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Abstract

The crashworthiness of automotive structures is crucial for vehicle
safety, particularly in reducing impact forces during collisions.
Hierarchical multi-cell (HMC) crash box designs, made from recycled
AA6061 aluminium alloys, offer superior energy absorption and
lightweight properties. However, many existing designs lack thorough
evaluation under axial impact conditions, which may affect energy
dissipation and structural integrity. This study analyzes stress
distribution, deformation behavior, and key metrics such as Specific
Energy Absorption (SEA) and Peak Crushing Force (PCF) in both
traditional and HMC crash boxes under axial impact. The methodology
includes 3D modeling using ANSYS Workbench and Finite Element
Analysis (FEA) simulations. Results showed that the conventional crash
box design recorded a peak deformation of 31.302mm and a peak
crushing force (PCF) of 4.246 kN, while the HMC design achieved a peak
deformation of 22.479mm and a PCF of 3.418 kN. This indicated that the
HMC design absorbed impact energy more efficiently, resulting in 6.7%
less deformation and a lower peak crushing force. Additionally, the HMC
crash box demonstrated a higher Specific Energy Absorption (SEA) of
6.963 kJ/kg, compared to 5.612 k]/kg for the conventional crash box,
further proving that the HMC design provides better energy dissipation
and enhanced crashworthiness. This research highlighted an innovative
HMC crash box design from recycled AA6061 aluminium alloys,
enhancing energy dissipation, material efficiency, and structural
resilience for safer, sustainable automotive components.

1. Introduction

Crashworthiness is crucial for vehicle safety, specifically in absorbing impact energy and protecting occupants
during collisions. Crash boxes are vital components that deform upon impact to dissipate energy and minimize
damage to the vehicle structure [1]. Traditional designs, such as cylindrical tubes, offer limited energy
absorption under complex high-velocity impacts [2]. Recent innovations in crash box designs, like hierarchical
multi-cell (HMC) structures, improve energy absorption by distributing impact forces across multiple cells,
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enhancing crashworthiness while maintaining lightweight properties [3][4]. Aluminium alloys, particularly
AA6061, are commonly used in crash boxes due to their high strength-to-weight ratio and recyclability [5][6].
Recycled AA6061 alloys offer environmental benefits by reducing energy consumption and carbon emissions
during production [7]. While conventional crash box designs are effective, they often do not perform optimally
under complex collision scenarios, particularly with high-velocity impacts. The potential of HMC structures
made from recycled AA6061 alloys is underexplored, especially in their ability to improve crashworthiness and
sustainability [8][9]. This research aims to fill this gap by evaluating the performance of HMC crash boxes
compared to traditional designs. This study aims to: 1) analyze the crashworthiness of HMC crash box designs
made from recycled AA6061 alloys using FEA, 2) compare the performance of HMC and conventional crash box
designs in terms of energy absorption, deformation, and impact resistance, and 3) assess the environmental
benefits of using recycled AA6061 alloys in crash boxes [10]. The study will focus on evaluating the performance
of HMC crash boxes under axial impact conditions, comparing crash boxes made from recycled and primary
AA6061 alloys, and analyzing energy absorption, deformation behavior, and performance metrics such as
Specific Energy Absorption (SEA) and Peak Crushing Force (PCF) [10].

2. Methodology

This section describes the methodology for analyzing the crashworthiness of hierarchical multi-cell (HMC) crash
boxes made from recycled AA6061 aluminium alloys using finite element analysis (FEA). The study evaluates
energy absorption, peak crushing force (PCF), and deformation behavior under axial impacts, comparing HMC
designs with traditional single-cell crash boxes. The crash box geometry, featuring concentric circular cells, is
modeled in CAD and imported into ANSYS Workbench. Material properties for recycled AA6061 were defined,
and meshing was applied to critical regions. Simulations were carried out to assess performance under various
impact speeds, measuring specific energy absorption (SEA) and PCF and then it was compared between the HMC
structures and conventional designs.

2.1 Geometry

The geometry of the HMC crash box was designed in ANSYS Workbench, utilizing its advanced tools for seamless
integration with the simulation process. The crash box's outer dimensions are 100 mm x 86 mm x 200 mm, with
a wall thickness of 2.6 mm, providing a robust external framework designed to withstand axial impacts. The
internal structure incorporates concentric circular cells with diameters of 83 mm, 55 mm, and 25 mm, arranged
to enhance energy dissipation during impact. The arrangement is reinforced by intersecting lines and an "X"
structure at the center to improve deformation resistance and maintain structural integrity under high-stress
conditions [3][4]. The internal elements, including the circular cells and reinforcement lines, have a thickness of
1.5 mm, optimizing the balance between strength and deformability as shown in Fig. 1. This hierarchical cell
design and reinforcement promote progressive crushing behavior, essential for efficient energy absorption.
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Fig. 1 Geometry for HMC Crash Box Design

2.2 Geometry Model Meshing
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Meshing in ANSYS Workbench is a critical step in preparing the finite element model for dynamic simulations of
the HMC crash box. The mesh subdivides the geometry into smaller finite elements, enabling accurate modelling
of complex behaviours during axial impact loading. ANSYS Workbench provides advanced meshing tools that
ensure the geometry is represented with precision, which is essential for reliable simulation results. For the
HMC crash box, a high-quality mesh was generated as shown in Fig. 2, with finer elements applied to critical
regions such as the junctions of concentric circular cells, reinforcement lines, and areas prone to stress
concentration.

Skewness, a key quality parameter, was carefully monitored to ensure that the mesh met the required
quality standards. By maintaining low skewness values, the mesh quality was optimized to enhance the accuracy
of the simulation results and ensure numerical stability during the analysis. A mesh independence study was
conducted to confirm that the results were not sensitive to changes in mesh density. This involved running
simulations with progressively finer meshes and comparing key performance metrics such as Specific Energy
Absorption (SEA) and Peak Crushing Force (PCF). The final mesh configuration was selected to balance
computational efficiency and accuracy, ensuring reliable, precise results for the crashworthiness analysis.
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Fig. 2 Mesh Quality

2.3 Material Properties

The material selected for the study was recycled AA6061 aluminum alloy, known for its excellent mechanical
properties, including a high strength-to-weight ratio, good ductility, and resistance to corrosion. These
properties make it an ideal candidate for use in crash box applications, where energy absorption and material
performance under impact conditions are critical. The material properties of the recycled AA6061 alloy were
defined in ANSYS Workbench using data from literature [2][7]. Key material properties were assigned to the
recycled AA6061 aluminum alloy is illustrated in Fig. 3, including its strength, ductility, and corrosion resistance,
all of which play crucial roles in the crashworthiness of the structure.
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Fig. 3 Material Properties Crash Box HMC design

The selection of recycled AA6061 aluminum alloy is a pivotal aspect of the study, as it ensures that the crash
box design performs effectively in terms of crashworthiness while supporting the sustainability goals of the
project. By using recycled materials, the study emphasizes environmental responsibility, ensuring that the
material maintains the structural integrity required for effective crash energy dissipation [1][6].

2.4 Boundary Condition
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In the dynamic simulation of the HMC crash box, boundary conditions were implemented to replicate a realistic
crash scenario where the structure moves and impacts a rigid wall. The rigid wall was modeled as a fixed,
immovable surface, accurately representing a real-world collision scenario. The crash box was assigned an initial
velocity, causing it to move axially toward the rigid wall, simulating the conditions of a frontal crash. To ensure
accurate interaction between the crash box and the rigid wall, a frictionless contact condition was defined at the
interface. This setup allowed the crash box to deform and dissipate energy upon impact without unnecessary
friction from the surface. The rigid wall was assigned as a reference surface with zero degrees of freedom, while
the crash box was set as a dynamic body capable of deformation under impact forces.

The initial velocity of the crash box was specified to align with the target impact speed, ensuring that the
simulation captured the energy dissipation and deformation behavior accurately. These boundary conditions
effectively modeled the progressive crushing behavior and energy absorption characteristics of the HMC crash
box during axial impact.

2.5 Loading Condition

In the dynamic simulation of the HMC crash box, loading conditions were applied to simulate a collision with a
rigid wall. A velocity-controlled method was used, assigning an initial velocity to the crash box to mimic real-
world crash conditions. This velocity was selected to represent typical crash speeds, ensuring accurate
simulation of energy absorption and deformation behaviour. The crash box was moved toward the rigid,
immovable wall, which provided the opposing reaction force to induce progressive crushing in the HMC
structure. The initial velocity ensured consistent energy input to the system, allowing detailed analysis of the
crash box’s performance under high-impact loading. These loading conditions ensured a realistic representation
of the axial impact, providing reliable data on crashworthiness metrics, such as Specific Energy Absorption
(SEA) and Peak Crushing Force (PCF).

2.6 Postprocessing and Results Analysis

The HMC crash box simulation was performed using the Explicit Dynamics module in ANSYS Workbench,
selected for handling high-speed, nonlinear dynamic simulations. Time step control adjusted automatically
based on the smallest element size, ensuring stability during rapid deformation. The explicit solver managed the
time dependent behaviour of the crash box under impact, while reduced integration elements minimized
computational time. The simulation ended when the crash box reached a predetermined displacement or when
energy absorption stabilized.

Key output parameters, including Specific Energy Absorption (SEA) and Peak Crushing Force (PCF), were
monitored to assess the crashworthiness of the HMC crash box. Deformation behavior and stress distribution,
especially Von Mises stress, were visualized to identify failure points. Kinetic and internal energy were recorded
to evaluate the energy absorption and dissipation efficiency.

3. Simulation Results

Impact simulations were conducted for two crash box designs: a conventional single-cell design made from
standard aluminum and a hierarchical multi-cell (HMC) design made from recycled AA6061 aluminum alloys.
The analysis focused on deformation, elastic strain, von-Mises stress, Specific Energy Absorption (SEA), and
Peak Crushing Force (PCF) to assess energy absorption and impact distribution.

While the conventional crash box uses standard aluminum, the HMC design, made from recycled AA6061,
offers environmental benefits with reduced production energy. Simulations used a rigid head form, modeling
aluminum alloys and excluding structural steel to ensure a lightweight, realistic simulation. The key results such
as total deformation, von-Mises stress, elastic strain, energy absorption and peak force were illustrated in the
following section.
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3.1 Total Deformation

Fig. 4 and Fig. 5 shows the total deformation of the conventional and HMC crash boxes, respectively. The contour
plot image shows the progressive crushing during the impact simulations. The total deformation during axial
impact was measured at different time steps. This shows that, at the early stage of impact, the crash box
structure undergoes significant deformation at the point of impact.

Fig. 4 Total Deformation Conventional Crash Box Design
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Fig. 5 Total Deformation HMC Crash Box Design

Fig. 6 shows that the peak deformation for the HMC Crash Box is 0.022479 meters, while the conventional
crash box reaches 0.031302 meters. This indicates that the HMC Crash Box experiences less deformation,
suggesting more efficient energy absorption and distribution, likely due to its hierarchical multi-cell structure,
which enhances energy dissipation compared to the conventional design.
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Fig. 6 Comparison of Total Deformation vs. Time

3.2 Equivalent (von-Mises) Stress

Fig. 7 and Fig. 8 show the contour plot images of equivalent (von-Mises) stress of the conventional and HMC
crash boxes, respectively. Following that, Fig. 9 shows the stress comparison which indicated that the HMC
Crash Box reaches a lower peak stress of 429.69 MPa, which quickly decreases and stabilizes, indicating efficient
energy absorption and redistribution. In contrast, the conventional crash box peaks at 488.79 MPa and
maintains a higher stress level, reflecting less efficient energy dissipation. The HMC design manages stress
better, with minimal hourglass and contact stress, while the conventional design shows slower stress reduction,
demonstrating the HMC Crash Box’s superior ability to absorb and dissipate impact forces.
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Fig. 7 Equivalent (von-Mises) Stress Conventional Crash Box Design
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Fig. 8 Equivalent von-Mises Stress HMC Crash Box Design
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Fig. 9 Comparison of Equivalent (von-Mises) Stress vs. Time

3.3 Equivalent Elastic Strain

Fig. 10 and Fig. 11 showed the contour plot images of equivalent elastic strain of the conventional and HMC
crash boxes, respectively. Following that, Fig. 12 shows the elastic strain in the conventional crash box exceeded
7.1755 x 10-3 m/m, while the HMC crash box remained below 6.9057 x 10-3 m/m. This difference highlights the
variation in deformation behavior, with the conventional design showing higher localized strain. In contrast, the
HMC crash box distributes strain more evenly through its hierarchical multi-cell structure, leading to better
energy absorption and more controlled deformation.
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Fig. 11 Comparison of Equivalent Elastic Strain vs. Time
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3.4 Specific Energy Absorption (SEA)

Fig. 13 indicating the SEA curves of that conventional and HMC crash boxes. This shows the difference in energy
absorption between the conventional and HMC crash boxes. The conventional crash box retains more energy
throughout the impact, transmitting more force to the vehicle's main structure. In contrast, the HMC crash box
absorbs energy rapidly and stabilizes quickly, leading to more efficient energy dissipation, reduced peak forces,
and better protection during the collision.

HMC CRASH BOX
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CONVENTIOMAL CRASH BOX
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Fig. 13 Comparison of Energy Probe vs. Time

3.5 The Peak Crushing Force (PCF)

Fig. 14 highlights the PCF trends of that conventional and HMC crash boxes. The figure shows that the
conventional crash box reached a peak deformation of 31.30mm, while the HMC crash box had a lower peak
deformation of 22.479mm. This indicated that the HMC crash box experiences less deformation, reflecting its
superior energy absorption and more efficient dissipation, offering better protection for the vehicle’s structure.
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Fig. 14 Comparison of Force Reaction vs. Time

4. Conclusion

Through the comprehensive use of finite element analysis (FEA), this research demonstrated that the HMC Crash
Box made from recycled AA6061 aluminium alloys significantly outperforms the conventional crash box in
terms of energy absorption and crashworthiness. The study successfully analyzed the impact behaviour of both
designs and developed comparative performance metrics. The HMC design shows a 25.9% reduction in peak
deformation and a lower peak crushing force. Additionally, the HMC design exhibits enhanced energy
absorption, with a higher Specific Energy Absorption (SEA) value of 6962.8 J/kg, compared to 5611.8 J/kg in the
conventional crash box.

The HMC Crash Box’s ability to distribute impact forces evenly, with lower peak stress and better strain
control, demonstrates its effective management of impact energy. Unlike conventional design, the HMC design
achieves faster stress dissipation and more efficient energy absorption due to its hierarchical multi-cell
structure, which offers better load distribution and progressive deformation under impact.

In conclusion, the HMC Crash Box, made from recycled materials, offers a more sustainable and efficient
solution for automotive safety. Its superior energy absorption, stress management, and deformation control
make it a promising design for improving vehicle safety. This research highlights the potential of recycled
materials to enhance both the performance and sustainability of automotive components, contributing to safer,
more environmentally friendly vehicle designs.

Acknowledgement
The authors wish to thank to the Faculty of Mechanical and Manufacturing Engineering, Universiti Tun Hussein
Onn Malaysia that has supported on the accomplishment of research activity.

Conflict of Interest

Authors declare that there is no conflict of interests regarding the publication of the paper.

Author Contribution

The authors confirm contribution to the paper as follows: study conception and design, data collection, analysis
and interpretation of results and draft manuscript preparation. All authors reviewed the results and approved
the final version of the manuscript.

Penerbit
UTHM



227 Research Progress in Mechanical and Manufacturing Engineering Vol. 6 No. 2 (2025) p. 217-227

References

[1]

[2]

[3]

[10]

R. Gao, Z., Zhao, ]., Zhang, H., & Ruan, D. (2024). Crashworthiness of hierarchical multi cell circular tubes.
Thin-Walled Structures, 199, 111857.

https://doi.org/10.1016/j.tws.2024.111857.

Ma’at, N., Ho, C. S., & Mohd Nor, M. K. (2022). High strain rate deformation behaviour analysis of recycled
aluminium alloys AA6061 reinforced alumina oxide using Taylor cylinder impact test. Journal of Mechanical
Engineering, 11(1), 227-249.

https://doi.org/10.24191 /jmeche.v11i1.23600.

Liang, Hongyu, Ying Zhao, Shixian Chen, Fangwu Ma, and Dengfeng Wang. "Review of Crashworthiness
studies on cellular structures.” Automotive Innovation, 6(3), 379-403.

Wesselmecking, Sebastian, Marion Kreins, Martin Dahmen, and Wolfgang Bleck. "Material oriented crash-
box design-Combining structural and material design to improve specific energy absorption." Materials &
Design, 213, 110357.

https://doi.org/10.1016/j.matdes.2021.110357.

Mortazavi Moghaddam, Alireza, Atefeh Kheradpisheh, and Masoud Asgari. "A basic design for automotive
crash boxes using an efficient corrugated conical tube." Proceedings of the Institution of Mechanical
Engineers, Part D: Journal of Automobile Engineering, 235(7), 1835-1848.
https://doi.org/10.1177/09544070219909.

Wang, Gaofei, Yongliang Zhang, Zhijun Zheng, Haibo Chen, and Jilin Yu. "Crashworthiness design and impact
tests of aluminum foam-filled crash boxes." Thin Walled Structures, 180, 109937.
https://doi.org/10.1016/j.tws.2022.109937.

Capretti, Monica, Giulia Del Bianco, Valentina Giammaria, and Simonetta Boria. "Natural Fibre and Hybrid
Composite Thin-Walled Structures for Automotive Crashworthiness: A Review." Materials, 17(10), 2246.
https://doi.org/10.3390/mal17102246.

Xu, Fengxiang, Kejiong Yu, Lin Hua, and Xiaoqiang Niu. "Crashworthiness design of crash box filled with
negative Poisson's ratio based on horn structure." Mechanics of Advanced Materials and Structures,.
29(27), 6403-6420.

https://doi.org/10.1080/15376494.2021.1978594

Christy, John Victor, Ramanathan Arunachalam, Abdel-Hamid I. Mourad, Pradeep Kumar Krishnan, Sujan
Piya, and Majid Al-Maharbi. "Processing, properties, and microstructure of recycled aluminum alloy
composites produced through an optimized stir and squeeze casting processes." Journal of Manufacturing
Processes, 59, 287-301.

https://doi.org/10.1016/j.jmapro.2020.09.067.

Zhang, Zhigiang, Chongfei Guo, Long Wang, and Dayong Hu. "Crashworthiness of bio inspired hierarchical
hybrid multi-cell tubes under axial crushing." Engineering Failure Analysis, 166, 108886.
https://doi.org/10.1016/j.engfailanal.2024.108886.

Penerbit
UTHM


https://doi.org/10.1016/j.tws.2024.111857
https://doi.org/10.24191/jmeche.v11i1.23600
https://doi.org/10.1016/j.matdes.2021.110357
https://doi.org/10.1177/09544070219909
https://doi.org/10.1016/j.tws.2022.109937
https://doi.org/10.3390/ma17102246
https://doi.org/10.1080/15376494.2021.1978594
https://doi.org/10.1016/j.jmapro.2020.09.067
https://doi.org/10.1016/j.engfailanal.2024.108886

