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Abstract 
 
Aluminum alloys are important technological materials for achieving the lightweight design of automotive structures. Many works 

have reported on the deformation and energy absorption of thin-walled tubes. Multicorner tubes with extra concave corners in the cross 
section were presented in this study to improve the energy absorption efficiency of aluminum alloy thin-walled tubes. The axial crushing 
of square and multicorner thin-walled tubes was simulated with the same cross-sectional perimeter. The method of folding element was 
applied to predict the crushing behavior of the thin-walled tubes under axial impact. The corners on the cross section were discussed to 
determine their effect on the energy absorption performance of thin-walled tubes. Results showed that the increasing performance of 
energy absorption of aluminum alloy thin-walled tubes was caused by the increasing number of corners on the cross section of multicor-
ner tubes. Both the number and size of corners had an important effect on the crushing force efficiency of multicorner tubes. The maxi-
mum crushing force efficiency of multicorner tubes was 11.6% higher than that of square tubes with the same material consumption of 
thin-walled tubes. The multicorner tubes with 12 corners showed better energy absorption performance than the tubes with more than 12 
corners; this high number of corners could lead to the small size of corners or unstable deformations. The high energy absorption per-
formance of multicorner tubes prefers increasing the corner number and corner size of adjacent sides at the same time.  
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1. Introduction 

Aluminum alloys are ideal candidate materials for fulfilling 
the weight reduction demand in the automotive industry [1]. 
Aluminum alloys are used on automotive structures because 
of their advantages, including lightweight design and manu-
facturing flexibility for complex components. An automotive 
design requires a high performance and a lightweight structure. 
Longitudinal thin-walled structures on an automotive body 
usually provide the primary load path for the crushing force 
and energy absorption during frontal impact [2].  

Thin-walled structures are used on kinetic energy absorbers 
because of their high energy absorption and weight efficiency, 
particularly under axial crush loads [3]. Numerous works have 
generally reported the deformation pattern and mechanism of 
thin-walled tubes under axial crushing for several decades [4-
14]. Many studies focus on the experimental and numerical 
investigations on foam-filled tubes, multicell tubes, hybrid 
materials, and composite material tubes [15-28]. Wierzbicki 
and Abramowicz presented significant theoretical analyses 
and research into the crushing behavior of thin-walled square 

tubes [7]. A deformation occurs around the corners of tubes to 
dissipate most of the energy. Therefore, the number of corners 
at the cross section of thin-walled tubes has an important ef-
fect on energy absorption efficiency [15]. The behavior of 
square thin-walled aluminum alloy tubes subjected to axial 
loading was studied using static and dynamic tests [16]. The 
dynamic mean force, which is significantly higher than the 
corresponding static force, indicates a strong inertia effect 
with respect to the axial displacement. The folding deforma-
tion characteristics of aluminum alloy thin-walled polygonal 
section tubes subjected to dynamic axial impacts were investi-
gated using numerical simulation [17]. The increase in the 
number of walls has a direct effect on the mean crushing force 
and the permanent displacement parameters. The S-shape 
front rails with materials of aluminum alloy and steel are in-
troduced to reduce the peak impact force while increasing the 
total absorption energy for lightweight automotive structures 
[18]. The fracture possibility of thin-walled tubes was ana-
lyzed under axial crushing [19]. The fracture of thin-walled 
tubes more likely occurs on the edge than on other positions. 
The mean crushing forces were calculated for single, double, 
and triple cells under quasistatic axial loading for energy ab-
sorption [20]. Innovative multicell structures with an addi-
tional folding element at each corner of the square column 
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were proposed to improve the specific energy absorption over 
the conventional square tubes [21]. A theoretical solution to 
square multicell tubes was introduced to show the increasing 
energy absorption efficiency of multicell square tubes [22]. 
The strategy to improve energy absorption efficiency of thin-
walled tubes was proposed by introducing an extra nonconvex 
corner in the cross section [23]. 

In this research, the multicorner tubes with extra concave 
corners in the cross section were presented to analyze the en-
ergy absorption efficiency of aluminum alloy thin-walled 
tubes. The identical results of the simulation and theoretical 
prediction using the folding element method indicated the 
validity of the finite element model of aluminum alloy thin-
walled tubes. The energy absorption of the multicorner tubes 
with different cross sections was investigated using numerical 
simulation. The design of multicorner tubes with extra con-
cave corners presents an effective structure to improve the 
energy absorption performance of thin-walled tubes. The re-
sults of this research can provide a valuable design criterion 
for the manufacturing and application of thin-walled structures. 

 
2. Theoretical prediction 

Crushing forces during folding deformations are the most 
important parameters for the energy absorption of thin-walled 
tubes. The mean crushing force Fm is defined by 
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where F is the crushing force during the displacement δ, and 
δp is the permanent displacement. The specific energy absorp-
tion Es is defined by 
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where m is the mass of the thin-walled tube. The crushing 
force efficiency ηF is defined by 
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where Fp is the peak crushing force during the deformation. A 
high crushing force efficiency indicates a good crushing force 
consistency and energy absorption. 

The mean crushing force can be predicted according to the 
plastic flow stress of the material, wall thickness, and sectional 
width using the folding element method, which was developed 
by Wierzbicki and Abramowicz [7]. The mean crushing force 
Fm of the square tubes for a rigid plastic material [8] is ex-
pressed as 

 
1/3 5/3
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where σ0 is the plastic flow stress of the material, t is the wall 
thickness, and b is the sectional width. 

Two types of basic folding elements are involved in the 
folding element method to analyze thin-walled tubes under 
axial crushing. A kinematical approach is applied for the pre-
cise energy dissipation contribution of the extensional and 
bending deformation in the method. Basic elements are used 
to predict the axial collapse behavior of square tubes [5-8]. 
The energy absorption of a basic folding element for each 
corner is 
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where H is the half folding wavelength, I1 and I3 are defined 
by the angle between two adjacent plates, li is the flange 
length around the corner, and r is the radius of the toroidal 
shell element in the kinematically admissible velocity field [8]. 
The energy balance equation is expressed as 
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where N is the number of corners in the cross section of tubes. 
When minimized, the mean crushing force presents the fol-
lowing with respect to parameter H:  

 
/ 0mF H¶ ¶ = , / 0mF r¶ ¶ = .  (7) 

 
The parameters H and r are solved using Eq. (7). The mean 

crushing force Fm can be solved by substituting H and r back 
into Eq. (6). 

If the effect of dynamic crushing is considered, then the dy-
namic amplification factor Da is introduced as dynamic effects, 
which present the dynamic crushing effect of sectional width, 
wall thickness, material density, flow stress and impacting 
velocity of thin-walled tubes. Then, the dynamic mean crush-
ing force Fdm is expressed as 

 
dm a mF D F= .  (8) 

 
The dynamic amplification factor of aluminum alloy 

AA6060-T4, which ranges from 1.3 to 1.6, was proposed by 
Langseth and Hopperstad [16]. The dynamic amplification 
factor of Da is selected as 1.3 for simplicity in this research. 

 
3. Finite element model 

The schematic diagram of the models is shown in Fig. 1. 
The materials, boundary conditions, and load conditions of all 
the models were identical. The boundary constraints were 
similar for all the tube walls, with the lower end fixed and the 
top end attached to a rigid wall with an initial axial impacting 
velocity of v = 10 m/s for all the models. The rigid wall was 
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modeled using one degree of freedom with the impacting di-
rection of the z axis. The total simulated impact mass was 
constant at 55.9 kg for all the model configurations. 

All the thin-walled tubes were modeled with varying wall 
thicknesses t ranging from 1 mm to 3 mm and with a length L 
of 400 mm. The sectional width b for the unified section 
square tubes was 80 mm. 

All the thin-walled tubes were modeled using Belytschko-
Tsay four-node shell elements with nine integration points 
through the thickness and one integration point in the element 
plane. The mesh size of 4 mm × 4 mm for all tubes was 
adopted after the simulations of optimal mesh density for ac-
curate deformation process and solution time. 

The tube material was aluminum alloy AA6060 with 
Young’s modulus E of 68.21 GPa, Poisson’s ratio ν of 0.3, 
yield strength σy of 190 MPa, ultimate strength σu of 213 MPa, 
and ultimate elongation εu of 0.1. The modified piecewise 
linear plasticity model (Material type #24) was adopted to 
describe the material behavior of the tubes. This material 
model provided a multilinear elastic plastic material option 
that allowed stress and strain curve input and strain rate while 
introducing the enhanced failure criteria. The failure criteria 
were based on the plastic strain, which was 0.1 in the numeri-
cal simulation. 

A single surface contact algorithm was selected to simulate 
the axial crushing deformation of the tubes. This contact type 
used nodal normal projection and prevented elements from 
penetrating the wall surfaces during the axial collapsing 
movement of the tube. The finite element models were per-
formed using the dynamic nonlinear explicit finite element 
code ANSYS/LS-DYNA. 

 
4. Numerical simulation results 

4.1 Square tubes 

Progressive folding deformations were the main folding 
mode for all aluminum alloy thin-walled tubes. An increased 
number of folding deformations indicated highly severe de-
formations of thin-walled tubes. These deformations led to 
high energy absorption efficiency. The typical folding defor-
mation plots of thin-walled tubes are shown in Fig. 2. 

The folding deformations consisted of the symmetric col-
lapse modes and extensional collapse mode for the thin-walled 
tube of t = 1 mm. However, extensional collapse modes were 
the main collapse mode as the wall thickness increased. The 
deformations with t = 2.5 mm and t = 3 mm, which were not 
presented in the figure, were approximately the same as those 
of t = 2 mm. 

The crushing forces with displacements are shown in Fig. 3. 
The crushing forces fluctuated around the mean values at the 
effective crushing length. The number of the force waves was 
the number of folding deformations. The corners indicated the 
constraints during the deformation. The progressive buckling 
deformations of the square tubes were caused by the few cor-
ners on the cross section, leading to a less critical local buck-
ling load than the critical global buckling load. 

The simulation results are listed with the different thick-
nesses of thin-walled tubes in Table 1. The mass m was calcu-
lated according to the width, thickness, and density of the tube. 
The increase in thickness of the thin-walled tubes had a direct 
effect on the crushing force and permanent displacement. The 
increase of the mean crushing force Fm and the peak crushing 
force Fp was obvious with the increase in tube thickness. 
However, the permanent displacement δp appeared on the 
opposite situation. The crushing force efficiency ηF also in-
creased with the increase in wall thickness. This scenario indi-
cated the high performance of energy absorption. However, 
the specific energy absorption Es decreased because of the 
increased mass of the thin-walled tubes. 

The square thin-walled tubes showed similar folding modes 
as the impacting energy increased. The energy absorption 

 
 
Fig. 1. Schematic diagram of the models. 

 

 
 
Fig. 2. Folding deformations of square thin-walled tubes. 
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Fig. 3. Crushing force curves of square thin-walled tubes. 
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performance of the thick wall for aluminum alloy tubes was 
potentially better than that of the thin wall because of the in-
creasing crushing force efficiency. However, the high peak 
crushing force of the thick square tubes for an automotive 
body with aluminum alloy tubes might lead to increased risks 
of injury to passengers. 

The mean crushing forces of square tubes could be pre-
dicted using the folding element method with consideration of 
the dynamic effect, as shown in Fig. 4.  

The mean crushing forces of the simulation results were 
consistent with those predicted using the theoretical method. 
The simulation results of the mean crushing forces were also 
verified by comparing them with the experimental test results 
of the mean crushing forces [16, 17].  

The two groups of experimental test results [16] were se-
lected to compare the numerical simulations with the wall 
thicknesses of 2 and 2.5 mm. The parameters of the simula-
tions were close to those of the experimental test. Fig. 5 shows 
that the average experimental result of the mean crushing 
forces was 40.1 kN for the seven specimens with the wall 
thickness of 2 mm. The percentage difference of the simula-
tion was 4.24%. The average experimental value of the mean 
crushing forces was 64.7 kN for the seven specimens with the 
wall thickness of 2.5 mm. The percentage difference of the 
simulation was 3.86%. The reasonable and stable numerical 
simulation models also provided the possibility of researching 
other sectional shape tubes. 

 
4.2 Multicorner concave tubes 

Energy absorption is the main issue for the majority of stud-
ies on thin-walled tubes. Deformations around the corners that 

dissipate the most crushing energy are supposed to distribute 
materials to improve energy absorption efficiency [20]. How-
ever, the corners of the adjacent side at some extent of the 
angle present high performance for energy absorption. The 
corners of the cross section of a regular polygon are limited 
because of the optimal angle range. Thus, the energy absorp-
tion efficiency cannot be adequately improved only by in-
creasing the number of corners for regular polygon tubes [24].  

Multicell structures potentially improve energy absorption 
efficiency by introducing internal webs in the cross section of 
thin-walled tubes. However, the complex structure and manu-
facturing technology of multicell structures hinder the applica-
tion of multicell structures on the complicated structures of 
automotive structures. A new type of concave multicorner 
tubes is proposed to improve energy absorption efficiency 
[23]. Fig. 6 shows that the multicorner tubes have many types 
for the symmetrical cross section. 

The feature of this kind of multicorner tube is that the pe-
rimeters of the cross-sectional shape are all the same as those 
of the corresponding square tube regardless of the number of 
corners. This feature also means that the mass for all types of 
multicorner tubes is consistent with the same length and thick-
ness of tubes. 

The multicorner cross section varies with the lengths of a, b, 
and c around the corners in Fig. 6. One type of a multicorner 
cross section, such as 12 corners (i.e., MC12D) and 20 corners 
(i.e., MC20B) with the same lengths of a, b, or c, is shown in 

Table 1. Simulation results of square thin-walled tubes.  
 

Index t  
(mm) 

Fm  
(kN) 

Fp  
(kN) 

δp  
(m) 

m 
(kg) 

Es  
(kJ/kg) 

ηF 

(%) 

SC40010 1.0 9.6 14.6 0.282 0.356 7.9 65.8 

SC40015 1.5 24.3 33.2 0.115 0.534 5.2 73.3 

SC40020 2.0 41.8 53.3 0.067 0.712 3.9 78.4 

SC40025 2.5 62.2 68.1 0.045 0.890 3.1 81.8 

SC40030 3.0 71.8 83.8 0.039 1.068 2.6 85.7 
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Fig. 4. Mean crushing forces of square tubes predicted using theoreti-
cal solutions and numerical simulations. 
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Fig. 5. Mean forces of square tubes with experimental tests and nu-
merical simulation. 

 

 
 
Fig. 6. Cross-sectional dimensions of multicorner concave tubes. 
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Fig. 6. The other type of a multicorner cross section is the one 
with different lengths of a, b, or c. This type can shape various 
types of cross sections with many corners. Fig. 6 shows sev-
eral regular concave multicorner cross sections (i.e., MC12A, 
MC12B, MC12C and MC20A), which are selected as the 
energy absorption structure in this research for appropriate 
manufacturability and structure. The geometric dimensions of 
all the studied multicorner shapes are listed in Table 2. 

All the multicorner thin-walled tubes of the varied cross 
sections are simulated with the same model parameters of the 
aforementioned square thin-walled tubes. Then, the mass of 
all the multicorner tubes was 0.356 kg. All these tubes have 
the same thickness t of 1 mm and the length L of 400 mm. 

The deformations of the multicorner tubes are shown in Fig. 
7. The multicorner tubes of MC12A, MC12B, MC12C, 
MC12D, and MC20A present the extensional collapse mode 
for high energy absorption performance. The increased num-
ber of corners improves the local buckling capacity because of 
the increased constraints on the wall. 

However, the multicorner tube of MC20B performs a dif-
ferent collapse mode. Fig. 7 shows that the earlier toroidal 
deformation with the later Euler deformation has a negative 
effect on the energy absorption of the thin-walled tubes. The 
tendency of this deformation increases with the increase in 
wall thickness. The energy absorption of MC20B is unstable 
with varied wall thickness. The thin-walled tubes deform pro-
gressively and stably when the critical local buckling loads are 
lower than the critical global buckling loads. The critical local 
and global buckling loads increase while the thicknesses of 
walls increase. The increasing velocity of the critical local 
buckling loads is higher than that of the critical global buck-
ling load because of the increased number of corners. The 
unstable deformations of MC20B are present when the critical 
local buckling loads are higher than the critical global buck-
ling loads. 

The crushing forces with the displacements are shown in 
Fig. 8. The crushing forces are close for the similar cross-
sectional multicorner tubes, such as MC12A and MC20A, 
MC12B and MC20B, and MC12C and MC12D. 

The simulation results of the multicorner tubes are listed in 
Table 3. The deformations of the multicorner tubes are less 
than those of the square tubes because of the high crushing 
forces of the former. The mean crushing force Fm and peak 
crushing force Fp of the tubes with 12 corners are higher than 

those of the square tube. The crushing force efficiency of 
MC12D is 77.4%, which is 11.6% higher than that of the 
square tube of SC40010. The increase of the crushing force 
efficiency ηF indicates that the high performance of energy 
absorption of multicorner tubes is caused by the increased 
number of corners. The high number of corners improves the 
folding capacity of the tube. The difference among the multi-
corner tubes of MC12A, MC12B, MC12C, and MC12D is the 
length of the corner adjacent side, which plays an important 
role in crushing force efficiency. 

The corners with a small size have a minimal effect on the 
performance of energy absorption. These corners cannot ade-
quately improve the performance of energy absorption. This 
inadequate energy absorption performance is similar to that of 
the square tube, despite the increased number of corners at the 
tubes of MC12A and MC20A. 

Table 3 shows the multicorner tubes of MC12C and 
MC12D. The close adjacent sides of the 12 corners show 
maximum ηF. A slightly increased ηF is shown at the tube of 

Table 2. Geometric dimensions of multicorner concave tubes.  
 

Index a (mm) b (mm) c (mm) Corners 

MC12A 10 60 - 12 

MC12B 20 40 - 12 

MC12C 30 20 - 12 

MC12D 26.7 26.7 - 12 

MC20A 8 8 48 20 

MC20B 16 16 16 20 

 
 

 
 
Fig. 7. Folding deformation of multicorner concave tubes. 
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Fig. 8. Crushing force curves of multicorner concave tubes. 
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MC20B because of the large size of the corners. However, the 
ηF of the tube with 20 corners is lower than that of the tube 
with 12 corners. This finding indicates that the unstable flower 
or drum deformations can develop to Euler deformation, 
which leads to the decreasing performance of energy absorp-
tion. 

The mean crushing forces of multicorner tubes can also be 
predicted as square tubes. The effect of the corner size is con-
sidered for the theoretical prediction. Fig. 9 shows that the 
results of the simulation and prediction are close, except for 
MC20B. This different result is caused by the collapse mode 
of MC20B, which is not considered by the theoretical method. 

The length variation of the multicorner tubes is investigated 
for its effect on the energy absorption performance. The tube 
lengths L of 300 and 500 mm are also selected for each multi-
corner tube. The crushing behaviors of the multicorner tubes 
of L = 300 mm and L = 500 mm are similar to that of the mul-
ticorner tubes of L = 400 mm in the effective crushing dis-
placements for the majority of the multicorner tubes. However, 
the unstable deformations of MC20B are present as the length 
of the tubes increases, thereby leading to the decrease in criti-
cal global buckling load. The tendency of Euler deformations 
for multicorner tubes is more obvious than that for square 
tubes, which have few constraints at the corners. 

 
5. Conclusions 

The increasing energy absorption performance of multicor-
ner tubes was caused by the increased number of corners on 
the cross section of thin-walled tubes. Both the number and 
size of corners had an important effect on the crushing force 

efficiency of multicorner tubes. The maximum crushing force 
efficiency of multicorner tubes was 11.6% higher than that of 
square tubes with the same material consumption of thin-
walled tubes. The multicorner tubes with 12 corners showed 
better energy absorption performance than the tubes with an 
increased number of corners despite the same cross-sectional 
perimeter and mass of tubes. The increased number of corners 
could lead to the small size of corners or unstable deforma-
tions. The high energy absorption performance of multicorner 
tubes prefers increasing the corner number and corner size of 
adjacent sides at the same time. 
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