multi-cell rails under diverse loading conditions, 
demonstrating the method’s effectiveness in accurately 
characterizing the Pareto set. Beyond multi-objective opti-
mization, topology optimization serves as a pivotal initial 
design step toward achieving optimal solutions (Aulig et al. 
2018). Typically, topology optimization addresses canoni-
cal problems, such as cantilever design (Liu et al. 2017) and 
Messerschmitt-Bölkow-Blohm beam optimization (Latifi 
Rostami and Ghoddosian 2019), illustrating its versatility.

Recent studies have demonstrated the significant poten-
tial of section configurations in enhancing thin-walled col-
umn crashworthiness, with cross-sectional design being 

fundamentally driven by structural constraints and func-
tional requirements. The selection of cross-sectional geom-
etries predominantly follows two distinct approaches: con-
ventional geometric configurations, encompassing triangular 
(Tran and Baroutaji 2018), square (Arnold and Altenhof 
2004), pentagonal (Ali et al. 2015), hexagonal (Deng et al. 
2024), octagonal (Zhang et al. 2018), polygon (Jiang et al. 
2024), and circle (Peng et al. 2024) shapes; and bio-inspired 
structures that emulate natural formations, such as bionic 
honeycomb columns (Xiang and Du 2017), lotus root-filled 
configurations (Li et al. 2018), multi-cell columns inspired 
by beetle elytron microstructure (Yu et al. 2019), cactus-
inspired multi-cell tube (Chen et al. 2024a), and design 
based on Morpho butterfly wing architecture (Nikkhah et al. 
2020). While existing literature extensively explores these 
traditional and bio-inspired sections, the critical requirement 
for energy absorbers to maintain sufficient rigidity for pro-
gressive deformation while resisting bending under oblique 
impact necessitates further investigation.

To address these challenges, this study advances the field 
through comprehensive examination of non-closed struc-
tures under multi-load angle conditions, employing an inno-
vative dual-optimization approach that integrates topology 
optimization for section geometry development with multi-
objective optimization techniques. This systematic method-
ology facilitates the design of optimized crashworthy struc-
tures, with performance evaluation encompassing behavioral 
characteristics, load response patterns, and energy absorp-
tion capabilities. Furthermore, the investigation explores 
the interrelationship between loading conditions, column 
parameters, and crashworthiness performance, with par-
ticular emphasis on determining effective load angles for 
optimal structural response.

2 � Methodology

The design optimization of collision-subjected structures 
demands a delicate balance between achieving stable, 
progressive, and controlled deformation patterns while 
maximizing the critical energy absorption-to-mass ratio. 
Building upon McGregor et al’s (McGregor et al. 1993) 
demonstration that cross-sectional geometry fundamen-
tally governs crashworthiness performance, this method-
ology integrates both topology optimization and multi-
objective size optimization as essential components of the 
design process. Through sophisticated topology optimiza-
tion techniques, design concepts are systematically gener-
ated to satisfy predetermined constraints and requirements, 
thereby facilitating optimal energy absorption character-
istics and deformation behavior. As depicted in Fig. 1, 
this comprehensive design framework progresses through 
several interconnected phases: topology optimization 
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defines the structure’s cross-sectional configuration, fol-
lowed by specimen fabrication for test, validation and 
simulation, and subsequent assessment of key performance 

metrics—including deformation mode, first peak load 
(FPL), and specific energy absorption (SEA). The pro-
cess culminates in a Pareto set through multi-objective 

TOPOLOGYOPTIMIZATION
Cross-section

SAMPLES:
Specimen fabrication for test, validation

and simulation

BEHAVIOUR RESPONSE
Behaviour
+ Deformation mode

+ First peak load (FPL)

+ Specific energy absorption (SEA)

Main factors effecting on deign indexes

MULTI-OPJECTIVE OPTIMIZATION
+ Two objectives: First peak load (FPL) and 
Specific energy absorption (SEA)

+ Three variables: Diameter (a), Wall
thickness (t), and Load angle (α)

+ Pareto front

COMPAREDWITH OTHERS
POSSESSING THE SAME FEATURES

Fig. 1   Design process
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optimization, identifying optimal design solutions. Finally, 
the optimized design is compared with other structures 
having similar features to assess its performance.

2.1 � Structure geometry

The fundamental topology optimization problem (Aulig 
et al. 2018), as depicted in Fig. 1, can be mathematically 
expressed through the following relationship:

wherein u represents the state field satisfying the equilibrium 
equations, K(�) is the stiffness matrix dependent on the den-
sity distribution �(x) , f  is the load vector, and V0 denotes the 
maximum allowable material volume. The design variable 
�(x) is the material density field, where � = 0 corresponds 
to void and � = 1 to solid material.

Topology optimization aims to determine the optimal 
material distribution within a prescribed design domain Ω 
that minimizes the objective function (e.g., compliance, 
strain energy, or crashworthiness-related indices) while 
satisfying equilibrium and volume constraints. A widely 
used interpolation approach for relating material proper-
ties to density is the Solid Isotropic Material with Penali-
zation (SIMP) method (Bendsøe and Sigmund 2004):

where E(�) is the effective Young’s modulus, E0 is the modu-
lus of the base material, and p > 1 is a penalization factor 
that suppresses intermediate densities, driving the solution 
toward a distinct solid–void configuration.

The NMHCs were developed through topology optimiza-
tion applied to a circular design domain of diameter a, sub-
ject to a volume fraction constraint of 15–25%. The domain 
was loaded in traction with the bottom boundary fully con-
strained. After 100 iterations with a convergence tolerance of 
0.01%, the optimal density distribution evolved into a hexag-
onal configuration with internal non-closed cells, as shown 
in Fig. 2a. These patterns formed the basis for three design 
variants, categorized as I-NMHC (four cells), II-NMHC (six 
cells), and III-NMHC (seven cells), as illustrated in Fig. 2b. 
To facilitate classification, a systematic nomenclature was 
adopted (e.g., II-NMHC1.4–80-10 denotes a subgroup II 
specimen with a 1.4 mm wall thickness, 80 mm diameter, 
and a 10° loading angle). The geometrical parameters of all 
variants are summarized in Table 1.

(1)

min
�
F = F(u, �)

s.t. ∶ G(�) = �Ω

g(x, �)dV − V0 ≤ 0

∶ K(�)u = f

∶ 0 ≤ �(x) ≤ 1

,

(2)E(�) = �pE0,

2.2 � Finite element model (FEM)

Due to the complexity and high cost associated with speci-
men fabrication and experimentation, this study employs 
finite element analysis (FEA) to investigate the behavior of 
non-closed multi-cell hexagonal columns (NMHCs) under 
multi-angle impact loading. Previous research indicates that 
under axial loading (0°), tubes exhibit the canonical progres-
sive folding deformation mode (Cai and Deng xxxx), under 
small oblique loading (10°), progressive folding remains 
dominant (Li et al. 2019), and under large oblique load-
ing (20°), global bending and buckling tendencies begin 
to emerge (Qin et al. 2024). Additionally, tubes subjected 
to loading conditions of 30° or greater often experience 
global bending and a significant loss of load-bearing capac-
ity (Xiong et al. 2022). Accordingly, three representative 
loading angles—0°, 10°, and 20°—were selected as anchor 
points to capture distinct deformation regimes, from axial 
folding through transitional folding to the onset of global 
buckling. These angles are therefore sufficient to character-
ize the key crashworthiness responses of NMHCs within the 
range of interest.

The test set-up, illustrated in Fig. 3a, involves fixing 
the bottom end of each NMHC specimen to a rigid wall 
with all degrees of freedom constrained. A 600 kg mov-
ing wall (Chen et al. 2024b) applies an axial load to the 
free end at angles of α = 0° (0 rad), 10° (0.1745 rad), and 
20° (0.349 rad). Both the moving and fixed walls are mod-
eled using rigid material type 20 in the LS-Dyna solver. 
The NMHC specimens are discretized using four-node 
Belytschko-Tsay shell elements, with an elastic–plastic 
material model (MAT24) and a friction coefficient of 0.2 
applied at contact interfaces (Cai and Deng xxxx).

The test specimens were fabricated from AA6061-O 
alloy, with identical manufacturing and heat treatment pro-
cesses applied to both tensile samples and crash tubes to 
ensure consistency. Mechanical properties were determined 
as the average of three tensile tests, with the corresponding 
specimens and stress–strain curve shown in Fig. 3b. The 
alloy exhibited an elastic modulus of 68.5 GPa, a density 
of 2700 kg/m3, a Poisson’s ratio of 0.3, and a yield stress of 
39.27 MPa. As AA6061-O demonstrates rate-independent 
behavior within the strain-rate range of 10⁻3 to 103 s⁻1 (Qin 
et al. 2024), strain-rate effects were considered negligible 
and omitted from the simulations.

To evaluate the crashworthiness of thin-walled tubes 
under dynamic loading, previous studies commonly 
employed an impact velocity of 15.6 m/s. For instance, 
Tarlochan et al. (Tarlochan et al. 2013) examined various 
thin-walled tubes at this impact speed. Accordingly, an 
impact velocity of 15.6 m/s is adopted for this investigation. 
Automatic single-surface and automatic surface-to-surface 
contact algorithms are employed to simulate self-contact 
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within NMHCs and contact between NMHCs and the wall, 
respectively.

The computational investigation of the NMHC model 
necessitated a comprehensive mesh size sensitivity analy-
sis, wherein five distinct element sizes were systematically 
evaluated to ascertain their intricate influence on peak load 
and energy absorption. As illustrated in Fig. 4, the element 
sizes demonstrate a markedly impact on energy absorption, 
with more pronounced variations compared to peak load. 
Comparative analyses revealed variations in energy absorp-
tion across different element sizes. Specifically, when jux-
taposing an element size of 1.4 mm against other sizes, the 
energy absorption differentials were quantified: relative to 
the baseline, the 2 mm and 1.8 mm sizes exhibited marginal 
deviations of 2.72% and 1.42%, respectively. Conversely, 
the 2.8 mm element size demonstrated a more substantial 
divergence, registering a 5.57% deviation from the refer-
ence configuration. Complementing the energy absorption 

analysis, computational efficiency metrics were concurrently 
examined. The temporal computational requirements for the 
1.4 mm element size were observed to be significantly more 
demanding, ranging from 1.54 to 5.51 times the computa-
tional resources necessitated by other element sizes. Fol-
lowing comparative evaluation, the 2 mm element size was 
ultimately selected as the optimal configuration for subse-
quent simulations, balancing computational efficiency with 
precision of outcomes.

2.3 � Verification of FEM

Prior to conducting the analysis, the establishment of an 
appropriate finite element method (FEM) construction for 
simulation necessitates two fundamental steps: mesh gen-
eration and FEM validation, both of which are crucial for 
ensuring computational accuracy. In the development of the 
I-NMHC model, five distinct element sizes—1.5, 2.0, 2.5, 

Fig. 2   a Optimal cross-sectional geometry and b non-closed multi-cell hexagonal columns (NMHCs)
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3.0, and 3.5 mm—were systematically evaluated, with the 
resultant peak loads illustrated in Fig. 4, wherein the element 
sizes of 1.5 and 2.0 mm demonstrated minimal variations of 
2.76 and 1.17%, respectively, when compared to the 2.5 mm 
baseline. The convergence analysis revealed that as the ele-
ment size decreased, the peak load exhibited increasing sta-
bility and consistency, which, coupled with Waleed et al. ’s 
(Waleed et al. 2023) findings regarding the optimal 2.0 mm 
element size for crushing analysis, led to the adoption of this 
element size for simulating the novel non-closed multi-cell 
hexagonal columns' crushing behavior.

The experimental specimens were fabricated using wire-
cut electrical discharge machining (WEDM), as illustrated 
in Fig. 5a. This technique was selected for its ability to pro-
duce precise and complex internal geometries with mini-
mal material distortion. In WEDM, a continuously moving 
fine metal wire serves as the electrode, eroding material 
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Fig. 3   a Test set-up and detail loading cases and b Stress–strain curve

Fig. 4   Mesh convergence analysis
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from a conductive workpiece through controlled electrical 
discharges.

The accuracy of the finite element model (FEM) was 
validated against experimental results obtained from two 
specimens, I-NMHC and II-NMHC. Compression tests 
were conducted on a hydraulic universal testing machine 
(WEW-1000B, Wuxi New Luda Instrument Co., Ltd., 
China), equipped with a 1000 kN load cell with ± 1% full-
scale accuracy, as shown in Fig. 5b. A constant loading rate 
of 3 mm/min was applied. Corresponding FEM simulations 
were performed at a compressive velocity of 1 m/s (Gong 
et al. 2023) to optimize computational efficiency while 
maintaining accuracy. These simulations were considered 
quasi-static, as the internal-to-kinetic energy ratio remained 
below 5%.

The comparative analysis between experimental and 
numerical results, shown in Fig. 6, demonstrates strong 
agreement for both I-NMHC and II-NMHC configurations. 
Both exhibit the characteristic threefold in-extensional 
deformation mode, with only minor differences in the 
final folded shapes. These discrepancies are attributable to 

physical testing factors, such as slight manufacturing imper-
fections and load eccentricities, which are absent in the ide-
alized numerical model.

In crashworthiness terms, deformation is governed by the 
formation of plastic hinges and progressive folding. Under 
axial loading, outward bulges develop at the junctions of 
non-closed cells, where stress concentrations trigger local-
ized buckling. These bulges propagate symmetrically along 
the tube length, producing a stable three-lobe folding mode 
that ensures uniform energy dissipation. Under oblique load-
ing, however, the deformation becomes increasingly asym-
metric: bulges shift toward the loaded side, inclined plastic 
hinges form, and tilted folding bands promote localized col-
lapse. As the loading angle increases, the instability intensi-
fies, leading to premature buckling and reduced peak load 
and specific energy absorption. This behavior highlights the 
sensitivity of NMHC crashworthiness to loading orientation, 
with thicker-walled or higher-cell variants exhibiting greater 
resistance to asymmetric folding.

Despite minor geometric variations, both experimental 
and numerical results capture the same progressive folding 

Fig. 5   a Fabrication process and 
b Experimental test

(a)

(b)

Geometric model Aluminum block with 

predrilled hole

Wire-cut 

electrical 

discharge 

machining

Sample
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sequence and energy absorption characteristics throughout 
the crushing process. The high correlation between load–dis-
placement and energy absorption curves, with absolute 
errors in peak load and absorbed energy below 4.5%, con-
firms the reliability of the FEM under axial loading. This 
successful validation provides a solid foundation for apply-
ing the model to oblique impact scenarios, thereby establish-
ing its robustness for subsequent analyses.

2.4 � Design indexes

The comparative analysis of crash force diagrams serves as 
a definitive method for evaluating the efficacy of energy-
absorbing devices, wherein critical parameters—including 
First Peak Load (FPL), Specific Energy Absorption (SEA), 
and Energy Absorption (EA)—are systematically extracted 
and analyzed (Hou et al. 2008). Within the force diagram, 

Fig. 6   Verification of FEM: a 
I-NMHC and b II-NMHC



	 V. Dang et al.  254   Page 10 of 20

FPL, which correlates directly with material elasticity, 
serves as a crucial indicator of the onset of plastic deforma-
tion; however, elevated FPL values can precipitate severe 
deceleration during impact events, potentially resulting in 
catastrophic consequences for vehicle occupants (Hou et al. 
2011). Consequently, the optimization of crash energy-
absorbing devices necessitates a delicate balance between 
minimizing peak load while maximizing energy absorption 
capacity.

The total internal energy absorbed throughout the crash 
event, denoted as EA (Chen et al. 2022), can be mathemati-
cally expressed through the integral relationship:

where Fin represents the crash force and  �cd denotes the 
corresponding displacement. In evaluating structural effi-
ciency, SEA (Chen et al. 2023) emerges as a fundamental 
parameter, calculated as the ratio between energy absorption 
and structural mass (m):

The comprehensive assessment of structural crashwor-
thiness incorporates two additional parameters that are 
intrinsically linked to crash load characteristics and energy 
absorption capacity: First Peak Load Efficiency (FPLE) 
and Specific Energy Absorption Efficiency (SEAE). These 
parameters are quantified through the following mathemati-
cal expressions:

where FPL�0 and SEA�0
 represent the First Peak Load and 

Specific Energy Absorption, respectively, at a load angle 
of 0◦ , while FPL�i and SEA�i

 correspond to their respective 
values at load angles of either 10° or 20°.

3 � Optimization

In the context of crash absorption systems, the fundamental 
design challenge lies in the inherent contradiction between 
two critical factors: the structure must maximize impact 
energy absorption while simultaneously minimizing peak 
load. This intrinsic trade-off necessitates careful considera-
tion in the design process, as optimal crash box performance 

(3)EA = ∫ Find�cd,

(4)SEA =
∫ Find�cd

m

(5)FPLE = 100%
FPL�i − FPL�0

FPL�0

(6)SEAE = 100%
SEA�i

− SEA�0

SEA�0

,

is characterized by the concurrent achievement of minimal 
peak load and maximal specific energy absorption (Hou 
et al. 2014). To address this complex optimization challenge, 
Multi-objective Optimization Design (MOOD) methodology 
is employed to generate a Pareto set of optimal solutions, 
from which specific configurations can be selected based on 
particular application requirements.

Analysis of the structural response, as illustrated in Fig. 6, 
reveals a significant observation: the maximum peak load 
manifests exclusively during axial impact scenarios, while 
being notably absent under oblique impact conditions. 
Consequently, FPL emerges as a critical objective function 
within the optimization problem. Following established 
design principles, the optimization problem is formulated 
with dual objectives: maximizing SEA while simultane-
ously minimizing or constraining FPL within predetermined 
parameters. The mathematical formulation of this optimiza-
tion problem can be expressed as:

In this formulation f1(t, a, �) and f2(t, a, �) represent the 
objective functions for FPL and SEA, respectively, with 
respect to three key parameters: wall thickness (t), base cir-
cle diameter (a), and load angle (α). The general solution for 
these objective functions takes the form:

where i, j, andk denote the respective exponents of the vari-
ables in the polynomial expression.

4 � Result and discussion

4.1 � Structure behavior

When a structure is subjected to an impact load, it can expe-
rience two main types of deformation: progressive folding 
or global buckling mode. However, Albak Eİ (Albak 2021) 
has shown that under axial impact and oblique impact with 
a small load angle, the progressive folding mode is dominant 
over the global buckling one. This difference in deforma-
tion mode has a significant impact on the crushing load and 
energy responses of the structure. Notably, the progressive 
folding mode has been shown to absorb much more energy 

(7)

⎧⎪⎪⎪⎨⎪⎪⎪⎩

min ∶ FPL = f1(t, a, �)

max ∶ SEA = f2(t, a, �)

s.t ∶

⎧⎪⎨⎪⎩

1 ≤ t ≤ 1.8(mm)

70 ≤ a ≤ 90(mm)

0 ≤ � ≤ 0.349(rad)

(7)f (t, d, �) =
∑

i=0,j=0,k=0

�ijkt
idj�k,
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than the global buckling mode by increasing the energy 
absorption capacity in a reliable way (Liu et al. 2021).

Figures 7 and 8 present the typical responses of NMHCs 
studied under multiple loading angle cases. The crushing 
load and EA responses for these NMHCs under the same 
loading cases exhibit similar behaviors (Fig. 7). Specifically, 
the load and EA responses for structures with different sec-
tion geometries are quite similar to each other in the same 
loading case. This indicates that the section geometry has a 
relatively small influence on the overall crushing load and 
EA responses of the structure. These findings are important 
for the design and development of NMHCs as they suggest 
that the geometry can be optimized without significantly 
affecting the overall performance of the structure in impact 
loading scenarios.

As Fig. 8 illustrates, in the case of axial impact, the load 
response initially reaches its first peak, then falls slightly 
before suddenly rising again to its maximum peak load. 
Subsequently, it drops back and is followed by some fluc-
tuations due to the successive formation of folds. In other 
words, the impact load increases quickly to a certain value 
and later fluctuates with a steady trend. On the other hand, 
in the case of oblique impact with a small load angle of 

10°, the load response is comparable to that of axial impact 
in the later stages of the impact process. However, there 
is a difference in the early stage of the collision process, 
where the moving wall does not hit the structure’s entire 
cross-section but instead strikes only the side of the tube’s 
cross-section at the initial time. Unlike the axial impact 
condition, the maximum peak load disappears, and the col-
lapsing load tends to increase slowly in the case of oblique 
impact. This phenomenon is caused by the structure partially 
wrinkling, while it fully wrinkles in the case of axial impact. 
The disappearance of the maximum peak load in the case 
of oblique impact with a small load angle demonstrates the 
advantage of this loading condition, which reduces fatalities 
in an impact event.

Figure 8 depicts that the load response during oblique 
impact with a load angle of 20° differs substantially from 
that during axial impact or oblique impact with a load angle 
of 10° due to the dominant global buckling mode. Specifi-
cally, during oblique impact with a load angle of 20°, the 
crash load increases at a slower rate, and the displacement 
at which the crash load reaches its maximum value is larger 
than that during axial impact or oblique impact with a load 
angle of 10°. In other words, the load behavior exhibits an 

Fig. 7   Typical load and EA response at multi-loading angles of 0°, 10° and 20°: a I-NMHC, b II-NMHC, and c III-NMHC
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initial rise to the maximum value, followed by a gradual 
drop. This is because oblique impact with a larger load angle 
causes the deformation mode to shift from progressive fold-
ing to global buckling, which is recognized as an inefficient 

deformation type in terms of energy absorption (Huang and 
Xu 2019).

Furthermore, although the range of load fluctuation is 
around 10 kN, the load levels differ among the NMHC 

Fig. 8   Typical deformation response at multi-loading angles of 0°, 10° and 20°: a I-NMHC, b II-NMHC, and c III-NMHC
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groups. The group III-NMHC has the highest load level, 
while the group I-NMHC has the smallest load level, indicat-
ing that it takes more energy to crumble the structure as the 
number of cells increases. For NMHCs with the same sec-
tion geometry, the load fluctuations during the later stages of 
the impact process during oblique impact with a large load 
angle of 20° are narrower than those during axial impact 
or oblique impact with a small load angle of 10°, which is 
attributed to the growing deformation of the structure wall 
under impact.

The energy absorption (EA) of the structure was observed 
to increase linearly with crash time. However, the load-
ing condition significantly affects the EA capacity of the 
structure. As per the findings of Ref. (Isaac and Oluwole 
2018), the EAs decrease in the following order: axial impact 
(α = 0°), oblique impact with a small load angle (α = 10°), 
and oblique impact with a large load angle (α = 20°). Moreo-
ver, for NMHCs subjected to oblique impact with a large 
load angle of 20°, there is a sharp decrease in EA due to the 
structure undergoing global buckling deformation.

Figure 8 shows that all three NMHCs undergo the same 
crushing behavior despite variations in their section geom-
etries when subjected to different loading conditions. Under 
oblique impact with a small load angle of 10°, all three 
columns can absorb collision energy through progressive 
wrinkling similar to that observed in axial impact. Defor-
mation modes of all types of NMHCs under axial impact 
and oblique impact with a small load angle of 10° display 
progressive folding, where deformation occurs from the 
upper end to the lower end of the tube, resulting in stable 
deformation. However, under oblique impact with a large 
load angle of 20°, NMHCs undergo a global buckling mode 
with plastic hinge lines at both tube ends. These deforma-
tion mechanisms are directly related to the structure’s energy 
absorption capacity, with progressive folding being the most 
desirable mode throughout the impact process. Furthermore, 
greater stability under impact is observed as the column’s 
number of cells increase.

While most NMHCs under oblique impact with a large 
load angle of 20° experience global bending mode, there 
are certain structures in groups II-NMHC and III-NMHC, 
such as II-NMHC1.4–90-20, II-NMHC1.8–90-20, III-
NMHC1-90–20, and III-NMHC1.4–90-20, that do not 
undergo bending deformation and possess similar behavior 
(as shown in Fig. 9). This phenomenon shows that structures 
belonging to group II-NMHC prefer a thicker wall thickness 
while those belonging to group III-NMHC prefer a thinner 
one. As observed in Figs. 7 and 9, the load and EA response 
of these NMHCs under oblique impact with a large load 
angle of 20° are quite similar to their responses in the case 
of oblique impact with a small load angle of 10°; however, 
the corresponding position where the crash load reaches its 
maximum value is further away from the case of load angle 

of 10°. Their collapse modes are the progressive folding one, 
which is recognized as the efficient deformation type from 
an energy absorption capacity point of view (Song et al. 
2020). Therefore, these structures have sufficient rigidity to 
resist bending and express progressive deformation during 
oblique impact with a large load angle. If the structures are 
too rigid or too soft, they will bend when subjected to an 
oblique load with a large load angle.

4.2 � Main factors effecting on deign indexes

As depicted in Figs. 7 and 8, the columns within these three 
subgroups exhibit the similar behaviors when subjected to 
the same collision conditions due to the similarity in profile 
and parameters of the columns. The variation of crashwor-
thiness indexes for all subgroups is described in Fig. 10 and 
Table 2. It is observed that both FPL and SEA behave con-
sistently for all impact cases, decreasing as the load angle 
increases. However, the downward trends of FPL and SEA 
differ in the ranges of 0° to 10° and 10° to 20°. Specifically, 
FPL tends to decrease sharply as the load angle increases 
from 0° to 10° and then decreases slightly when the load 
angle increases from 10° to 20℃. In contrast, SEA decreases 
slightly as the load angle increases from 0° to 10° and then 
decreases sharply as the load angle increases from 10° to 
20°. For instance, when the load angle increases from 0° to 
10° and 20°, FPL of III-NMHC1.8–80 decreases by 74.053 
and 85.913%, respectively, while its energy decreases by 
16.087 and 61.456%, respectively, under the same situations. 
Hence, the load angle has a considerable impact on FPL 
and SEA.

In terms of FPL, it is observed that for the axial impact 
case, FPL increases in the order of subgroups I-NMHC, 
II-NMHC, and III-NMHC, due to the increase in the col-
umn’s number of cells. However, for oblique impacts, the 
differences in FPL values among the subgroups are mini-
mal. For example, in the case of axial impact, the values 
of FPLs for I-NMHC1.4–80-0, II-NMHC1.4–80-0, and 
III-NMHC1.4–80-0 are, respectively, 27.545 kN, 32,479 
kN, and 34.043 kN. In the case of oblique impact at 10°, 
the values of FPLs for the same columns are 7.577 kN, 
8.143 kN, and 8.273 kN, respectively, and they are 3.265 
kN, 4,115 kN, and 4,101 kN for oblique impact at 20°. 
For columns within the same subgroup, FPLs of col-
umns with the same thickness increase as their diame-
ters increase. However, the values of FPLs are nearly the 
same for columns subjected to oblique impact. For exam-
ple, the FPLs of I-NMHC1.8–70-0, I-NMHC1.8–80-0, 
and I-NMHC1.8–90-0 are 29.785 kN, 32,421 kN, and 
39.116 kN, respectively. The average FPL value for these 
columns is about 11.699 kN for a load angle of 10° and 
6.24 kN for a load angle of 20°. Additionally, FPLs of 
columns with the same diameter in the same subgroup 
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Fig. 9   Behaviors of NMHCs without bending: a II-NMHC1.4–90-20, b II-NMHC1.8–90-20, c III-NMHC1-90–20, and d III-NMHC1.4–90-20
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increase as their wall thicknesses increase, as shown in 
Fig. 10. For instance, the FPLs of III-NMHC1-70–0, III-
NMHC1.4–70, and III-NMHC1.8–70-0 are 22.253 kN, 
26.803 kN, and 29.606 kN.

Compared to the variation of FPL, the variation of SEA 
is relatively small. In all impact cases, SEA increases in 
order of subgroups I-NMHC, II-NMHC, and III-NMHC 
due to the mass and section geometry of the columns. How-
ever, for specific columns under oblique impacts, SEAs 
can differ significantly, as shown in Fig. 10. For example, 
the SEAs of I-NMHC1.4–90-0, II-NMHC1.4–90-0, and 
III-NMHC1.4–90-0 are 22.055 kJ/kg, 22.288 kJ/kg, and 
24.136 kJ/kg, respectively. In the case of oblique impact 
of 10°, their values are 19.453 kJ/kg, 20.298 kJ/kg, and 
21.054 kJ/kg, respectively, and in the case of oblique impact 
of 20°, they are 10.390 kJ/kg, 15.794 kJ/kg, and 17.100 kJ/
kg, respectively. For columns within the same subgroup, 
the SEAs of those with constant thickness decrease as their 
diameters increase, whereas those with constant diameter 
increase as their wall thicknesses increase. For instance, the 
SEAs of III-NMHC1.4–70-10, III-NMHC1.4–80-10, and 
III-NMHC1.4–90-10 are 25.558 kJ/kg, 23.169 kJ/kg, and 
21.054 kJ/kg, respectively, while those of II-NMHC1-80–10, 

II-NMHC1.4–80-10, and II-NMHC1.8–80-10 are 17.757 kJ/
kg, 21.659 kJ/kg, and 24.944 kJ/kg, respectively.

Furthermore, the results indicate that four columns, 
namely II-NMHC1.4–90-20, II-NMHC1.8–90-20, III-
NMHC1-90–20, and III-NMHC1.4–90-20, exhibited pro-
gressive deformation behavior under oblique impact with a 
large load angle of 20°. In comparison to the case of axial 
load, their SEAs decreased by an average of 29% in this 
impact scenario, while the SEAs of other columns decreased 
by an average of 61.5%, as seen in Figs. 10 and 11, and 
Tables 1 and 2. This result is consistent with the conclusions 
of Booth et al. (Booth et al. 2021). Thus, section geometry 
plays a major role in determining a column’s behavior and 
crashworthiness performance, as does the load angle.

Apart from the load angle and section geometry, tube 
parameters such as wall thickness and diameter also have 
a considerable effect on FPL and SEA (Gong et al. 2020). 
However, tube parameters have a more pronounced impact 
on FPL than on SEA. An increase in wall thickness and 
diameter leads to an increase in FPL. For a constant wall 
thickness, an increase in diameter results in a lower SEA, 
while for a constant diameter, increasing the wall thickness 
leads to a larger SEA.

Fig. 10   Variation of crashworthiness indexes: a I-NMHC, b II-NMHC, and c III-NMHC
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4.3 � Optimization result

In this study, multi-objective optimization was performed 
using Isight 2018 Design Gateway (Dassault Systèmes), 
which integrates response surface methodology (RSM) with 
the Multi-Objective Particle Swarm Optimization (MOPSO) 
algorithm. A three-level full factorial design was used to 
generate 27 sampling points across the design space defined 
by wall thickness (t), diameter (a), and loading angle (α), as 
listed in Table 1. The optimization procedure involved three 
stages: (1) generation of sampling points using the facto-
rial design; (2) construction of RSM models for first peak 
load (FPL) and specific energy absorption (SEA) based on 
FEM simulations; and (3) application of MOPSO (Albak 
et al. 2021) within Isight to identify Pareto-optimal solutions 
that minimize FPL while maximizing SEA. Model accuracy 
was assessed using the coefficient of determination (R2) and 
adjusted R2 (R2adj), with values above 0.9 confirming good 
predictive reliability (Table 3).

The variations of FPL and SEA with respect to t, a, and α 
are shown in Fig. 10 for I-, II-, and III-NMHCs. The subgroups 

exhibit similar behavior within the design domain, with 
response surfaces showing significant curvature and variation. 
Based on these surfaces, MOPSO produced Pareto fronts for 
the three subgroups (Fig. 12), each demonstrating the trade-
off between FPL and SEA. The ranges of FPL and SEA were 
comparable across all subgroups.

Analysis of Figs. 11 and 12 indicates that the optimal load 
angles fall within 0.15–0.24 rad (~ 8.6–13.8°). The optimal 
design parameters for the three subgroups are summarized 
in Table 4, which shows that thickness and diameter val-
ues converge due to geometric similarity. Importantly, the 
preferable load angle that yields low FPL and high SEA is 
approximately 10°. These findings provide useful guidance 
for automobile designers in improving crash box perfor-
mance and enhancing vehicle passive safety.

4.4 � Comparison with other multi‑cell hexagonal 
columns

In this section, a comprehensive comparison of III-NMHC 
with other hexagonal sections, specifically HMHA (Gao 

Table 2   Decrease in FPL and 
SEA

Group I–NMHC II–NMHC III–NMHC

n t (mm) a (mm) Alpha (°) FPLE (%) SEAE (%) FPLE (%) SEAE (%) FPLE (%) SEAE (%)

1 1.0 70 0 0 0 0 0 0 0
2 10 –76.051 –5.361 –75.753 –11.383 –79.103 –9.345
3 20 –88.000 –65.637 –89.774 –69.169 –89.198 –70.035
4 1.0 80 0 0 0 0 0 0 0
5 10 –79.240 –11.461 –79.522 –12.685 –81.899 –9.820
6 20 –89.526 –58.003 –91.085 –63.169 –91.086 –58.360
7 1.0 90 0 0 0 0 0 0 0
8 10 –81.279 –12.617 –81.879 –12.278 –82.795 –24.657
9 20 –90.693 –50.992 –92.147 –45.756 –92.509 –28.585
10 1.4 70 0 0 0 0 0 0 0
11 10 –69.642 –8.807 –71.899 –9.758 –76.011 –10.072
12 20 –90.913 –66.713 –89.048 –68.127 –85.908 –67.882
13 1.4 80 0 0 0 0 0 0 0
14 10 –72.491 –9.116 –74.929 –10.856 –74.377 –12.520
15 20 –86.841 –61.676 –87.330 –64.129 –87.954 –62.863
16 1.4 90 0 0 0 0 0 0 0
17 10 –74.936 –11.800 –76.382 –8.930 –77.196 –12.768
18 20 –89.302 –52.890 –87.974 –29.137 –88.840 –29.150
19 1.8 70 0 0 0 0 0 0 0
20 10 –63.228 –9.219 –65.246 –8.758 –71.501 –7.604
21 20 –80.501 –66.956 –79.683 –68.721 –80.846 –68.428
22 1.8 80 0 0 0 0 0 0 0
23 10 –65.593 –3.563 –69.858 –13.772 –74.053 –16.087
24 20 –81.931 –56.927 –84.898 –65.549 –85.913 –61.456
25 1.8 90 0 0 0 0 0 0 0
26 10 –68.550 –7.537 –73.284 –12.108 –76.675 –11.177
27 20 –82.889 –52.608 –84.513 –28.735 –85.360 –44.436
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et al. 2023) and HV1-T1 (Yulong et al. 2022), which share 
the same features, is performed under loading conditions of 
axial loading and oblique loadings of 10° and 20°. All these 
columns, with an outer diameter of 70 mm, have the same 
mass and wall thickness.

The deformation responses of these columns under 
various loading conditions, as illustrated in Fig.  13, 
demonstrated consistent compact-mode deformation pat-
terns characterized by similar folding mechanisms and 
progressive deformation features. Notably, none of the 

Fig. 11   Response surface: a I-NMHC, b II-NMHC, and c III-NMHC

Table 3   Accuracy evaluation of 
RS model

Evaluation index I-NMHC II-NMHC III-NMHC

FPL SEA FPL SEA FPL SEA

R2 0.9941 0.9854 0.9885 0.9382 0.9929 0.9645
R2

adj 0.9917 0.9776 0.9824 0.9063 0.9885 0.9447
Allowable value  > 0.9
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three column designs exhibited global bending behavior, 
even under the most severe oblique loading condition of 
20°. Load-response analysis revealed stable characteris-
tics across all specimens, with a distinctive plateau stage 
manifesting toward the conclusion of the impact process. 
Among the tested configurations, III-NMHC consistently 
demonstrated the highest load levels, while HMHA exhib-
ited the lowest across all loading scenarios.

A detailed comparison of crashworthiness characteris-
tics, presented in Fig. 14, established III-NMHC’s supe-
rior performance, characterized by minimal First Peak 
Load (FPL) and maximal Energy Absorption (EA), with 
minor exceptions observed in oblique impact scenarios at 
10° and 20°. These exceptions manifested as marginally 
higher FPLs, though the variations remained relatively 
modest—ranging from 0.71 kN to 1.68 kN when com-
pared to HMHA, and from 0.02 kN to 1.44 kN relative 
to HV1-T1. In terms of Energy Absorption capacity, III-
NMHC demonstrated remarkable advantages: a 14.14% 
enhancement under axial impact and approximately 18.5% 
improvement under oblique impact conditions compared to 
HMHA, while achieving increases of 13.02% and approxi-
mately 19%, respectively, when measured against HV1-T1.

5 � Conclusion

This study evaluated the crashworthiness of non-closed 
multi-cell hexagonal columns (NMHCs) with novel cross-
sections derived from topology optimization. Using FEM 
and multi-objective optimization, the effects of wall thick-
ness, diameter, and loading angle on peak load and specific 
energy absorption were systematically examined.

The results show that crashworthiness performance is 
highly sensitive to loading angle, with an optimum at 10°. 
Group II NMHCs achieved progressive deformation with 
thicker walls, while Group III favored thinner walls, dem-
onstrating that both cell number and wall thickness govern 

Fig. 12   Pareto fronts for three subgroups

Table 4   Optimum

Column a (mm) Alpha (rad 
or °)

t (mm) FPL (kN) SEA (kJ/kg)

I-NMHC 70 0.184 or 
10.56

1.353 5.244 22.404

II-NMHC 70 0.1628 or 
9.328

1.295 6.558 22.362

III-NMHC 70.292 0.178 or 
10.201

1.384 6.016 23.587

(b)

(a)

(c)

Fig. 13   Behaviors of HMHA (Gao et  al. 2023), HV1-T1 (Yulong 
et al. 2022), and III-NMHC: a under axial loading, b oblique loading 
of 10°, and c oblique loading of 20°
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folding stability. Among all variants, III-NMHC specimens 
exhibited the best balance, with the lowest peak load and 
highest energy absorption.

These findings highlight load angle, cell number, and sec-
tion geometry as critical design parameters for improving 
energy absorption and reducing peak loads in crashworthy 
structures. The outcomes provide valuable guidelines for the 
design of lightweight crash boxes to enhance vehicle pas-
sive safety.
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