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Energy absorbers convert kinetic energy into other forms, including the energy required for 

plastic deformation.  They are designed to minimize damage during collisions and enhance 

passenger safety. Thin-walled structures—commonly used as energy absorbers—are 

manufactured in various shapes, such as cylindrical, square, and conical.  In this study, three 

geometrical parameters including the diameter, thickness, and conical apex angle, along with 

the internal pressure of the absorber prior to deformation, were considered as design 

variables. The objective was to maximize total energy absorption, which includes both the 

energy used for plastic deformation and the work done by gas compression inside the 

absorber. To predict absorber behavior, a full factorial design of experiments (DoE) approach 

was used. The finite element method was employed to calculate the energy due to plastic 

deformation and the energy exchange under adiabatic conditions. Additionally, the energy 

due to gas compression inside the absorber was calculated. Subsequently, the optimal design 

was identified using the vibrating particle system (VPS) optimization algorithm. The results 

of the optimal design indicate a 16% increase in energy absorption capability for the conical 

absorber with internal pressure compared to a similar absorber without internal pressure. 
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1. Introduction 

With the advancement of the transportation systems and 

the increased likelihood of vehicles colliding with each 

other or various obstacles, ensuring structural integrity 

to protect passengers and equipment has become more 

critical than ever. One solution employed by designers 

and engineers is the use of energy absorbers, which 
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mitigate a significant portion of the force exerted on a 

vehicle during an accident. Given the importance of 

structural weight—particularly in aerospace and air 

vehicle applications and aerospace structures—

minimizing the weight of energy absorbers is a key 

design consideration. Thin-walled structures are among 
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the most widely used due to their light weight, low cost, 

high strength, and excellent energy absorption 

capabilities, making them valuable tools for engineers 

designing robust structures [1, 2]. In recent years, a 

variety of energy absorber designs have been proposed, 

including column structures [3, 4], sandwich structures 

[5, 6], plates [7], and honeycomb configurations [8]. 

These structures undergo deformation under impact 

loads, dissipating the input energy in the process. 

Analyzing the collapse behavior of thin-walled 

structures is essential for accurately assessing their 

energy absorption capacity and the variation of forces 

during deformation. Despite significant progress in this 

area, there remain aspects that require further 

investigation. This study contributes to that ongoing 

effort. Azarakhsh et al. [9] investigated the effect of 

different geometrical parameters on the axial collapse 

behavior of conical tubes by introducing a flat cap, 

altering the cross-section, adding vertical and 

circumferential grooves, as well as internal cavity. They 

found that conical tubes with caps absorbed more energy 

than those without; however, their specific energy 

absorption was lower. Jafarian and Rezvani [10] studied 

the collapse behavior of multi-part thin-walled cones 

with and without caps. Their findings suggest that this 

structure can be effectively employed as a high-

performance energy absorber. Suzangarzadeh et al. [11] 

focused on the optimal design of a multi-section conical 

aluminum bumper composed of thin-walled segments.  

In their study, the shock absorber comprised several 

conical sections with varying thicknesses. Finite element 

modeling was employed to achieve the optimal design 

with wall thickness, segment length, and cone apex 

angles, as design variables. Azarakhsh and Qamarian 

[12] conducted both experimental and numerical 

investigations on the energy absorption and deformation 

of single-walled conical thin-walled tubes subjected to 

axial and oblique loading. Their study examined the 

influence of parameters such as apex angle, loading 

angle, and the inclusion of internal foam on energy 

absorption performance. Nadaf Eskouei et al. [13] 

analyzed the collapse of thin-walled conical shells under 

axial dynamic loading through both experimental testing 

and numerical simulations. A drop impact device was 

used for the experiments, while finite element analysis 

supported the numerical part. All tested samples 

exhibited a diamond-mode collapse with a quadrangular 

folding pattern. The results indicated that wall thickness 

has the most significant influence on the shock 

absorber’s collapse behavior. 

In another study, Nadaf Eskouei et al. [14] 

numerically and experimentally investigated the 

collapse behavior of thin-walled tubular energy 

absorbers with a diamond-shaped pattern under axial 

loading. The studies focused on pipes with one cap and 

two caps. They observed that the presence of caps 

reinforced the pipe edges, resulting in greater energy 

absorption with reduced sag. In addition, they found that 

the most of the applied kinetic energy was extended the 

collapse length of the tube. Shariati et al. [15] have 

explored the buckling behavior and energy absorption 

capacity of various shell structures, including conical 

shells, under axial loading through experimental and 

numerical methods. Their study examined the effects of 

shock absorber geometry, thickness, height, and the 

presence and spacing of grooves on buckling load and 

energy absorption. 

Singace and Sobky [16] introduced small wrinkles 

on the surface of the cylindrical tubes, producing 

symmetrical collapse in thicker-walled specimens. The 

effectiveness of this method in enhancing energy 

absorption was confirmed through experimental results. 

Song et al. [17] investigated square cross-section 

absorbers aimed at weight reduction and proposed a 

design to improve energy absorption while minimizing 

the initial peak force. Alghamdi [18] classified and 

analyzed the deformation behavior of thin-walled 

incomplete conical structures with flat, folded and 

inward-curved external surfaces using Abaqus software. 

Tarigopula [19] conducted experimental tests under both 

static and dynamic loading conditions on thin-walled 

cylindrical tubes and concluded that stabilizing the upper 

and lower edges improves energy absorption. 

Graciano et al. [20] employed quasi-static testing to 

assess energy absorbers, determining that both the 

number and shape of holes in the tube walls significantly 
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influence the collapse behavior and energy absorption 

capacity. Alavinia and Liaghat [21] examined thin-

walled absorbers with square, circular, rectangular, and 

hexagonal cross-sections through both experimental and 

numerical analyses. Their results indicated that circular 

cross-sections exhibit the highest energy absorption 

performance. Yob et al. [22] studied thin-walled 

aluminum tubes with circular and square cross-sections 

under quasi-static loading, comparing their findings with 

existing literature. They concluded that circular cross-

sections perform approximately 57% better than square 

ones and can absorb almost twice as much energy. 

Sheriff et al. [23] optimized thin-walled conical 

shells to achieve optimal energy absorption. Geometric 

parameters such as base diameter, height, and apex angle 

were considered as design variables. Numerical analysis 

and experimental impact tests were designed using 

(DOE). Finally, the effect of different design parameters 

on energy absorption was analyzed and discussed. 

Finally, it was found that the thickness and apex angle 

have the greatest effect on the energy absorption rate. 

Pirmohammad and Esmaeili [24] analyzed multi-parts 

geometries and employed neural networks and genetic 

algorithms to determine the maximum size. Their 

findings show that a conical structure with a circular 

cross-section offers superior performance. Abramowicz 

and Jones [25] examined new failure theories in 

cylindrical polygonal thin-walled energy absorbers to 

estimate the average impact force in square sections 

subjected to vertical force. Alexander et al. [26] studied 

the collapse behavior of thin-walled cylindrical tubes for 

the structural design of nuclear fuel tanks. Chirwa [27] 

conducted both experimental and theoretical 

investigations into the collapse of aluminum alloy 6063 

thin-walled tubes with varying wall thicknesses. 

Yamazaki and Han [28] simulated the collapse of energy 

absorbers in symmetric, asymmetric, and Eulerian 

modes using the finite element method. Their 

simulations showed strong agreement with experimental 

results. They then applied the response surface method 

(RSM) to determine optimal pipe for achieving 

symmetric collapse. Rahi [29] examined energy 

absorption and the collapse behavior in circular-square 

double-walled tubes under axial loading through both 

numerical and experimental methods. The study also 

explored the effect of various parameters such as a multi-

cell reinforcement and flat caps on energy absorption 

performance. Elmarakbi et al. [30] investigated the 

collapse behavior of s-shaped aluminum and steel with 

different cross-sections. Their results indicated that 

hexagonal and octagonal geometries exhibited the best 

energy absorption characteristics. Mokhtarnezhad et al. 

[31] studied the effect of groove depth and length in 

grooved pipes. Their simulation revealed that groove 

length is a critical parameter for achieving controlled 

collapse in energy absorber design. Wang et al. [32] 

proposed an innovative design approach that combines 

the targeted force-displacement (TFD) method with the 

tailor rolled blank (TRB) process to optimize thin-walled 

energy-absorbing structures. This methodology, which 

utilizes topometry optimization, shows great promise for 

aerospace and automotive applications requiring 

enhanced energy absorption. 

Azarakhsh et al. [33] examined the quasi-static free 

inversion characteristics of a thin-walled conical tube 

absorber. This absorber consists of a multi-part conical 

structure with a spherical end cap, featuring adjustable 

lengths and diameters designed to optimize energy 

absorption.  

Based on the review of previous studies, the behavior 

of conical thin-walled energy absorbers under internal 

pressure has not been thoroughly investigated. 

Introducing internal pressure has the potential not only 

to reduce the initial shock upon impact but also to 

enhance the average force during plastic deformation 

and, ultimately the overall energy absorption capacity of 

the absorber. The present study aims to determine the 

optimal geometric characteristics and initial internal 

pressure for a conical absorber capable of maximizing 

energy absorption. To predict absorbers performance, 

several designs with varying geometric parameters and 

internal pressure values were first modeled and analyzed 

using the finite element method. Subsequently, the 

design of experiments (DoE) approach was employed. 

Finally, the optimal configuration was identified using 

the vibrating particle system (VPS) algorithm. 



32                                                                                                           A. Mohammadi, M. Sheikhi Azqandi & S. Rahnama 

 

April 2025                                                                              IJMF, Iranian Journal of Materials Forming, Volume 12, Number 2 

2. Definition of the Problem 

Metals absorb impact energy through plastic 

deformation. The amount of energy absorbed depends on 

factors such as folding pattern, the geometric shape of 

the absorber, the material properties, and other 

influencing parameters. In this research, the finite 

element method was employed to analyze the problem. 

Figs. 1(a) and 1(b) illustrate the basic geometrical 

characteristics of the conical absorber and the meshing 

approach, as well as placement of the top and bottom 

caps, respectively. 

The deformation of the end caps is significantly less 

than that of the side walls. Therefore, in this study, the 

upper and lower caps of the closed conical absorber are 

modeled as rigid plates. The absorber wall is constructed 

from extruded aluminum alloy Al 6063-T6. The true 

stress–strain relationship for this material in the plastic 

region is provided in Table 1. It is noteworthy that the 

ultimate strength of the absorber material is 390 MPa 

[34].  
 

Table 1. True stress-plastic strain data for the aluminum alloy 
(Al 6063-T6) used in the absorber sidewall [12] 

𝝈𝑻𝒓𝒖𝒆 
(MPa) 

83.3 90.6 94.0 98.2 102.4 104.1 

𝜺𝑷𝑰 0.000 0.051 0.074 0.103 0.143 0.154 
 

 
Fig. 1. (a) Geometric characteristics of the conical energy 

absorber [12], and (b) meshing strategy and placement of the 
top and bottom caps. 

 

3. Vibrating Particle System Algorithm 

Over the past decade, numerous high-performance 

metaheuristic optimization methods have been 

developed to address complex engineering problems. 

These include the Imperialist Competitive Algorithm 

(ICA) [35], Time Evolutionary Optimization (TEO) [36, 

37], and several hybrid metaheuristic techniques such as 

IDEACO [38], ICACO [39, 40], and GMCBO [41]. 

Achieving an optimal design for energy absorbers 

can significantly enhance their energy absorption 

capacity. To this end, a powerful computational 

approach is required. In the present study a robust meta-

heuristic optimization method inspired by physical 

principals—known as the vibrating particle system 

algorithm—was employed. This method was first 

introduced by Kaveh and Ilchi-Gazan [42]. VPS method 

is a novel population-based meta-heuristic algorithm 

modeled on the free vibration of a single-degree-of-

freedom system equipped with a viscous damper [43, 

44]. In this approach, each solution is treated as a particle 

striving to reach its equilibrium position. During the 

optimization process, the algorithm uses physical laws 

conjunction with stochastic elements to iteratively 

improve the quality of candidate solutions. The 

pseudocode of the VPS algorithm is shown in Fig. 2 [44], 

and a detailed procedural explanation can be found in 

[45]. To ensure a suitable balance between exploration 

and exploitation, equilibrium states are derived from 

both the current population and historically optimal 

solutions [46]. Three key parameters are defined in the 

VPS method: HB (Historically Best), representing the 

best position of the entire population; GB (Good 

Particle), denoting a good particle; and BP (Bad 

Particle), indicating a bad particle. For each particle, 

these parameters are determined as follows: HB is 

identified as the best candidate up to the current iteration, 

while GB and BP are randomly chosen from the set of 

partially optimal and suboptimal solutions, respectively, 

during each iteration. A parameter P, ranging from 0 to 

1, is introduced to control the convergence rate of 

algorithm [47]. 
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4. Modeling and Problem Analysis 

To predict the behavior and energy absorption capacity 

of the conical absorber under various geometric and 

mechanical conditions, the design of experiment method 

was employed. For the effective application of the DoE 

approach, it is essential to identify the influencing 

parameters and define the variation range for each design 

variable. In the case of the conical energy absorber, the 

most influential factors are the base diameter, wall 

thickness, and apex angle. The length of the absorber is 

determined based on installation space constraints and to 

prevent the occurrence of Euler buckling collapse mode. 

In this study, the absorber length is fixed at 55 mm for 

all configurations. Additionally, the introduction of 

internal pressure within the absorber was investigated as 

a significant variable. The primary output response is the 

total energy absorption of the absorber. A fully factorial 

design method was used for the DoE analysis. Table 2 

presents the design variables, the corresponding levels, 

and the method of variation. 

 

4.1. Finite element analysis  

The finite element method (FEM) was used to calculate 

the energy absorbed through plastic deformation. In this 

analysis, the upper cap of the absorber is modeled as a  

 

 
Fig. 2. The pseudo of VPS optimization method [44]. 

 
Table 2. Design variables and their corresponding levels used 

for simulating various absorber configurations 

Pressure 
Apex 
angle 

Thickness Diameter 
Design 

variables 
P (bar) 

θ 
(deg) 

t (mm) D (mm) 

1 
5 
7 

3 
5 
7 

0.5 
1.0 
1.5 
2.0 

60 
80 

100 
Levels 

rigid, movable, while the other cap is fixed during 

collapse, constrained with zero degree of freedom. Axial 

loading is applied centrally to the top cap aligned with 

the absorber’s longitudinal axis. The contact interfaces 

between the upper and lower surface of the conical 

absorber and the corresponding caps are defined to 

prevent any slippage. In practice, the majority of the 

applied energy is absorbed by the wall, with additional 

work done by the gas inside the absorber. Therefore, 

friction effects were not considered in the model, and the 

applied force remains strictly axial. Due to the use of 

different materials for the caps and the absorber body, 

the plastic deformation in the caps is negligible 

compared to that in the sidewall. For meshing, C3D8R 

elements were used for the absorbent wall, while R3D3 

triangular elements were applied to mesh the rigid cap 

plates, which are still required to deform for simulation 

purposes due to their motion. The impact velocity is set 

at 20 m/s, resulting in a crushing time of 0.005 seconds 

for a 10 cm deformation of the bumper. To ensure mesh 

independence and the accuracy of results, a mesh 

sensitivity analysis was conducted for all sample 

configurations. Fig. 3 illustrates the percentage variation 

in absorbed energy between successive mesh 

refinements for a sample absorber with a base diameter 

of 100 mm, wall thickness of 2 mm, cone angle of 5°, 

and internal pressure of 7 bar. In this case, a mesh size 

of 1 mm yielded an energy deviation of less than 1% 

compared to the finer 0.5 mm mesh, confirming mesh 

convergence. 

In this study, a large number of conical absorber 

configurations—each with different values for the 

design variables—were analyzed to predict absorber 

behavior during collapse, evaluate the energy absorption 

capacity, and ultimately identify the optimal design. As 

a representative case, Fig. 4 shows the deformed shape 

and the distribution of von Mises equivalent stress at 

different points of a conical absorber with the specified 

geometric characteristics. 

Fig. 5 presents the force-displacement diagram for a 

crumple length of 35 mm. In this case, the application of 

internal pressure results in a reduction of the crushing 

force at the initial stage of folding.  
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Fig. 3. Percentage of repeated relative error (PRRD) in 

absorbed energy as a function of mesh size. 
 

Fig. 4. Deformed shape and distribution of equivalent von 
Mises stress for a conical absorbent sample with specified 

geometric parameters. 

 

 
Fig. 5. Force-displacement diagram for a conical absorber 
with a diameter of 100 mm, wall thickness of 2 mm, cone 

angle of 5°, and internal pressure of 7 bar. 

 

Fig. 6 illustrates the energy absorbed by the conical 

absorber over time as a result of the applied force. In this 

diagram, the horizontal axis represents time, while the 

vertical axis indicated the amount of energy absorbed. 

To simplify the problem, it is assumed that the internal 

pressure remains constant during the deformation of the 

absorber. Therefore, the energy associated with air 

compression is calculated separately, as detailed in a 

subsequent section of this study.  

To validate the proposed method, the absorber 

analyzed in reference [12], with the geometric and 

mechanical properties specified in Fig. 1 and Table 1, 

was reevaluated. Fig. 7 presents the force-displacement 

diagram from both the current research and reference 

[12]. In this figure, the curves labeled Ref (EX) and Ref 

(FEM) correspond to the experimental and numerical 

results reported by Azarakhsh and Qamarian [12], 

respectively, both of which were obtained under zero 

internal pressure conditions. The force–displacement 

curve derived from the present study is shown in black. 

Table 3 presents a comparison of the absorbed 

energy values corresponding to the different methods 

illustrated in Fig. 7. The percentage of relative error 

(PRE) in absorbed energy, calculated using Eq. (1), is 

1.8 % and 3.6 % for the finite element and experimental 

methods reported in [12], respectively. These results 

indicate a high level of agreement and confirm that the 

simulation approach adopted in the present study 

 

     
Fig. 6. Energy absorbed by the conical absorber during 

deformation as a function of time. 
 

  
Fig. 7. Comparison of force-displacement curves for the 
energy absorber between the present study and reference. 

 
Table 3. Percentage of relative error in calculation of 

absorbed energy 

 
Present 
study 

FEM [12] 
Experimental 

data [12] 
Energy (J) 598 609 620 

PRE - 1.8 3.6 



Designing of Conical Energy Absorber with Internal Pressure by Enhanced Vibrating … 35 
 

IJMF, Iranian Journal of Materials Forming, Volume 12, Number 2                          April 2025 

accurately predicts both the collapse behavior and the 

amount of absorbed energy. To further ensure the 

reliability of the analysis, an additional simulation was 

performed for a conical energy absorber with a zero apex 

angle (i.e., cylindrical absorber) under internal pressure. 

The results were then compared with those reported in 

reference [12].  
 

𝑃𝑅𝐸 = ቆ
ห𝐸ௗ − 𝐸ாห

𝐸ா
ቇ × 100 (1) 

 

Where 𝐸ௗ  and 𝐸ா  represent the absorbed energy 

values obtained in the present study and in reference 

[12], respectively.  

In Fig. 8, the deformation of the absorber is 

compared between the FEM results and the experimental 

data from reference [12]. The geometric and mechanical 

specifications are as follows: an aluminum tube (alloy 

6063) with an outer diameter of 60 mm, a wall thickness 

of 1 mm, and a length of 150 mm. The top and bottom 

cap plates are made of steel. The energy absorption 

measured experimentally for this adsorber is 333.54 J, 

while the finite element analysis conducted in this study 

yielded an absorbed energy of approximately 333.08 J, 

corresponding to an error of less than 1%.  

 

4.2. Calculation of the energy due to internal air 

condensation in the absorber 

In this study, the energy absorption within the absorber 

resulting from air compression was calculated using the 

relations governing an adiabatic process. Eq. (2) 

computes the work (𝑊) done during the adiabatic 

process, as the pressure changes from 𝑝ଵ to 𝑝ଶ and the 

volume changes from 𝑣ଵ to 𝑣ଶ.  

Eq. (3) presents the method to calculate the volume 

of the truncated cone, based on the inner radius 𝑟ଵ, outer 

radius 𝑟ଶ, and length h. It is assumed that after impact 

and deformation, the absorber adopts a final shape 

approximated by a truncated cone with a modified 

geometric profile. Consequently, the smaller diameter 

and the length of the absorber are changed. Due to the 

absorber’s airtight closure, the internal pressure varies 

during deformation. Eq. (4) expresses the relationship 

between the initial pressure (𝑝ଵ) and the pressure after 

deformation (𝑝ଶ) corresponding to the change in internal 

volume from 𝑣ଵ to 𝑣ଶ. 
 

𝑊 = ቆ
1

1 − 𝛾
(𝑝ଶ𝑣ଶ − 𝑝ଵ𝑣ଵ)ቇ (2) 

  

𝑣ଵ =
1

3
𝜋ℎ(𝑟ଵ

ଶ + 𝑟ଵ𝑟ଶ + 𝑟ଶ
ଶ) (3) 

  

𝑝ଶ = 𝑝ଵ ൬
𝑣ଵ

𝑣ଶ
൰

ఊ

 (4) 

 

It is assumed that after deformation, the absorber 

takes the form of an incomplete cone. Therefore, to 

calculate the parameter 𝑣ଶ, Eq. (3) is applied again using 

updated values for 𝑟ଵ and 𝑟ଶ. As explained in the 

previous section, the work obtained from Eq. (2) 

corresponds to the energy required to change the gas 

volume from 𝑣ଵ  to 𝑣ଶ. Thus, the energy absorbed due to 

internal air compression within the absorber can be 

estimated. In this analysis, the interior of the absorber is 

filled with air. The specific heat ratio γ for air is taken as 

1.4, where 𝑝ଵ represents the initial pressure and 𝑣ଵ 

denotes the initial volume of the absorber. 

It is further assumed that the folding of the absorber 

is symmetric during deformation, occurring both inward 

and outward. In practice, the actual internal volume after 

deformation is smaller than the estimated volume 

derived using the truncated cone approximation. 

 

    
Fig. 8. Comparison of deformation patterns of the conical 
absorber with a zero-degree apex angle: (a) finite element 

method, and (b) experimental method. 



36                                                                                                           A. Mohammadi, M. Sheikhi Azqandi & S. Rahnama 

 

April 2025                                                                              IJMF, Iranian Journal of Materials Forming, Volume 12, Number 2 

As a result, the energy calculated based on this 

simplified model underestimates the true energy 

absorbed due to air compression. Consequently, the 

actual work done on the gas and thus the total energy 

absorption capacity of the desired absorber is greater. 

This simplification is employed to reduce the complexity 

associated with accurately calculating the deformed 

internal volume of the absorber.  

 

5. Results and Discussion 

5.1. Effect of design variables on energy absorption 

This section evaluates the effect of design parameters on 

the energy absorption due to plastic deformation 

(denoted as E1) and the total absorbed energy 

considering both plastic deformation and the internal 

volume change due to pressurization (denoted as E1 + 

E2). Fig. 9 shows a Pareto chart showing the relative 

significance of various design variables on E1. The most 

influential parameters on energy absorption from plastic 

deformation include thickness, diameter, apex angle, and 

internal air pressure, respectively. 

The reciprocal parameter of diameter-thickness also 

had a significant effect on the amount of energy 

absorption. The values of the thickness-apex angle, 

pressure, diameter-apex angle, and apex angle-pressure 

are omitted due to negligence and an effect of less than 

2%. 

Based on the Pareto diagram presented in Fig. 10, the 

effect of different design variables on absorbent energy 

absorption (E1 + E2) is respectively in the form of 

thickness, diameter, internal pressure, the interaction of 

thickness-diameter, apex angle, and interaction effect the 

pressure-diameter. The other parameters presented in 

this figure have no significant effect on the absorption of 

the total absorbent energy. 

It is important to mention that although the 

application of internal pressure in the absorber in the 

state (E1) had the least effect among the main effects on 

the absorber, due to the amount of energy caused by air 

compression, internal pressure has a great effect on the 

absorption of absorbent energy (as can be seen in Fig. 

10). Furthermore, the reciprocal double parameter of 

diameter on pressure is also effective in the amount of 

energy absorption. 

The graphs illustrating the main and interaction 

effects on E1 (energy absorption due to plastic 

deformation) are presented in Figs. 11 and 12, 

respectively. Similarly, Figs. 13 and 14 depict the main 

and interaction effects on E1 + E2 (total energy 

absorption including plastic deformation and internal 

volume change). Based on the slope of these graphs, 

thickness and diameter are identified as the most 

influential parameters, respectively. A larger diameter 

results in a greater internal volume, which increases the 

amount of energy required for air compression during 

deformation. Consequently, absorbers with larger 

diameters exhibit higher overall energy absorption. 

 

5.2. Optimal design variables by VPS 

The variations range of design variables namely 

diameter, thickness, apex angle, and internal pressure of 

the absorber are presented in Table 4. The convergence 

diagram for the optimal solution obtained through the 

proposed vibrating particle system optimization 

algorithm is illustrated in Fig. 15. 

 

    
Fig. 9. Pareto diagram of the effects of design variables on 

energy absorption due to plastic deformation (E1). 
 

    
Fig. 10. Pareto diagram of the effects of design variables on 
total energy absorption, including plastic deformation and 

internal volume change (E1 + E2). 
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Fig. 11. Main effects of design variables on E1. 

 

 
Fig. 12. Interaction effects of design variables on E1. 

 

 

Fig. 13. Main effects of design variables on E1+E2. 

 

 

Fig. 14. Interaction effects of design variables on E1 + E2. 
 

The VPS method successfully identified the optimal 

design configuration—outlined in Table 5—within 

approximately 60 iterations. 

Due to the defined limitations in geometrical 

parameters and internal pressure, the design with a 

diameter of 100 mm, a thickness of 2 mm, an apex angle 

of 3 degrees, and an initial pressure of 7 bar was obtained 

as the optimal configuration. 

In Fig. 16, the stress distribution for the optimal 

design—considering internal pressure and the possibility 

of condensation are presented and compared with an 

absorber design without internal pressure and 

compression effects. Both samples initially had a length 

of 55 mm and collapsed to 35 mm. The presence of 

internal pressure altered the collapse mode from an 

asymmetric (diamond) pattern to a symmetrical state 

(concertina) pattern, thereby enhancing the energy 

absorption capacity of the absorber. 

In Fig. 17(a) and Fig. 17(b), the energy absorbed over 

time is shown during the collapse of the adsorber without 

initial pressure and for the optimized adsorber with 

initial pressure and air compressibility, respectively. The 

energy absorbed due to plastic deformation (E1) in the 

absorber with internal pressure and compressibility air is 

2165 J, whereas for the case without internal pressure 

and compressibility, it is 2178 J. 
 

 
Fig. 15. Convergence curve toward the optimal design using 

the vibrating particle system (VPS) algorithm. 
 

Table 4. Range limit for diameter, thickness, apex angle, and 
internal pressure 

Design variables Lower limit Upper limit 
Diameter (mm) 60 100 
Thickness (mm) 0.5 2.0 
Apex angle (deg) 3.0 7.0 
Internal pressure 

(bar) 
1.0 7.0 

 

Table 5. Characteristics of optimum cone absorbent and 
absorbed energy levels 

Diameter 
(mm) 

Thickness 
(mm) 

Apex 
angle 
(deg) 

Internal 
pressure 

(bar) 

Absorbed 
energy (J) 

100.00 2.00 3.00 7.00 2415.83 
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Fig. 16. Effect of air condensation on absorber collapse: (a) 

without initial pressure and condensation, and (b) with initial 
pressure and compaction. 

 

 
Fig. 17. Energy absorbed: (a) without initial pressure, and (b) 

with initial pressure. 

 

Although the absorbed with internal pressure shows a 

slightly lower value of absorbed energy due to plastic 

deformation, this reduction is because the internal 

pressure contributes to the deformation process, 

effectively assisting the collapse and reducing the 

external force required. The important point is that 

although the energy absorption capacity is slightly 

reduced due to normal crushing, the absorber efficiency 

is higher and it will perform better in complete 

crumpling. In addition, the energy caused by the change 

in the volume of the absorber must also be considered.  

According to the explanations presented in the 

previous sections of this research, the volume of the 

absorbent is equal to the internal volume of the absorber 

at any moment. The amount of energy required to 

compress the air during the volume change in collapse 

(E2) is 360.9 J. Therefore, the sum of these two energies 

is the total energy absorbed by the absorber. In this case, 

the total energy absorbed by the optimized absorber is 

2526 J. It should be noted that for an absorber without 

internal compression and pressure capability, the total 

energy remains 2178 J. Consequently, the optimized 

absorber has been able to absorb about 16% more energy 

than the same model without internal pressure. 

Furthermore, an important factor in the design of the 

absorber is minimizing the initial impact on the 

occupant. The force-displacement diagram in Fig. 18 

shows an initial peak force at the start of impact; 

however, because the absorber in the current research is 

compressed in stages, the average force applied 

increases gradually. As a result, the initial shock is 

largely mitigated. The graph illustrating the increase in 

absorbed energy with increasing initial pressure 

demonstrates how the force required for air compression 

increases and consequently, the average collapse 

changes accordingly. 

 

 
Fig. 18. Force-displacement diagram (showing initial peak). 

 

6. Conclusions 

In this research, the optimal design of the geometric 

characteristics and mechanicals properties of a conical 

energy absorber was investigated. Based on prior studies 

on a thin conical wall energy absorber, it is clear that the 

diameter, wall thickness, and apex angle significantly 

affect energy absorption. For the first time, this research 

examined the effect of air pressure inside the shock 

absorber as an important parameter and confirmed its 

influence. To predict the absorber’s collapse behavior 

and calculate energy absorption, after validating the 

method with experimental and numerical results, 108 

absorber configurations with different geometric and 

mechanical conditions were studied using the design of  
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experiments method. Subsequently, the optimal design 

was determined using the vibrating particle system 

optimization method. The optimal design indicates that 

the innovation presented here not only increases the 

absorber’s efficiency by approximately 16%, but also 

enhances comfort and safety for mechanical systems 

occupants. In summary, the key findings are as follows:  

 Creating pressure inside the absorber leads to 

symmetrical or combined collapse modes. 
 As internal air pressure increases gradually during 

collapse, the crushing force also rises progressively, 

preventing initial shock transmission to occupants. 

 By creating air compression inside the absorber 

during impact, its shock absorption capacity 

increases.  
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