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Abstract 

The developing world economy and the increasing income level cause the number of vehicles 

on the highways to increase rapidly. The increasing number of vehicles makes the highways 

more unsafe and increases the probability of accidents. This study is concerned with the 

dynamic analysis of axial and oblique compression in thin-walled tubes. Tubes under the 

effect of axial and oblique compression were compared with different cross-section profiles in 

terms of performance. Collision energy absorbed, crushing force efficiency, peak force, and 

velocity graphs are discussed in these performance parameters. The collision of the plates is 

discussed considering the speed and mass parameters that have entered the tubes using 

different cross-sections.  Also, we developed a MOORA model integrated finite element 

analysis to rank the different alternative structures for different simulation cases. The 

MOORA model’s ranking results presented the most suitable cross-section profiles that will 

provide the most appropriate damping result. 

Keywords: Tube structures, Energy absorption, Oblique compression, direct compression, 

finite element analysis, MOORA method. 
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1. Introduction 

The energy that emerges in the event of a possible accident is first transferred to the bumpers 

[1-3]. In a possible crash, bumpers deform to reduce the kinetic energy transmitted to the 

vehicle by absorbing it. Thus, we minimized the damage to the passengers in the car. For this 

reason, bumpers are critical for the protection of human life [4]. Square or circular cross-

sections are the most common thin wall structures for bumpers [5]. The deformation of the 

front of the vehicle may cause an undesirable situation in terms of safety considering moving 

toward the passenger compartment in case of a frontal collision of vehicles. In such accidents, 

the effects of inertia are reduced by damping the kinetic energy of the vehicle. So, the unsafe 

possibility of the persons can diminish in the vehicle.  

Shock absorbers (Figure 1) are used behind the front bumper to cause less damage to the 

passenger compartment in case of a frontal collision of vehicles [6, 7]. Shock absorbers 

absorb the kinetic energy of the vehicle at a certain rate by undergoing plastic deformation. If 

shock-absorbing profiles are designed considering their damping properties, these profiles can 

be folded like an accordion to reduce the negative effects of the collision. In the event of a 

frontal collision, a certain part of the energy is absorbed by the shock absorbers after the 

bumper receives the first impact. Absorption of energy occurs by folding the front shock 

absorbers in an accordion shape and undergoing plastic deformation. In the first moments of 

the crash, the bumper deforms by absorbing a certain amount of energy. Then the shock 

absorbers begin to deform, and the reaction force in the axial direction reaches its highest 

value. Hence, the reaction forces begin to oscillate around an average value. Meanwhile, the 

structure becomes shorter by folding together with local sprains. 

In this study, profiles of shock absorbers using absorb the kinetic energy of the impact in case 

of a crash and reduce the progress of deformation to the driver and passenger area were 

created and analyzed. We modeled shock absorbers and created the finite element models for 
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dynamic impact tests using the Abaqus (Simulia) software. Also, we developed a MOORA 

model to rank the alternative shock absorbers for different simulation scenarios’ results and 

proposed the most suitable shock absorbers for different scenarios. 

 

 
Figure 1. Thin shock absorber structure 

In section 2, we present the literature review. In section 3, the methodology is presented. In 

section 4, design issues are discussed, and different structures are developed. In section 5, the 

results are presented. In section 6, findings and discussions are presented. Finally, in Section 

7, the conclusion is presented.  

 

2. Literature Review 

Researchers presented many studies on the finite element analysis (FEA) of tube structures for 

energy absorption in the front bumper. Li et al. [1] studied the improvement of the vehicle's 

frontal crashworthiness through front rail design. They conducted FEA analysis and verified it 

by experimental design. Basith et al. [8] studied the impact analysis of a bumper for three 

different materials. Khedkar et al. [9] analyzed thin-wall bumper beams using three different 

geometries. They discussed the energy absorption capacity of the bumpers. However, Askar 

and Ermis [10] investigated the size optimization of thin wall bumpers. They analyzed 25 
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different crash scenarios and found an optimal thickness for thin-wall structures. Lei et al. 

[11] investigated the optimization of front bumpers for the protection of pedestrians. They 

developed an algorithm under multiple impact situations. Sun et al. [12] developed a new 

approach for optimal buffer design under multiple low-velocity impact loads. They showed 

that the design with multiple load cases presents a general optimum. Wang et al. [13] 

performed a Six Sigma sturdiness optimization process based on the developed model for 

thin-wall structures. Kim et al. [14] investigated the elastic metal bumper’s behavior under the 

hyper-speed impact. Their study showed that the shape effect can be reduced by using thinner 

and denser metal materials instead of aluminum. Wang et al. [15] conducted both the 

structural design and multi-purpose optimization of a thin-wall bumper system. The results 

showed that the crashworthiness issues of the vehicles can be significantly improved using the 

ESA algorithm. In addition to these studies, researchers have focused on bumper materials in 

many studies [16-22]. Goyal et al. [23] investigated the crashworthiness of star section 

bumpers. In their studies, they used structural topology optimization on various foam-filled 

tubes. Keni et al. [24] investigated the effects of wall thickness on crashworthiness by using 

the finite element method. They selected 2mm and 4mm wall thicknesses for comparative 

analysis. Zhang [25], Wang [26], Natarajan, Joshi, and Tyagi [27] focused on the 

crashworthiness improvement of bumpers during low impact speeds. They found that section 

profile and material type are the most efficient parameters on crashworthiness. Various 

studies have achieved developing the kinetic energy absorption capacity of thin-wall 

structures and investigated their optimal design. However, in most of the studies, researchers 

used one-way loading. But vehicle bumpers were subjected to different types of loads. 

Although the comprehensive analysis was used in the studies, the different section profiles 

weren't considered in detail. We discussed the crashworthiness and energy absorption 

capacity of 4 different types of thin-wall tube structures for direct and oblique impact.  
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3. Methodology 

3.1. Finite Element Modeling 

Analysis methods with finite element methods are used extensively in product development 

stages in the automotive industry. Dynamic collision analysis is one of these methods, and 

this type of analysis is performed in much software. This software uses implicit (closed) and 

explicit (open) time integration methods for impact analysis [28, 29]. If there are varying sizes 

in very minimal time intervals as in multiplication problems, the open time integration 

method is used for such analyzes. Integration of the equation of motion in the time domain is 

calculated by the central differences method. In the first step, the following equation of 

motion is solved: M × a = P − I               (1) 

Where, P: external forces, I: element internal forces,  M: mass matrix, a: acceleration. 

Acceleration value at time t is calculated as follows: 

a(t) = (M)-1 x (P-I)(t)                                                                                                                   (2) 

With the central difference methods, the acceleration is integrated in the time domain and the 

velocity is calculated as follows: 

a’ (t + Dt/2) = a’ (t – Dt/2) + 
𝐷𝑡(𝑡+𝐷𝑡)+𝐷𝑡(𝑡)2                                                                              (3) 

The displacement values at the node points are; 

 𝑎(𝑡+𝐷𝑡) = 𝑎(𝑡) + 𝐷𝑡(𝑡+𝐷𝑡) 𝑎′(𝑡+𝐷𝑡2 ) .                                                                                          (4) 

In the first step, acceleration is found by achieving an equilibrium equation. By knowing the 

acceleration, velocity and displacements can be calculated for the next steps. In terms of the 

accuracy and stability of the calculated values, the time increment value (∆t) should be chosen 

quite small. Thus, for small-time increments, the acceleration value can be assumed to be 

constant [30]. Additionally, taking the time increment value is too small increases the solution 

time. However, the equation set solution is not performed for the solution process in each 
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step. Therefore, the solution for each step is short.  The choice of the time increment value is 

important for the stability of the solution. The following equation is used for analysis. 

∆tstable = L/c                                                                                                                               (5) 

The ∆t value chosen must be less than or equal to the ∆tstable value. Here c is a characteristic 

feature of the sound velocity and the L is the smallest element length in finite element model; 

c = √𝐸𝜌                                                                                                     (6) 

It is calculated by the equation. (E: modulus of elasticity, ρ: density) 

After the calculation of the displacement values, the strain and stress values are found. Then, 

the element internal forces (1) are found, the time increment t + ∆t are done and the next step 

is solved. 

 

3.2. The MOORA method 

The Multi-Objective Optimization based on Ratio Analysis (MOORA) method is a multi-

criteria decision-making method used to select or rank independent alternatives. This method 

allows the performance of different alternatives for various purposes to be compared with 

numerical values.  There is no MOORA study on thin-wall structure performance evaluation 

and its applications in the literature. The most important advantage of the MOORA method 

compared to other MCDM methods is that it has fewer application steps, and it is convenient 

to add and remove new alternatives and criteria easily (Table 1). Although there are many 

multi-criteria decision-making methods in the literature, the advantages of the MOORA 

method over other methods are given in Table 1 comparatively.  
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Table 1. Comparison of MOORA method with similar methods [31] 

Methods Modeling and 

solving time 

Modeling 

simplicity 

Computation 

complexity 

Additional 

modeling 

requirements 

MOORA Very low Very simple Very low No 

TOPSIS Medium Normal Medium No 

VIKOR High Normal High Yes 

ELECTRE Very High Normal Very High Yes 
AHP Very High Very critical Very High Yes 
PROMETHEE Very High Critical Very High Yes 

 

As can be seen in Table 1, the MOORA method is easy to apply, but it is a suitable method 

for practical practitioners, especially in the industry, where successful ranking results can be 

obtained competitively with other methods. Due to this feature, the MOORA method was 

used in our study. 

In the first step of the MOORA method, the objectives (criteria) of the decision problem and 

the performance values of different alternatives according to these objectives are determined 

numerically. According to the determined values, an m x n dimensional decision matrix 

shown in Eq.(7) is created [32,33]. The matrix columns show the selection criteria, and the 

matrix rows show the alternatives. 

X = [  
   
x11 x12 … x1nx21 x22 … x2n. . … .. . … .. . … .xm1 xm2 … xmn]  

                                                                                               (7) 

After the decision matrix is created, the matrix is normalized for the application of the 

MOORA method by using Eq.(8) with i=1,2,…,m number of different alternatives, j=1,2,...,n 

criteria. xij∗ = xij√∑ xij2mj=1 ,           xij∗ ∈ [0,1]                                                              (8) 
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After the normalization process, the largest and smallest values of the criteria are determined. 

Then, reference points for all alternatives and weights of all criteria are calculated. The sum of 

the weight values of the criteria (wj) is equal to 1, as shown in Eq.(9). 

∑wjn
j=1 = 1                                                                                                                                              (9) 

The ranking scores of the alternatives are calculated with the formula in Eq.(10) using the 

weight values of each criterion [32,33]. 

yi∗ = ∑wjxij∗n
j=1                                                                                                                                      (10) 

where, yi
* indicates the MOORA ranking score.  

 

4. Design 

Four different thin tube section profiles in the form of a circle, square, rectangle, and hexagon 

were investigated in this study. The tubular building material is modeled as A36 material, 

which is a mild steel type (Table 2). When designing these structures, the circumference, 

length, and thickness of the sections were kept constant. The length was selected as 350 mm, 

and thickness was selected as 2 mm. For the cross-sectional circumference, all tube profiles 

were chosen to be 300 mm. These values were selected for the average circumference of most 

sedans available in the global market [34]. When the previous studies were examined, it was 

determined that the highest load increase occurred at 30° without a large decrease in the 

average force. The first impact velocities were set at 15.6 m/s with impact masses of 275 kg, 

500 kg, 700 kg, and 1000 kg. Profiles and dimensions of thin wall tubes are given in Table 3.  
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Table 2. Some values for A36 mild steel material 

Parameter Value 

A 146.7 MPa 

B 896.9 MPa 

N 0.320 

C 0.033 

M 0.323 

Tm 1773 K 

Cp 486 J/kg-°K 𝛆𝟎 1.0 s−1 𝛒 7850 kg/m³ 

 

Table 3. Profile and dimensions of thin wall tubes 

 

Profile 
Perimeter 

(mm) 

Length 

(mm) 

Mass 

(kg) 

Section 

Dimension 

(mm) 

Thickness 

(mm) 
Profile 

Circular 300 350 1.7 D=95.5 2 

 

Rectangle 300 350 1.7 90 x 60 2 

 

Square 300 350 1.7 75 x 75 2 

 

Hexagonal 300 350 1.7 

50 each 

side 

2 

 

 

The following parameters were obtained under the crash response: 

1. Peak Force, (FMAX) 

2. Energy Absorption, (ES)  

3. Crush force efficiency, (CFE) 

In summary, the most useful energy absorber should reach the peak load rapidly and then 

values of the average load close to this peak load (Figure 2). The absorber should maintain 

this over the entire length of the component. 
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Figure 2. Typical force-displacement diagram 

 

Finite element models of thin-wall structures were developed by using the ABAQUS Explicit 

in this study. The model in this study mainly consists of the thin-wall structure under two 

types of loading. Element sizes were selected as 5 mm for the thin wall tubes. A general 

contact algorithm was used for simulations. The Coulomb coefficient of friction value for all 

contact surfaces was selected as 0.2. 

The striker was selected as a rigid body, translation, and rotational degrees of freedom were 

fixed at the given values except for only one allowable translational displacement. The impact 

velocity of the impactor on the pipes is selected at 15.6 m/s with a lumped mass of 275, 500, 

700, and 1000 kg. The impact velocity value was assumed for sample crash analysis 

calculations. Mass was assumed to be less than 50% of a compact car. It was supposed that 

each energy absorber is absorbed kinetic energy equivalent to 275, 500, 700, and 1000 kg 

mass. 
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5. Results  

5.1. Force-strain diagrams of thin wall structures 

The force-strain values for each type of thin-wall profile were analyzed in this study (Figures 

3-6). The displacement values in this study represent the strain of the rigid striker. It is 

supposed to have full contact with the pipe while the pipe is being crushed. The figures show 

the force responsible for different profiles owing to the direct loading for the four different 

forces. It is noticeable from the force-displacement diagrams that the energy is absorbed by 

the thin-wall structures at the high masses predicted. It is higher than the low mass loadings. 

Although the graphical oscillations for the four different masses are similar, the energy 

absorption is higher because the values of the peak forces and average force are higher at 

higher masses. 

Figure 3. Force-displacement for square tube 
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Figure 4. Force-displacement for circular tube 

 

Figure 5. Force-displacement for hexagonal tube 
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Figure 6. Force-displacement for rectangle tube 

5.2. Energy Absorption 

In Figures 7-10, amount of energy absorption is designed as a function of deformation length. 

It is concluded that the rectangular profile has a highly lower energy absorption capacity than 

the other three profiles by the energy absorption amounts. Figures 7-10 also show that circular 

and hexagonal profiles have higher energy absorption capacity. It can be seen from Figure 11 

and 12 that the profiles exhibit an overall higher energy absorption capacity when the mass is 

increased from 275 kg to 1000 kg. However, the circular profile has the highest capacity for 

500 kg and 700 kg mass plates. 
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Figure 7. Energy absorption capacities of thin wall structures for oblique impact load of    

275 kg 

 

Figure 8. Energy absorption capacities of thin wall structures for oblique impact load of     

500 kg 
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Figure 9. Energy absorption capacities of thin wall structures for oblique impact load of   700 

kg 

 

Figure 2. Energy absorption capacities of thin wall structures for oblique impact load of 1000 

kg 
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Figure 3. Energy absorption capacities for all structures due to direct loading 

The lateral loads create more stress points at the corner points of the polygon profiles than the 

circular cross-section profile. Therefore, these tubes bend more easily than the circular profile 

and absorb less energy. Circular geometry is the best profile to be considered because it has 

magnificent capacity in terms of energy absorption in both loading conditions. The finite 

element analysis results for oblique impact are shown in Figure 12. 

 

    

Figure 4. Finite element analysis results for oblique impact 
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5.3. Velocity–displacement diagrams of different thin wall profiles 

In this study, velocity-displacement plots are presented for four profiles (Figure 13). Each 

profile collided with 275 kg of mass and was analyzed in a 50ms time frame. The reason 

"why the low mass was chosen to observe the change in velocity that four profiles can stop 

this mass?” In high mass collisions, the speed is not zero because the tubes cannot absorb the 

energy completely, and the moving plate is pushed back by the fixed rigid plate due to the 

action-reaction principle. In these graphs, the circular cross-section profile showed the best 

result because when the velocity is zero, the profile that deforms least is the circular cross-

section profile. 

 

Figure 53. Change in speed of four different profiles for direct impact load of 275 kg 

6. Findings  
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and oblique crush responses for four different cross-section profiles of metal alloys (Mild 

Steel A36). All simulations were dynamic at 15.6 m/s and, oblique loading was investigated at 

a 30-degree angle. 

The reaction forces and energy absorbed increase with the increase of the sheet thicknesses of 

the bumper elements. Recent studies show that the most suitable sheet thicknesses for bumper 

elements are 1-3 mm. For this reason, sheet thicknesses were chosen as 2mm. Findings are 

provided in Table 4. 

Table 4. Summary of crashworthiness parameters for thin wall tube profiles 

Alternatives Energy (kJ) Faverage (kN) Fmax (kN) CFE 

Square 275kg 28.9 81.98 163.94 0.5 

500kg 31.68 122.5 181.95 0.67 

700kg 32.94 124.57 214.14 0.58 

1tone 35.81 135.93 338.37 0.4 

Circular 275kg 27.9 77.14 196.32 0.39 

500kg 37.72 152.12 272.79 0.56 

700kg 40.79 148.68 270.09 0.55 

1tone 38.51 139.86 243.41 0.57 

Hexagonal 275kg 31.85 86.57 200.61 0.43 

500kg 32.36 127.09 209.74 0.61 

700kg 38.26 146.26 222.96 0.66 

1tone 42.16 157.5 301.41 0.52 

Rectangle 275kg 28.2 85.52 380.8 0.22 

500kg 24.79 100.7 273.45 0.37 

700kg 28.38 116.06 401.13 0.29 

1tone 31.44 128.66 511.19 0.25 

 

We observed that the circular profile has a better profile since it absorbs more energy in axial 

force and absorb more energy by not breaking from stress points in lateral loading. 

Additionally, when the CFE values of the circular section profile were examined, we can 

observe that it has similarities to other profiles. Also, the peak force can be reduced by 

optimizing the tube profile. Thus, the CFE ratio can be increased. But, when we examine the 

kinetic energy absorption and the CFE values of the rectangular profiles, it is concluded that it 

is the worst profile. 
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6.1. The MOORA model’s result 

The MOORA model’s result is provided in Table 5. In Table 5, we assigned equal weights for 

the criteria. In this case, the hexagonal 1-tone alternative has the first rank. We calculated 

different ranking results using different weight scenarios (Table 6). 

Table 5. The MOORA model’s result 

Weight 5 5 5 5 Normalized weights 

Yi Rank Criteria 
Energy (kJ) 

F averag 

(kN) 
Fmax (KN) CFE 0.25 0.25 0.25 0.25 

Alternatives 

s275kg 28.9 81.98 163.94 0.5 0.054 0.042 0.036 0.063 0.194 15 

s500kg 31.68 122.5 181.95 0.67 0.059 0.062 0.039 0.085 0.245 9 

s700kg 32.94 124.57 214.14 0.58 0.061 0.063 0.046 0.074 0.244 10 

s1tone 35.81 135.93 338.37 0.4 0.067 0.069 0.073 0.051 0.259 7 

c275kg 27.9 77.14 196.32 0.39 0.052 0.039 0.043 0.049 0.183 16 

c500kg 37.72 152.12 272.79 0.56 0.07 0.077 0.059 0.071 0.277 3 

c700kg 40.79 148.68 270.09 0.55 0.076 0.075 0.058 0.07 0.279 2 

c1tone 38.51 139.86 243.41 0.57 0.072 0.071 0.053 0.072 0.267 5 

h275kg 31.85 86.57 200.61 0.43 0.059 0.044 0.043 0.055 0.201 14 

h500kg 32.36 127.09 209.74 0.61 0.06 0.064 0.045 0.077 0.247 8 

h700kg 38.26 146.26 222.96 0.66 0.071 0.074 0.048 0.084 0.277 4 

h1tone 42.16 157.5 301.41 0.52 0.078 0.08 0.065 0.066 0.289 1 

r275kg 28.2 85.52 380.8 0.22 0.052 0.043 0.082 0.028 0.206 12 

r500kg 24.79 100.7 273.45 0.37 0.046 0.051 0.059 0.047 0.203 13 

r700kg 28.38 116.06 401.13 0.29 0.053 0.059 0.087 0.037 0.235 11 

r1tone 31.44 128.66 511.19 0.25 0.058 0.065 0.111 0.032 0.266 6 

 √∑ xij2mj=1  134.39 493.76 1154.25 1.97 
            

Very important: 10 

Important: 8 

Medium Important: 5 

Low important: 3 

Very low important:1 
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Table 6. Scenario analysis 

Alternatives 
Scenarios Ranking differences 

A B C D E A-B A-C A-D A-E B-C B-D B-E C-D C-E D-E 

s275kg 15 14 15 16 9 1 0 -1 6 -1 -2 5 -1 6 7 

s500kg 9 10 10 13 2 -1 -1 -4 7 0 -3 8 -3 8 11 

s700kg 10 7 9 11 7 3 1 -1 3 -2 -4 0 -2 2 4 

s1tone 7 6 6 4 10 1 1 3 -3 0 2 -4 2 -4 -6 

c275kg 16 15 16 15 12 1 0 1 4 -1 0 3 1 4 3 

c500kg 3 5 2 6 5 -2 1 -3 -2 3 -1 0 -4 -3 1 

c700kg 2 2 3 7 6 0 -1 -5 -4 -1 -5 -4 -4 -3 1 

c1tone 5 4 5 8 4 1 0 -3 1 -1 -4 0 -3 1 4 

h275kg 14 11 14 14 11 3 0 0 3 -3 -3 0 0 3 3 

h500kg 8 9 8 12 3 -1 0 -4 5 1 -3 6 -4 5 9 

h700kg 4 3 4 10 1 1 0 -6 3 -1 -7 2 -6 3 9 

h1tone 1 1 1 5 8 0 0 -4 -7 0 -4 -7 -4 -7 -3 

r275kg 12 13 13 3 16 -1 -1 9 -4 0 10 -3 10 -3 -13 

r500kg 13 16 12 9 13 -3 1 4 0 4 7 3 3 -1 -4 

r700kg 11 12 11 2 14 -1 0 9 -3 1 10 -2 9 -3 -12 

r1tone 6 8 7 1 15 -2 -1 5 -9 1 7 -7 6 -8 -14 

          rS 0.935 0.988 0.497 0.503 0.932 0.329 0.574 0.479 0.515 -0.403 

          Z 3.622 3.827 1.925 1.948 3.611 1.276 2.221 1.857 1.993 -1.561 

A: All criteria are equally weighted 

B: Energy criterion is the most important others are very low important 

C: Faverage criterion is the most important others are very low important 

D: Fmax criterion is the most important others are very low important 

E: CFE criterion is the most important others are very low important 

 

In this section, the ranking results obtained by the MOORA method are compared with the 

results obtained by the different scenarios (Table 6). Results were analyzed using Spearman's 

rank correlation test [35]. Spearman's rank correlation test can be applied using the following 

equations: 

kkk
yxd −=  ,    k=1,....,K         (11) 
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)1( −= KrZ s           (13) 

In equations; dk: The difference between the two data set values; K : Number of data; Z : It is 

defined as a test statistic. 
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For consistency between the two rankings, the Z value is expected to be above 1.645 at the 

95% confidence level (α=0.05). The Z values of the MOORA ranking results were calculated 

above 1.645, except for B-D and D-E comparisons. So, the ranking results are dissimilar for 

scenario D. Scenario E also has different ranking results. But, it provides a statistically similar 

ranking when compared to other scenarios.  

On the other hand, the first three rankings are differentiated using the different weight values 

(Figure 5). Circular profiles (for 500kg, 700 kg, 1- tone cases), hexagonal profiles (for 500kg, 

700kg, 1- tone cases), and rectangle profiles (r275kg, r500kg, r700kg, r 1 tone cases) has the 

first three rankings for different scenarios (Figure 14). 

 

Figure 14. Ranking result comparison for scenario analysis 
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7. Conclusion 

In conclusion, it can be said that the circular tube profile has a high potential as a good energy 

absorber candidate in terms of helping to reduce serious injuries to the vehicle occupant and 

in terms of crash resistance. Although each profile shows the same velocity-displacement 

behavior, the circular profile has a lower deformation rate compared to the other profiles. 

Hexagonal and circular profiles have the best performances for energy, Faverage, and CFE 

criteria as a result of the MOORA model. On the other hand, a rectangular profile is the best 

one considering the Fmax criteria. In Table 7, we figured most suitable alternatives for 

different cases. 

Different material types (metal or composite) and their specifications can be investigated in 

future studies. Also, different MCDM models can be incorporated into the study for the 

ranking process depending on the criteria types, criteria number, and alternative structure 

types. 

Table 7. Final analysis for results 

  
Scenarios 

A B C D E 

Alternatives 
Equal 

Importance 

Energy 

(kJ) 
Faverage (kN) Fmax (kN) CFE 

s500kg         2 

c500kg 3   2     

c700kg 2 2 3     

h500kg         3 

h700kg   3     1 

h1tone 1 1 1     

r275kg       3   

r700kg       2   

r1tone       1   
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