Amirkabir Journal of Mechanical Engineering

Amirkabir J. Mech. Eng., 56(10) (2025) 1451-1472
DOI: 10.22060/me;j.2025.23763.7810

Investigation of the performance of multi-cellular energy absorbers with functionally
graded thickness under impact loading
Saeed Feli' *, Mohammad Hossein Kiani', Seyed Sajad Jafari?

' Department of Mechanical Engineering, Razi University, Kermanshah, Iran.
2 Department of Mechanical Engineering, Hamedan University of Technology, Hamedan, Iran.

Review History:

Received: Dec. 20, 2024
Revised: Feb. 12,2025
Accepted: Feb. 21, 2025
Available Online: Mar. 04, 2025

ABSTRACT: In recent years, multi-cellular structures have gained significant attention as energy
absorbers in automotive engineering to mitigate occupant injuries in collisions. This paper investigates
the energy absorption of square shape thin-walled structures with constant thickness and functionally
graded thickness under dynamic axial impact loading using both analytical and numerical methods.
Four types of square profiles, including single-cell, two-cell, four-cell, and five-cell profiles, were
studied. Simulations were conducted using the Finite Element Analysis Abaqus software to obtain force-
displacement and energy-time curves. In the analytical method, equations for absorbed energy and axial
collapse force were derived based on the folding theory and extended to profiles with functionally graded
thickness. There is good agreement between analytical and numerical methods. Results of the analytical
and numerical methods showed that five-cell profiles performed significantly better than single-cell
profiles. In numerical simulations and analytical solutions, five-cell profiles absorbed 66% and 56%
more energy, respectively, compared to single-cell profiles in both constant and functionally graded
thickness conditions. The average collapse force in the analytical method was compared with numerical
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results, and the computational error was less than 9%.

1- Introduction

Thin-walled multi-cell structures are seen as an effective
choice for automotive and transportation safety systems
because of their excellent energy absorption capabilities and
lightweight design. These structures manage impact energy
by undergoing plastic deformation, which helps to protect
occupants from harm. Factors like wall thickness, the number
of cells, and cell shape directly affect how well the absorber
performs. Numerical simulations allow for detailed analysis
of how these structures behave under different loading
scenarios. Additionally, the materials chosen for constructing
absorbers are crucial to their overall effectiveness.

Many articles have been published on the topic of energy
absorption in different structures [1-3]. Wierzbicki and
Abramowicz [4] proposed a analytical model, marking a
significant advancement in the study of thin-walled multi-
cell structures. This model, termed the Simplified Folding
Element (SFE) theory, is specifically applicable to materials
that harden as plastic deformation increases. Fang et al. [5]
investigated the dynamic crashing of five-cell structures
with variable thickness through numerical and experimental
methods. The results of this study indicate that thickness
variations in multi-cell structures significantly influence their
impact resistance and energy absorption.

*Corresponding author’s email: felisacid@razi.ac.ir

In this paper, the behavior of square profiles with
single-, two-, four-, and five-cell structures under dynamic
loading is investigated analytically and numerically. In the
numerical approach, the profiles are modeled under various
thickness conditions (constant and functionally graded
thickness), and force-displacement curves as well as energy
dissipation during crushing are calculated. In the analytical
section, relationships based on folding theory are derived to
compute the dynamic collapse force and absorbed energy,
which are then generalized to profiles with functionally
graded thickness. The results obtained from both methods
are compared with other scientific references, showing good
agreement.

2- Analytical model

Although finite element software serves as a powerful
tool for simulating the crash behavior of multi-cell tubes,
analytical models continue to play a pivotal role in the design
and analysis of such structures due to their computational
efficiency, cost-effectiveness, and ability to provide simplified
mathematical formulations.

In this paper, the Simplified Folding Element (SFE) theory
proposed by Wierzbicki and Abramowicz [4] is employed
as the foundational framework for the analysis. To analyze
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Fig. 1. Thickness variations along the hinges of the fold-
ing mechanism

the crash behavior of square profiles, the cross-section is
divided into three simpler element types: corner elements,
T-shaped elements, and cruciform elements. Assuming fully
plastic material behavior and utilizing simplified stress-strain
relationships, analytical expressions are derived to calculate
the average crash force and absorbed energy for each of
these elements. Subsequently, by combining the results from
these elements, the total crash force and absorbed energy
of the profile are determined. It should be noted that the
proposed model is valid for simple loading conditions and
homogeneous materials, and modifications are required for
more complex scenarios. Figure 1 illustrates a thin-walled
cross-section with variable thickness.

The total energy absorbed during the crashing process (
Epa ) 18 equal to below equation:

Etotal =
NcomerEcorer + NT—ShapedET—Shaped +Ncriss—cross ECriss—cross (1)

where In the above equation, Ncomer » NT—ghaped » and
Neriss—cross fepresent the number of corner elements, T-shaped
elements, and cruciform elements, respectively.

3- Simulation

To conduct a more precise analysis of the behavior of
multi-cell structures under impact loading, simulations were
performed using Abaqus software. The general configuration
of these structures, with both constant and functionally graded
thickness, is illustrated in Figure 2. In this study, #,,,, = 2mm
, tn =0.7mm and AA6063-T5 material were considered.
4- Results and dissuasion

In this section, the numerical and analytical results of
multi-cell tubular structures with constant and functionally
graded thicknesses are first validated (by comparison with
reference [5]) and then compared with each other.

First, the simulation results for five-cell tubes with
constant and functionally graded thicknesses made of
AA6063-TS aluminum are presented and compared with the
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Fig. 2. Section of square tubes with constant and func-
tionally graded thicknesses
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Fig. 3. Load-displacement curves for constant and func-
tionally graded thicknesses and comparison with Ref.
[5] results

results of Fang et al. [5] (Figure 3). As shown in the figure,
which illustrates the variation of force versus displacement,
a good agreement is observed between the results for both
functionally graded thicknesses and constant thicknesses.
Furthermore, it can be concluded that the energy absorption of
structures with functionally graded thicknesses is higher than
that of structures with constant thicknesses. The deformation
of the five-cell profile with functionally graded thicknesses is
illustrated in Figure 4.

The absorbed energy values for profiles with constant
and functionally graded thicknesses are presented in Table 1.
Numerical simulations revealed that tubes with functionally
graded thicknesses absorb more energy compared to those
with constant thicknesses. Additionally, increasing the
number of cells from one to five resulted in a 56% increase
in energy absorption for tubes with constant thickness and a
66% increase for tubes with functionally graded thicknesses.
These results demonstrate that designing with functionally
graded thicknesses and increasing the number of cells
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Fig. 4. Deformation shapes of functionally graded
thicknesses (five-cells)

enhance the energy absorption capacity of the tubes by an
average of 8% and 66%, respectively.

5- Conclusions

This study introduces a novel analytical method for
analyzing multicellular square profiles with varying
geometries and thicknesses, demonstrating its efficacy
in predicting energy absorption. Results show that five-
cell profiles significantly outperform single-cell designs,
with notable time and cost savings compared to traditional
experimental methods. This method provides a reliable
alternative for preliminary structural design and optimization.

Table 1. Energy absorption values for various square

profile
Type of Absorbed energy (KJ)
No. profile constant functionally graded
thickness thickness
1 Single cell 3700 5330
2 Two cells 5000 6800
3 Four cells 8800 9600
4 Five cells 11000 12150
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Fig. 1. Cross-section of single-cell, two-cell, four-cell and five-cell with constant thickness, incorporat-
ing the three common elements of cruciform, T-shape, and corner used in the analytical method
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Fig. 4. Thickness variations along the hinges of the folding mechanism
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Fig. 5. Cross section of square tubes with constant and functionally graded thicknesses
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Fig. 10. Crushing force -time curves for constant and functionally graded thicknesses, with a comparison be-
tween numerical simulation and analytical model results, a) single-cell, b) two-cell, ¢) four-cell and d) five-cell.
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Fig. 11. Energy absorption vs. time curves for constant and functionally graded thicknesses, with a compari-
son between numerical simulation and analytical model results, a) single-cell, b) two-cell, ¢) four-cell and d)
five-cell.
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Fig. 12. Mean crushing load vs. displacement curves for constant and functionally graded thicknesses, with a
comparison between numerical simulation and analytical model results, a) single-cell, b) two-cell, ¢) four-cell
and d) five-cell.
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Fig. 13. The curve of the absorbed energy variation as a function of the parameter k, a) single-cell, b) two-
cell, ¢) four-cell and d) five-cell.
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