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Abstract: Multi-cell and foam-filled structures have shown outstanding
crashworthiness capacities. As a result, foam-filled twelve right angles thin-walled
structures (FTRATS), an integrator of them, can be excellent energy absorber
candidates in the vehicle body structure. This paper presents a new methodology to
investigate the crashworthiness potential of a series of novel FTRATS with different
topological distributions. The base computer FTRATS model was correlated using
existing experiments based on a single core thin-walled square tube filled with foam,
then followed by a dynamic response evaluation of 32 FTRATS configurations, with
the purpose of finding the lowest peak crushing force (PCF), the highest specific energy
absorption (SEA) and crash load efficiency (CLE). As the results were initially
inconclusive, a complex proportional assessment (COPRAS) method was used to
extract the configuration with the highest potential, suggesting that the five-cell
FTRATS filled with foam at its periphery showed superior crashworthiness properties.
This selection was followed by an optimization using adaptive multi-population genetic
algorithm methods based on response surfaces methodology, kriging model and
Optimal Latin hypercube design. The solution obtained generated a stable collapse,
increased the CLE (63.94 %), lowered PCF (38.83%) and increased SEA (38.86%).
This new and innovative process has shown that coupling COPRAS and optimisation
lead to an unbiased and efficient method to study and optimize FTRATS structures.
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1. Introduction

Thin-walled structures have been widely utilized as energy absorbers in vehicle
bumpers and other parts to protect passengers from severe injury [ 1], consequently, they
naturally received substantial attention. A series of essential mathematical models and
strength formulations have been proposed to investigate the crashworthiness capacities
of rectangular, square, circular, and elliptic cross-section tubes [2-7]. These thin-walled
structures exhibited outstanding energy absorption performance; however, they may not
make the best use of material due to their relative simplicity.

The energy absorption significantly depends on the tube geometries [8]. As an
increasing number of corners of the cross-section can significantly increase thin-walled
structures' crush strength [9], numerous studies have tried to improve the thin-walled
structure's energy absorption properties by proposing various cross-section tubes. For
instance, star-shaped [8], triangular [10, 11], hexagonal[12-15], octagonal [16, 17], and
twelve right angles [18, 19] structures have been studied using finite element,
mathematical and experimental methods. All the structures mentioned above show
various numbers of corners and angles, however, thin-walled structures can present
more effective energy absorption capacities when their corner angle is between 90°-
120°, and their number of corners is greater than eleven [20, 21]. Therefore, the twelve
right angles tube with twelve 90° corners was reported as one of the most efficient
energy absorbers [22-24].

Over the years, multi-cell thin-walled structures, the special thin-walled tube with
multiple cells, have drawn increasing attention due to their excellent energy absorption
and lightweight capacities [25-27]. For instance, Fang et al.[28], Zhang et al.[29] and
Li et al.[30] illustrated a series of square tubes with numerous cells inside. Kim
conducted square tubes with multi-cells in the corner part [31], while Tran proposed
wall-to-wall and angle-to-wall multi-cell tubes [32]. Albak established a group of
circumferentially corrugated square tubes with various sections added to its inner walls'
edge junctions [33] and Ha et al. [34] and Gao et al. [35] proposed various hierarchical

multi-cell structures.



To further improve the multi-cell structure's energy absorption and lightweight
capacity, the aluminum foam has recently been employed as a filler in hollow multi-
cell tubes [36-40]. Substantial essential experimental and numerical methods have been
conducted [40-42]. Energy absorption characteristics, deformation and failure modes
of foam-filled rectangular and cylindrical thin-walled structures subjected to
compression and bending impact have been laid bare by numerous researchers [43-49].
Besides, foam-filled multi-cell tubes present a more stable deformation mode, resulting
in superior crashworthiness performance [10, 42, 50, 51]. In addition, the cross-
sectional configuration of multi-cell structures and distribution of foam filler can have
a distinctive effect on energy absorption [52]. As a result, foam-filled twelve right
angles thin-walled structures (FTRATS) with crashworthiness topology optimization
may present excellent energy absorption and lightweight potential.

Nevertheless, while there has been much research on differently shaped foam-
filled multi-cell tubes, to our knowledge, few studies have considered the energy
absorption characteristics of FTRATS. This paper will therefore research the dynamic
response and energy absorption properties of FTRATSs with various cross-section
shapes and foam filler distributions under axial impact. The work will include a discrete
multiobjective optimization approach based on optimal Latin hypercube design (Opt
LHD) to optimize the FTRATSs' topological configuration to minimize peak crushing
force (PCF) and maximize the specific energy absorption (SEA). The paper will
propose an optimal FTRATS with improved crashworthiness beyond the best
configuration chosen using the complicated proportional assessment (COPRAS).

2. Crashworthiness criteria

Specific energy absorption (SEA), peak crushing force (PCF), mean crushing force
(MCF) and crash load efficiency (CLE) are the most frequently used crashworthiness
indicators to study the collapse behavior of the energy absorbers of thin-walled
structures [53-56].

In this paper, the energy absorption (EA) is determined as follows:

EA(d) = [; F(x)dx (1)



where d is the deformation distance, F is the impact force, and x is the
displacement.

The SEA can be denoted as:
SEA(d) = =2 )

where M is the total mass of the specimen.

The MCEF can be defined as:
MCF(d) = %@ 3)
The CLE can be defined as:
MCF
CLE = - 4)

The crashworthiness indicators of EA and MCF were calculated at the maximum
compressed displacement herein.
3 Finite element modeling for FTRATS
3.1 Material properties definition
3.1.1 Aluminium foam

The aluminum foam manufactured by Hydro Aluminium a.s was employed as the
foam core herein. The Deshpande Fleck foam material model MAT 154 was adopted to
simulate the aluminum foam material [36, 41]. The yield criterion of the aluminum
foam is defined as:

®=0,—-Y (5)

Where @ is the yield surface, Y the yield strength and o, the equivalent stress.

The o, is defined as:

0.2 = ——(0,% + a’a,,) (6)

a\2
1+(3)
Where o, and o,, denote the Von Mises effective stress and the mean stress,

respectively. The a is a parameter that denotes the shape of the yield surface. The a

is defined as:

2 _ 9(1—2Vp)
~ 2+vP) (7)

Where vP which is 0 in the plastic coefficient of contraction in an aluminum

foam .



The strain hardening rule in this aluminum foam model was adopted as:

Y=ap+y:“—2+a21n[ (8)

o)
1-(ge/eD)P
Where €, is the equivalent strain. 6,, y, €, @, B are the material

parameters that can be defined as:

(O-p;a2)y'ﬂ' ) CO + Cl( )q
9+a (9)
€ = 3“2 Pfo

Where the Cy, C;, q are the constants shown in Table 1. py is the foam density,
Pro the base material density and E,, the foam Young's modulus of foam found at 2.3%
permanent engineering strain.

Table 1.The material constants for aluminum foam [30,31]

op (MPa) o, (MPa) 1/B v(MPa) Ep(MPa)
Co 0 0 0.22 0 0
C 720 140 320 42 0.33x10°
q 2.33 0.45 4.66 1.42 2.45

3.1.2 Aluminium extrusions

The material of the thin-walled column used in this paper was an AA6060 T4
aluminum alloy, whose mechanical properties and the stress-strain relationship are
given in Table 2 and Table 3, respectively. The material was modeled using a MAT24
LS-Dyna piecewise liner plasticity material model. As aluminum is not sensitive to
strain rate [52], the rate-dependent effects, as well as material failure of the extruded
geometry were not considered [1].

Table 2.The mechanical properties of the AA6060 T4 [36, 41]

. Young's Initial yield Ultimate . o Power law
Density Poisson's ratio
modulus stress stress exponent
2.7x10°kg/m? 68.2 GPa 80 MPa 173 MPa 0.3 0.23

Table 3. Strain hardening date for AA6060 T4 [36, 41]

Plastic strain (%) Plastic stress (MPa)
0.0 80
2.4 115
4.9 139
7.4 150
9.9 158
12.4 167
14.9 171




17.4 173

3.2 Finite element modeling
3.2.1 Geometry description and manufacturing process of the FTRATS

In order to comprehensively explore the effects of cross-sectional configurations
and distribution of foam core filler on the crashworthiness of FTRATS, the full
combinations of four twelve right angles thin-walled tubes and eight various
distribution patterns of foam filler were initially investigated, as shown in Fig. 1 and
Table 3. The research considered the four twelve right angles thin-walled tubes made
of aluminum alloy AA 6060 T4 (outer sizes: 80 mm x 80 mm % 295 mm) and open-cell
foam specimens. Note that the thickness of aluminum extrusions was adjusted to make
all four aluminum extrusions with different geometries of the same mass, as shown in
Fig.1.

In order to facilitate the comparison, the label A-B was applied to denote each
topological configuration of FTRATS. 'A' represents the cross-section configurations,
1.e., single cell tube (A1), triple cells tube (A3), five cells tube (AS5) and seven cells tube
(A7) and 'B' denotes one of the eight various distribution patterns of foam filler, i.e.,
foam-0, foam-1, foam-2, foam-3, foam-12, foam-13, foam-23, foam-123, as shown in
Table 3. For instance, A5-3 represents a five-cell tube with a foam filler distribution
foam-3. Besides, the tubular structure proposed in this paper can be manufactured by
the laser welding process of the plate structure, which has little influence on the
performance of the specimen when studying the dynamic significant deformation
crashworthiness situation [57]. As a result, the weld seam was modeled as a coincident
node connection. Further, the aluminum foam was machined into bars in order to obtain
an exact fit into the extrusions [39]. Note that there is no bond between the multi-cell

tube and the foam filler.
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(a)Al (b)A3 (c)AS (d)A7
Fig.1. The topological configurations of aluminum extrusion (a) single cell tube, marked as A1,
thickness Ta1=2.45mm; (b) triple cells tube, marked as A3, thickness Ta3=2.177mm; (c) five cells
tube, marked as A5, thickness Tas=1.959mm;(d) seven cells tube, marked as A7, thickness
TA7=1 78 1mm.
Table 3. FTRATSs topological configurations.

Single-cell tube

S Jh0TPe BPS RTRST

Al-0 A Al-12 Al-13 Al1-23 Al-123
Triple-cell tube

| | | 7| AR /) 7747,
I A 11 11 A A 1]
| | | 7] VAV 224222

A3-0 A3-1 A3-2 A3-3 A3-12 A3-13 A3-23 A3-123

Five-cell tube
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AS5-0 AS5-1 AS5-2 AS5-3 A5-12 A5-13 AS5-23 A5-123

Seven-cell tube
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A7-0 A7-1 AT-2 AT7-3 A7-12 A7-13 A7-23 A7-123
3.2.2 Dynamic experiment

This study uses the experimental setup from Langseth and Hopperstad [58] to
calibrate the base finite element model. The test is illustrated in Fig 2. in which the
FTRATS specimens are clamped at the lower end and free at the top and impacted with
a projectile. A high-strength aluminum cover was placed at the top of the specimens to
ensure a central impact. The specimens' force-displacement responses were calculated

after filtering out the elastic vibrations set up in the projectile and cover during impact.
V,=23.7 m/s

Projectile above strain gauge,
—L_. mass M=52.24 kg

Nose and projectile below strain gauge,
mass m;=2.94 kg

’Af— Cover, mass m,=0.74 kg

le—

-F——— Test specimen

245

50 l«——— Clamping device

Fig.2 Test program and experimental details

3.2.3 Finite element model

A nonlinear finite element code LS-Dyna was utilized to create finite element (FE)
models. The Belytschko-Lin-Tsay thin shell elements were employed to model the
impactor, the tube wall and the clamping device, while the eight-node solid elements
were adopted to simulate the aluminum foam core [36, 59]. The impactor and the
clamping device were modeled as rigid. The "Automatic surface to surface" contact was
applied to model the interface between the foam and structure walls, while the
"Automatic single surface" contact was used for the structure wall and the foam core.
Those contacts' static and dynamic coefficients of friction were set as 0.1, respectively.

Fig. 3 shows the schematic of FTRATS' FE model. The impactor's equivalent mass was



56 kg, with an initial velocity of 23.7 m/s. The tube and foam core element sizes were

adjusted as 2 x 2 mm? and 4 x 4 mm?® to balance the accuracy of the numerical results
and the computational cost.

. . TSNS Impactor
Initial velocity,

V,=23.7 m/s

Test specimen

Clamping device

Fig.3. Schematic of FTRATS.

3.3 Validation of the finite element modeling

Hanssen et al. proposed many experiments to study the crashworthiness of single-
cell AA6060 T4 aluminum foam-filled structure [39]. One of the geometries tested by
Hanssen et al. is a single square cell filled with foam (L=0). This test, illustrated in Fig.4
(a), has been modeled and analyzed and is in very good agreement with the
experimental results shown in Fig. 4 (b) and (c), representing crushing force, mean
crushing force, and energy absorption. This correlation phase indicates that the FE

model is credible and can be used for qualitative investigations.
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Fig.4. Experimental [39] and numerical results

4 Numerical results and discussion

4.1 Effects of cross-sectional configurations

Fig. 5 illustrates the deformation mode of various FTRATSs subjected to axial
compression. The fold locations for all specimens occurred at the top and at the bottom
of the FTRATSs. In addition, it can also be seen from Fig. 5 that five-cell (AS) and
seven-cell (A7) FTRATSs present a progressive collapse, while the other specimens
exhibit Euler deformation in some of the cases. Besides, foam-filled structures are more
prone to progressive ductile-plastic collapse deformation due to the support of the foam
core and the interaction between the foam and the tube wall [37, 46]. As a result, the
numerical results demonstrate that the simple incorporation of the aluminum foam filler
into the twelve hollow right angles thin-walled tubes presents a more stable folding

mode than the hollow tubes. In addition, in the case of the same number of foam fillers,
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more cells in the tube refer to more tube walls in contact with the aluminum foam,
resulting in a more stable deformation mode for FTRATS. For example, the deformation

of A3-3 is more stable than A1-3. For instance, the deformation of A3-3 is more stable

{111

Al-2 Al-3 Al-12 Al-13 Al1-23 Al1-123
Single-cell tube

A3-0 A3-1 A3-2 A3-12 A3-13 A3-23 A3-123
Trlple—cell tube

A5-0 AS5-1 AS5-2 -3 AS5-12 AS5-13 AS5-23 AS5-123

Five-cell tube

A7-0 A7-1 AT-2 A7-3 A7-12 A7-13 A7-23 A7-123
Seven-cell tube

than A1-3.

Al-0 Al-1

Fig. 5. The topological configurations and deformation mode of FTRATS:s.

The influence of cross-sectional configurations on the crashworthiness, including
PCF, SEA, MCF, Dmax, and CLE, are plotted in Fig.6. Considering PCF in Fig. 6(a),
it can be noticed that A1 and A3 are always greatest. Under the same foam filler, the
SEA (Fig 6(b)) is almost unchanged.

The MCF in Fig. 6(c) of A5 with foam-0 was the highest. For foam-1, foam-2,

11



foam-3, foam-12, foam-23, and foam-123, the MCF of A5 and A7 are higher than those
of the other two cross-sectional configurations. From Fig.6(d), the Dmax of A1 and A3
were higher than those of the other two FTRATSs under the same foam distribution. As
shown in Fig.6(e), the CLE of A5, followed by A7, is higher than A1 and A3 under the

same distribution.
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Fig.6. The effects of a different distribution of FTRATS

4.2 Effects of foam filler distribution

The friction between the foam core and the inner surface of the tube is the primary
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interaction mechanism that significantly affect the crashworthiness performance [60-
62]. Consequently, a more stable deformation mode can be achieved at greater friction
between the tube wall and the aluminum foam provided by more aluminum foam filled
into the thin-walled tube. For example, the deformation of A1-3 is closer to a stable and
progressive collapse than A1-1.

Fig.7 compares the crashworthiness indicators of PCF, SEA, MCF, Dmax, and
CLE, which are used to investigate foam filler distribution effects. The PCF of these
FTRATSs are shown in Fig. 7 (a), from which it can be noticed that the foam filler
distribution is sensitive to PCF with the same cross-section configuration patterns.
Besides, foam-123 had the highest PCF value in the four cross-sectional configurations.
The structure with full-foam filling is the best when only focusing on the PCF
performance.

Fig. 7(b) provides the SEA of all four cross-section configuration patterns. The
SEA of foam-0, foam-1, foam-2, foam-12, foam-23 and foam-123 decreased
sequentially with the same cross-section configuration. In addition, foam-123 had the
lowest SEA since foam-123 generated the highest PCF and the lowest deformation.

From Fig. 7(c), the MCF values of foam-13, foam-23, foam-123, and foam-3 were
greater than those of the other four cross-section configuration patterns, which is similar
to the PCF trend. Fig. 7(d) demonstrates that the deformation could be divided into two
grades:

e Foam-0, foam-1, foam-2, and foam-12 were the higher grade, whose Dmax
values fluctuated between 128 (mm) and 181 (mm).

e Foam-3, foam-13, foam-23, and foam-123 were in the lower grade, and
their Dmax values increased from 119 (mm) to 128 (mm).

A proper foam filler pattern could significantly improve the CLE of the FTRATSs.
For example, foam-3, foam-13, foam-23, and foam-123 were notably higher than the
other foam filler distributions. Moreover, foam-123 had the highest CLE in all the other
cross-section configuration patterns, except for the AS cross-section configuration, as

shown in Fig. 7(e). For AS, the CLE of foam-23 was slightly higher than foam-123.

14
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Fig.7. The effects of the different distribution of FTRATS

The above analysis suggests that both the cross-section configuration and the
distribution of foam filler influence the crushing behaviors of the FTRATSs, while the
degree of the effect differs for these two factors. The cross-section configuration and
the distribution of foam filler influence each other. It is, therefore, problematic to
determine any relationships between cross-section configuration and foam filler
distribution due to the lack of definite trends. The complex proportional assessment
(COPRAS) method, a multi-criteria decision-making tool, is then employed to rank the

performance of FTRATSs under axial impact [63-65] to extract the best candidate.

4.3 Select the best FTRATS according to the COPRAS method

4.3.1 COPRAS method
16



The COPRAS method is used to select the optimal solution considering both ideal
and least preferred solutions by considering the alternatives' performance with different
criteria and the corresponding criteria weights [63-65]. The steps of using the COPRAS
method to evaluate are divided into the following six steps [63-65]:

e Step 1: Define the initial decision matrix X.

X117 X120 Xqn
X21 X222 t Xpp

X = [Xij]mn = .l (10)
Xm1 Xm2 °° Xmn

where xjj is the performance value of the i-th alternative on the j-th criteria, m is the
number of design alternatives, while n is the number of criteria.

e Step 2: Determine the nondimensionalized matrix R.

A nondimensionalized matrix R, which is used for dimensionless processing, is

proposed to convert the entire matrix X.

Xij

R= [yl = 5o (an

where the entry x;j is the absolute value for each criterion, )X;j represents the
summation for several positive decisions.

e Step 3: Fix the weighted normalized decision matrix D.

where the 1j; represents the normalized performance value of the i-th alternative on

the j-th criterion, and w-j is the j-th criterion's weight. Z{;zl w; = 1.

e Step 4: Define the weighted wi.

The wj could be defined as:

W .
wy =1 (13)
The total score of all criteria could be defined as:
G =YW, (14)
where the total comparison sets (N) are equal to N = (n(n-1)/2), in which n is the

number of selection criteria.

The criterion for determining the weight w; of j-th is described as:

17



W; = YL, Ny (15)

e Step 5: Sum the weighted of beneficial and non-beneficial attributes.

Sy =2i%1 St =2t Z?:l Y+ij (16)
S.=X1 SLi=Xi Z;’lzly—ij (17)
S—min = minS_i ( 1 8)

where the y,;; and y_;; represent the beneficial and non-beneficial attributes,
respectively. S_,,i, 1s the minimal value of S_;. The greater S,; together with the
lower S_;, the better is the design concept.

e Step 6: Relative significance or priority Q;.

S_minam S_;

e S ) min &j=1 1 19
Q: vt S_i X% (S—min/S-i ) (19)
A higher value of Q; indicates a better design case.

e Step 7: Calculate the quantitative utility U; for the i-th alternative.
U; = -2 x 100% (20)

max

Where the Qmax 1s the maximum value of the relative significance or priority. A design
case with a higher value of Uj is considered desirable.
4.3.2 Selection of the best FTRATS.

The COPRAS method mentioned above was adopted as the multi-criteria
decision-making process for its simplicity in selecting the optimal profile. The PCF,
SEA, MCF, Dmax, and CLE were selected as evaluation indicators. In addition, PCF,
Dmax, and CLE were given the higher weighting factors, followed by MCF and SEA.
The associated weightage for each crashworthiness criterion was employed, as shown
in Table 4.

Table 4.Weightage setting for each performance indicator

Selection Number of comparison sets, N=5(5-1)/2=10 W -
oriteria 2 3 4 5 6 7 8 9 10 J
PCF 3 3 2 2 10 10/40=0.25
SEA 1 2 1 1 5 5/40=0.125
MCF 1 2 1 1 5 5/40=0.125
Dmax 2 3 3 2 10 10/40=0.25
CLE 2 3 3 2 10  10/40=0.25
40 1

Eq. (10) was adopted to normalize the decision matrix while the weights were
18



assigned. The corresponding weighted normalized decision matrix shown in appendix
A was then proposed based on the simulation results in Fig. 5. The sums of the weighted
normalized for both beneficial attributes and non-beneficial attributes were calculated
according to Eq. (16) and (17), in which the non-beneficial attributes were PCF and
Dmax, which were preferred to achieve a lower value [52]. Furthermore, the relative
significance, or priority Qi and the quantitative utility Ui, were determined by Eq. (18)
(19) and (20), as per appendix B. From appendix B, the A5-23 was the best candidate
tube for designing an efficient energy absorber, as it presented the highest crash load
efficiency, a superior mean crushing force and the lowest deformation. Hence, FTRATS
with five-cell and foam filler distribution foam-23 configurations were chosen for the
next phase of the study to investigate the influence of thickness and foam filling with

the purpose to enhancement the FTRATS's crashworthiness response.

4.4 Crashworthiness performance optimization for FTRAT

4.4.1 Optimizaiton formulation

As mentioned above, configuration A5-23, selected by the COPRAS, will
produce a near-optimal design due to its superior CLE, MCF, and deformation.
However, this FTRATS does not exhibit desirable gains because of the excessive PCF
and lower SEA during impact. Thus, PCF and SEA were set as objective functions in
a multiobjective optimization to make relevant structural improvements to the
FTRATS and achieve improved energy absorption properties. Besides, the wall
thickness and foam density strongly affect the energy absorption performance of a
structure [34,39]. As a result, the thickness and foam densities were chosen as the
experimental variables, as shown in Fig.8. According to engineering experience, the
thickness range of thin-walled beams used in automobiles is between 0.6 mm and 2.5
mm, and the density range of foamed aluminum is 0.17 g/cm® to 0.51 g/cm>. At the
same time, to facilitate manufacturing, the thickness value is limited to one decimal
place, and the density value is limited to two decimal places. Therefore, the

multiobjective optimization can be described as:
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( minimize [PCF,MCF]

( 0.6mm < x;, x, < 2.5mm

0.17g/cm® < x3, x, < 0.51 g/cm?

<s.t.< round (x,,1) (20)
round (x,,1)

round (xs,2)

\ \ round (x4,2)

where X is the thickness of the outer structure, X is the thickness of the inner structure,

X3 is the density of corner foam, X4 is the density of the inner foam.

Fig.8. The experimental variables of FTRATS: The thickness of the outer structure (X1), the
thickness of the inner structure (X>), the density of corner foam (X3), the density of inner foam (X4)

4.4.2 Design of experiment

The crashworthiness performance can be evaluated accurately and more
efficiently considering a simplified surrogate model, such as a response surface
methodology (RSM) or a Kriging model. The design of the experiment technique,
Optimal Latin Hypercube (Opt LHD), was adopted to establish this surrogate model.
In the RSM model, the minimum number of sample points to construct a response
surface model is related to the model order and the number of input variables [66].
Besides, the minimum number of sample points required to construct the model
increases as the order increases in the first-order to fourth-order models. The
calculation formula for the minimum number of sample points required by the fourth-
order response surface model can be defined as [66]. According to our experience,

taking 3-4 times the minimum number of experimental groups can provide a good
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prediction effect, so 92 sets of experimental we created.

ZW+ZM (21)
2

N
Where N is the minimum number of sample points, the M is the number of input
variables.
In the kriging model, the formula for calculating the minimum number of samples
required to initialize the Kriging approximation model is [66]:
N=2M+1 (22)
Where N is the minimum number of sample points, the M is the number of input
variables.
4.5 Optimization results.
4.5.1 Error analysis of metamodels
The design of the experiment and its corresponding objective responses are listed
in Appendix B. The accuracy of the RSM and Kriging metamodels' fit to the data is
assessed using average error and root mean square (RMS) error, and listed in Table 5.
The results indicate that both methods presented a good fit to the result, however,
Kriging metamodels were found to predict PCF responses better than the RSM, while

the RSM metamodels have an excellent prediction on SEA. Thus, the following

optimization design selects the RSM and Kriging metamodels.

Table 5. Accuracies of different metamodels for FTRATS.

PCF SEA
Average error  RMS error Average error RMS error
RSM 0.078 0.096 0.020 0.038
Kriging 0.052 0.076 0.047 0.066
Acceptance level 0.2 0.2 0.2 0.2
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4.5.2 Optimization and validation
An adaptive multi-population genetic algorithm (AMGA) method was used to
implement the multiobjective optimization for FTRATS. Fig.9 shows the Pareto front
observed from the AMGA. Previous research proposed that design engineers may not
accept the value of PCF that violates 130 kN [36]. The optimal design of FTRATS
with a PCF constrained under 130 kN, corresponding to Pareto fronts masked as a red

dot, was obtained and graphed in Fig.9. The detailed optimal design parameters are

listed in Table 6.
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Fig.9. Pareto fronts of FTRATS
Table 6.0ptimal design parameters of FTRATs with PCF under 130kN.

X;(mm) Xo(mm) X3(g/em?) Xa(g/em?)
0.8 2.3 0.37 0.33

The dynamic response and the energy absorption performance of the best
FTRATS selected from COPRAS and the optimal FTRATS are shown in Fig.10 and
Table 7. It can be seen from Fig.10 that there are no unstable buckling deformation
modes which can be observed in the best FTRATS selected from COPRAS followed
by the optimisation. Besides, no initial fold appears in the middle of the FTRATS

before optimization, while the initial fold occurred at the top, middle and bottom of
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the optimal FTRATS.

Further, when deformation reaches the maximum, the best FTRATS obtained by
COPRAS appears in undeformed regions located in the middle of the tube. However,
for the optimal FTRATS, there are no undeformed regions in the effective deformation
area. As a result, the optimal FTRATS with a more reasonable thickness and foam
density presented much more progressive deformation modes and thus took better
advantage of the energy-absorbing properties of the material than that of the best
FTRATS selected from COPRAS. Furthermore, Table 7 demonstrates that the optimal
design' PCF does not violate the constraint and has been reduced by 38.83%, while its
SEA increased by 38.86%. Therefore, the optimal FTRATS illustrated a superior

dynamic response and energy absorption properties than the best FTRATS selected

from COPRAS.
50 mm 100mm maximum 50 mm 100mm maximum

Intitial Optimal
Fig.10. Deformation mode of initial and optimal FTRATSs at different stages

Table 7.Comparison of numerical results of optimal and initial.

PCF(kN) SEA(K)/kg)
Optimal Initial Reduction (%) Optimal Initial Reduction (%)
121.53 198.68 38.83 18.76 13.51 38.86

5. Conclusion
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The effects of the novel topological configuration of aluminum foam fillers of
foam-filled twelve right angles thin-walled structures (FTRATS) on dynamic
deformation and crashworthiness response were investigated for the first time,
coupling the complex proportional assessment (COPRAS) and optimsiation methods.
The energy absorption performance of FTRATSs was compared through the COPRAS
method. Numerical results demonstrated that the FTRATS of the five-cell tube with
foam filler distribution foam-23 (AS5-23 topological configuration type) presents a
much more progressive and stable deformation mode, resulting in a superior mean
crushing force (MCF), crash load efficiency (CLE) and deformation. The energy
absorption characteristic of the best FTRATS selected by COPRAS was further
enhanced through multiobjective optimization. The peak crushing force (PCF) and
specific energy absorption (SEA) of the optimal FTRATS were increased by -38.83 %
and 38.86%, respectively, compared to the best FTRATS selected by COPRAS. This
new process has shown that coupling COPRAS followed by optimisation was an
unbiased and efficient method to study and optimize FTRATS structures.

In the future, the energy absorption mechanics and theoretical analysis of
FTRATS with nonlinearly graded shapes will be explored, considering the significance

of the nonlinearly graded side length.
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Appendix A: Weighted normalized decision matrix

Weightages
Terms 0.25 0.125 0.125 0.25 0.25 St S- Qi u Rank
Performance indicators
PCF(kN) SEA(k/kg) MCF(kN) Dmax(mm) CLE

Al1-0 0.029523  0.03853 0.02661 0.03631 0.02822 0.01520 0.01646 0.03001 0.90929 27
Al-1 0.030292  0.03561 0.02752 0.03509 0.02845 0.01500 0.01635 0.02992 0.90651 28
Al-2 0.030662  0.03392 0.02636 0.03663 0.02692 0.01427 0.01682 0.02876 0.87139 31
Al-3 0.032032  0.02964 0.03157 0.03057 0.03087 0.01537 0.01565 0.03095 0.93768 22
Al-12 0.031389  0.03163 0.03025 0.03191 0.03018 0.01528 0.01583 0.03069 0.92978 24
Al-13 0.032855  0.02787 0.03387 0.02849 0.03228 0.01579 0.01534 0.03168 0.96003 11
Al1-23 0.03316 0.02683 0.03367 0.02866 0.03179 0.01551 0.01545 0.03129 0.94793 18
Al-123  0.033974  0.02537 0.03531 0.02731 0.03255 0.01572 0.01532 0.03164 0.95854 13
A3-0 0.02932 0.03852 0.02441 0.03957 0.02607 0.01438 0.01722 0.02854 0.86472 32
A3-1 0.029886  0.03602 0.02656 0.03636 0.02783 0.01478 0.01656 0.02950 0.89388 30
A3-2 0.030474  0.03382 0.02782 0.03471 0.02859 0.01485 0.01630 0.02981 0.90330 29
A3-3 0.031907  0.02955 0.03126 0.03087 0.03068 0.01527 0.01569 0.03081 0.93338 23
A3-12 0.031041  0.03187 0.02941 0.03283 0.02967 0.01508 0.01597 0.03035 0.91948 26
A3-13 0.032473  0.02805 0.03237 0.02980 0.03122 0.01536 0.01557 0.03102 0.93976 21
A3-23 0.033051  0.02669 0.03355 0.02875 0.03179 0.01548 0.01545 0.03125 0.94700 20
A3-123  0.033617  0.02545 0.03471 0.02778 0.03234 0.01561 0.01535 0.03149 0.95409 14
A5-0 0.028808  0.03852 0.02815 0.03431 0.03059 0.01598 0.01578 0.03143 0.95237 15
A5-1 0.029524  0.03559 0.02914 0.03314 0.03091 0.01582 0.01567 0.03138 0.95081 16
AS5-2 0.030018  0.03374 0.03027 0.03190 0.03157 0.01589 0.01548 0.03164 0.95882 12
AS5-3 0.031211  0.03001 0.03338 0.02891 0.03349 0.01630 0.01503 0.03252 0.98521 5
A5-12 0.030707  0.03146 0.03195 0.03021 0.03258 0.01607 0.01523 0.03208 0.97207 9
A5-13 0.031956  0.02820 0.03420 0.02821 0.03352 0.01618 0.01504 0.03239 0.98138 7
A5-23 0.032446  0.02701 0.03596 0.02682 0.03471 0.01655 0.01482 0.03300 1.00000 1
A5-123  0.033146  0.02554 0.03671 0.02627 0.03469 0.01645 0.01485 0.03287 0.99583 2
A7-0 0.028652  0.03851 0.02682 0.03601 0.02931 0.01549 0.01616 0.03058 0.92645 25
A7-1 0.029239  0.03593 0.02882 0.03350 0.03087 0.01581 0.01568 0.03136 0.95007 17
A7-2 0.029869  0.03367 0.02962 0.03259 0.03105 0.01567 0.01562 0.03129 0.94793 19
A7-3 0.031178  0.02992 0.03319 0.02907 0.03334 0.01622 0.01506 0.03241 0.98198 6
A7-12 0.030456  0.03168 0.03113 0.03100 0.03201 0.01585 0.01537 0.03172 0.96109 10
A7-13 0.031766  0.02833 0.03388 0.02848 0.03339 0.01612 0.01506 0.03231 0.97902 8
A7-23 0.032391  0.02689 0.03516 0.02743 0.03399 0.01625 0.01496 0.03256 0.98640 4
A7-123  0.032977  0.02562 0.02661 0.02651 0.03455 0.01639 0.01487 0.03278 0.99327 3
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Appendix B: Design of experiment and simulation results

Thickness of outter

Thickness of inner

Density of corner

Density of inner

Terms structure(mm) structure(mm) foam(g/cm’) foam(g/cm’) PCF(N) MCEF(N)
1 1.268 1.373 0.1775 0.4614 133.030 19.028
2 2.145 1.644 0.4577 0.4465 227.955 11.940
3 0.809 2.229 0.4726 0.454 144.200 16.476
4 1.686 1.915 0.3942 0.368 185.909 14.036
5 0.621 2.208 0.2821 0.4241 183.351 21.141
6 2.187 1.936 0.4988 0.3269 235.219 11.742
7 2312 1.289 0.241 0.1924 199.473 14.197
8 0.934 1.665 0.4913 0.2597 136.787 17.527
9 1.915 1.247 0.3718 0.3605 187.590 13.970
10 1.310 2.396 0.2522 0.3792 153.935 16.714
11 0.851 1.519 0.4689 0.4913 137.658 16.941
12 1.080 1.122 0.1924 0.3419 290.151 22.014
13 0.955 2.166 0.3157 0.1962 194.093 19.874
14 1.790 1.895 0.4764 0.1999 197.957 13.653
15 1.895 0.955 0.3344 0.4764 185.131 14.139
16 1.289 0.851 0.5025 0.2634 150.430 16.421
17 2.270 2.145 0.2671 0.4652 226.226 12.368
18 2.291 0.788 0.3381 0.2186 197.892 13.822
19 1.748 2.375 0.2298 0.2447 177.733 15.421
20 2.103 1.707 0.1737 0.2671 189.969 14.946
21 2.041 0.976 0.4614 0.4988 214.123 12.504
22 2.166 1.08 0.51 0.383 224.149 12.122
23 1.853 2.416 0.4876 0.4091 222.630 12.200
24 1.101 1.477 0.2709 0.1887 270.085 20.969
25 0.871 0.746 0.2447 0.4427 267.110 22.627
26 1.602 0.725 0.4465 0.3755 167.192 15.024
27 1.164 1.331 0.4016 0.3344 136.808 17.357
28 1.644 0.809 0.383 0.2559 156.821 16.097
29 1.185 1.185 0.3082 0.5063 136.561 17.539
30 0913 0.642 0.4054 0.3307 163.361 20.208
31 0.892 1.957 0.17 0.383 225.334 21.969
32 0.600 1.748 0.4241 0.3643 196.393 19.990
33 1.519 2.041 0.4502 0.4876 192.478 13.577
34 1.393 2.187 0.4838 0.297 179.529 14.464
35 2.354 0.934 0.2373 0.439 208.076 13.347
36 0.684 1.581 0.3643 0.241 211.271 22.082
37 1.456 1.79 0.368 0.2485 158.231 16.079
38 0.704 1.101 0.3755 0.4353 177.287 20.616
39 0.997 0.871 0.3456 0.2111 240.987 21.450

40 0.746 2.354 0.2485 0.2933 195.616 21.719
41 1.018 1.853 0.3605 0.4689 138.704 17.157
42 2.500 1.393 0.4315 0.312 237914 11.677
43 2.062 0.704 0.2148 0.2522 170.495 15.991
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44 1.560 1.185 0.1812 0.226 167.614 19.064
45 1.623 0.767 0.2186 0.4577 151.078 17.034
46 1.790 1.164 0.1962 0.3568 162.245 16.465
47 1.122 1.978 0.2335 0.4951 138.577 17.939
48 2.249 0.663 0.439 0.3045 208.372 12.948
49 2375 1.226 0.2746 0.3157 209.776 13.230
50 1.059 2.082 0.1887 0.2074 215.071 21.510
51 1.498 1.268 0.2933 0.2896 145.697 17.216
52 1.373 0.600 0.2597 0.2709 221.876 19.869
53 2.396 2.103 0.2746 0.2335 223.384 12.725
54 2.02 0.621 0.3008 0.3531 177.307 14.837
55 2229 227 0.3942 0.4726 238.115 11.598
56 1.247 1.727 0.5063 0.3942 170.307 14.864
57 1.226 0.684 0.4129 0.4838 142.072 16.703
58 2.437 2.062 0.3792 0.3493 240.086 11.603
59 1.999 2.458 0.4278 0.2746 218.050 12.558
60 1.185 2437 0.383 0.3942 159.146 15.700
61 1.665 1.018 0.297 0.17 149.613 17.324
62 2.458 2.02 0.4166 0.2148 240.107 11.753
63 1.769 1.769 0.2559 0.1812 168.369 16.125
64 1.331 131 0.4353 0.1849 147.777 16.951
65 1.727 1.999 0.1849 0.4278 176.160 15.486
66 1.414 2.479 0.3419 0.2746 165.669 15.609
67 0.642 1.038 0.454 0.2373 167.573 21.714
68%* 0.663 1.602 0.226 0.2821 349.620 25.372
69 0.767 1.456 0.2634 0.4203 219.535 21.846
70 1.038 1.853 0.3195 0.3381 127.994 18.574
71 2.479 0.892 0.3904 0.4166 228.832 11.994
72 1.143 2.124 0.4427 0.1737 149.946 16.888
73 1.352 0.83 0.3232 0.3904 135.464 17.632
74 2.333 1.623 0.1999 0.4016 213.474 13.271
75 1.707 1.414 0.4801 0.3008 187.749 13.947
76 1.581 2312 0.312 0.4801 183.863 14.322
77 1.435 1.79 0.2074 0.3082 144.950 17.895
78 0.725 1.059 0.3045 0.3195 295.750 23.451
79 2.124 1.143 0.4652 0.2036 207.153 13.167
80 1.54 1.56 0.2858 0.4129 160.156 15.928
81 0.788 2.291 0.4091 0.2858 123.891 18.575
82 1.978 1.832 0.2896 0.3232 192.336 14.038
83 1.957 2.5 0.3269 0.3718 104.109 6.523

84 1.853 1.686 0.3493 0.51 198.819 13.380
85 2.416 1.54 0.3307 0.4315 229.448 12.057
86 0.976 0.997 0.4951 0.4054 136.628 17.131
87 1.477 1.352 0.4203 0.4502 170.039 14.819
88 2.082 1.498 0.3568 0.2298 196.888 13.772
89 1.936 1.435 0.2223 0.5025 189.468 14.395
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90 2.208 2333 0.2036 0.3456 213.705 13.292
91%* 0.83 0.913 0.2111 0.2223 399.084 26.749
92 1.832 2.249 0.3531 0.1775 190.227 14.313

*The FTRATS in terms of 68 and 91 do not reach the maximum deformation when thoes impactors hit the clamping

device, thus the height of the clamping device was reduced from 50 mm to 20 mm to obtain the PCF and MCF of
the two FTRATS during the impact.
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