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INTRODUCTION

During the design of a vehicle, aircraft, or ma-
rine vessel, there is a need to develop elements 
responsible for energy absorption, which in turn 
ensures the safety of participants in hazardous 
events. One of the most important safety features 
in a vehicle is an effective system (structure) that 
is capable of absorbing collision energy, thereby 
reducing injuries to those involved in the collision. 
Related safety considerations in structural engi-
neering include fire‑induced thermal exposure of 
steel components and their thermal design, which 
critically affects residual load‑carrying capacity 
and the time available for safe evacuation [1]. Cur-
rently, there is pressure to design lightweight, com-
pact vehicles, which allows for a reduction in fuel 
consumption and emissions. These requirements 
necessitate the use of lightweight, economical, and 

easy-to-manufacture and assemble energy-absorb-
ing structures – energy absorbers.

Such a structural member termed energy ab-
sorber converts entirely or partially a kinetic 
energy into another form of energy. One of the 
possible solutions is the conversion of the ki-
netic energy of impact into the energy of plastic 
deformation of a thin-walled metallic or hybrid 
(metallic-foam filled) structural member There 
are numerous types of energy absorbers of that 
kind that are cited in the literature [2]. Beyond ax-
ial crushing, the dynamic stability of thin‑walled 
shell‑type members under transient loading has 
also been extensively investigated, including for-
mulations with ductile damage evolution based on 
Lemaitre’s model, highlighting how material soft-
ening and damage can shift critical thresholds[3]. 
Thin-walled members used in the design of ener-
gy absorbers have been of interest to researchers 
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since the 1960s. The most popular shapes of en-
ergy absorbing structures (Figure 1) are: cylindri-
cal, rectangular, or polygonal tubes subjected to 
axial and lateral (radial) compression, compressed 
truncated cones (frustums) and rods, compressed 
honeycomb structures, compressed multilayer 
structures, compressed omega (top hat) structures, 
and crushed corrugated or graduated tubes [4, 5].

One of the ways to increase energy absorp-
tion capacity while maintaining the lowest pos-
sible mass of energy absorbers is to fill them with 
a lightweight material that can deform signifi-
cantly under nearly constant crushing load. Such 
materials include, among others, fiber-reinforced 
polyamide, cork, wood, polyurethane foam, nano 
polyurethane foam, and metal foam. Among these, 
both polymer and metal foams are gaining in-
creased interest. The behavior of the foam depends 
on its cellular microstructure, properties, and rela-
tive density of the material, as the mechanism of 
deformation of the foam material at the cellular 
level is regulated by bending and stretching of the 
cell walls, followed by buckling and tearing at the 
stage of achieving plasticity [6]. In general, the 
mechanical strength of the foam material increases 
with the increase in relative density [7].

Additionally, there is interfacial friction be-
tween the filling material and the wall of the tube. 
This causes the crushing force of the foam-filled 
tube to be higher than the sum of the crushing 
forces of the empty tube and the foam when they 
are crushed separately, i.e., a synergy phenom-
enon occurs [8]. Complementary to crashworthi-
ness in axial crushing, recent studies on multicel-
lular thin‑walled tubes under torsion have applied 
variance‑based sensitivity analysis and data‑driv-
en optimization to map how geometry and ma-
terial parameters control stiffness and stress, of-
fering transferable meta‑modeling strategies for 
lightweight design [9].

Structural members termed ‘‘frusta’’ (frustum 
– from Latin: piece, bite) are used as energy ab-
sorbers due to the stable plastic behavior during 
axial crushing process and due to the decrease of 
peak crushing load in comparison with cylindri-
cal columns or parallelepiped-shaped thin-walled 
columns. The possible shapes of such members 
are thin-walled truncated cones or prisms. 

Several authors present a comparison of 
frustums with different cross-sectional shapes 
[10, 11]. Many researchers have analyzed the 
type of cylindrical frustum (truncated cone). The 
results of research on this type of structural mem-
ber and various modifications are the subject of 
a number of works [12–49]. For frustums with 
rectangular or square cross-sections, the litera-
ture is more limited. One of the first works on this 
topic is the work of Reid [50], which compared 
the energy absorption capacity of metal tubes with 
a single inclined wall, two walls, and three walls 
in comparison to a tube without inclination. The 
studies were conducted under both quasi-static 
and dynamic axial loading conditions. Addition-
ally, the issue of oblique impact response was also 
considered. Mamalis [51] defined the mode of de-
formation and axial load characteristics of cylin-
drical and prismatic frustums made of PVC. In the 
work of Mamalis [52] he examined the impact re-
sistance of a square cross-section frustum made of 
glass composite. The same author, in paper [53], 
compared the results of experimental tests with 
those obtained from FEM for four variants of the 
frustum. A significant contribution to the study of 
prismatic frustums was made by Nagel and Tham-
biratnam. They investigated the energy absorption 
capacity of simple and pyramidal tubes subjected 
to axial impact using FEM [54]. The research took 
into account the number of inclined walls, the an-
gle of inclination, the wall thickness, the impact 
velocity, and the duration of the impact itself. It 

Figure 1. Energy absorber design solutions: a) rectangular tube – axial load, b) frustum,
c) round tube – radial load, d) honeycomb structure
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was found that frustums have a higher crushing 
force efficiency than straight tubes, and that im-
pact velocity has less influence on the absorbed 
energy compared to straight tubes. The studies 
were conducted for a rectangular cross-section. In 
the work [55], the authors demonstrated that the 
energy absorption of pyramidal tubes can be con-
trolled by their wall thickness and the apex angle. 
However, the studies were conducted exclusively 
for pyramids with two opposite inclined walls and 
a rectangular cross-section.

Researchers in work [56] expanded their 
studies on frustums with inclined 3 and 4 walls. 
It was assumed that the base in the narrower part 
is fixed. In the case of sloping walls, the cross-
section of the frustum base was increased. Liu 
[57] conducted optimizations of a frustum with a 
square section using the RSM (response surface 
methodology). He chose the following optimiza-
tion parameters: wall thickness, angle of inclina-
tion (apex angle), and, like previous researchers, 
the dimensions of the smaller cross-section. The 
optimization was done for SEA (Specific Energy) 
and the ratio Favg/Fmax. He assumed constant 
impact energy. He concluded that the optimal an-
gle of inclination (apex angle) is equal to 5°, for 
the smallest cross-section area and for the largest 
wall thickness studied. Qi et al [58] considered 
a frustum with a square section during oblique 
impact. They related the results to simple ele-
ments and additionally in a filling version (single-
cell and multi-cell). Additionally, the researchers 
conducted multi-objective optimization (MOD) 
to maximize SEA and minimize PCF strength. 
During the MOD optimization, they created ac-
curate surrogate models, specifically response 
surface models (RS) for SEA and PCF to reduce 
the computational costs of finite element method 
simulations of collisions. Asanjarani [59] con-
ducted similar research. Unlike his predecessor, 
he took into account the indentations in the walls 
of energy absorbers, and the optimization was 
for the case of an axial impact. Gan [60] stud-
ied the behavior of frustums in various configu-
rations, calling it ‘multi-frusta’. They arranged 
four frustums in different ways to create a single 
energy-absorbing structure. This way, they inves-
tigated the mutual cooperation of these systems. 
The research was conducted for the axial load-
ing case. Unlike multi-cell systems, here the en-
ergy absorber consisted of several smaller ones. 
Additionally, a multi-objective optimization was 
performed. Altin [61] examined four different 

types of multi-cell tubes, including frustum. For 
each type, he designed seven different multi-cell 
structures. One example of the use of a frustum 
shape with a square cross-section is shown by 
Hong [62], who employs this shape in an ener-
gy-absorbing construction used in subway cars. 
An interesting study regarding frustums is the re-
search by Hong [62], who investigated one of the 
few triangular cross-section frustums.

As already mentioned, recent research di-
rections on frustums mainly focus on cylindri-
cal frustums. Patel [34] analyzed the resistance 
to crushing of monolithic and co-axial multi-
layered (two-, three-, and four-layered) tubular 
frustum-type structures subjected to quasi-static 
axial loading. The grey relational analysis (GRA) 
method was applied for optimization, the results 
of which showed that multi-layer structures re-
duce the peak force, and the three-layer con-
figuration provides the best impact properties. 
Kathiresan [38] examined the effect of different 
shapes, sizes, and the number of side cutouts in 
various locations on the load-bearing capacity, 
buckling, and energy absorption characteristics 
(Eabs) of aluminum conical frustum profiles under 
quasi-static axial loading conditions. It has been 
shown that circular holes are the most advanta-
geous. The same author in work [39] examined 
the impact of these circular cutouts on axial and 
oblique low-speed impacts. Feli [37] studied the 
effect of radial grooves in conical frustums using 
a new analytical model. He demonstrated that cre-
ating such grooves allows for greater control over 
the crushing process and reduces the peak force. 
Akhavan [40] investigated the behavior during 
the crushing of interlocking steel frustums with 
different arrangements and cross-sections, both 
in experimental and numerical analysis, under 
quasi-static axial loading. Tuzgel [41], inspired 
by biology (buds), studied the impact resistance 
of sandwich two-layer structures, in which cylin-
drical frusta with modified fillings were used for 
infill. He demonstrated that such a structure has 
a higher capacity to absorb energy than its com-
ponents. Chen [42] created composite single-lay-
er, double-layer, and foam-filled conical CFRC 
tubes. He discussed and compared the crushing 
modes with simple tubes, showing that compared 
to simple circular tubes, conical tubes have more 
progressive folding and significantly better crush 
force efficiency (CFE).

The detailed description of the research on 
frustums presented above shows a prevailing 



344

Advances in Science and Technology Research Journal 2025, 19(12), 341–360

analysis of cylindrical frustums. The studies con-
cerning prismatic frustums are less extensive. 
There is a lack of detailed parametric analysis. 
The multi-criteria optimization methods RMS 
involved optimizing indicators of energy absorp-
tion such as specific energy absorption (SEA), 
the ratio of average crushing force to maximum 
crushing force Favg/Fmax, and the first peak value 
of the crushing force. Researchers in their studies 
did not consider dimensional constraints or limi-
tations related to overload resulting from the im-
pact. No information was found describing how 
to manipulate the parameters of the frustum to 
achieve the desired values of energy absorption 
indicators (crashworthiness indicators). As filling 
for energy-absorbing elements, metallic foams 
(aluminum) were most commonly chosen. There 
was no research using polypropylene foam as a 
filling, especially for the prism frustums. There 
is also no confirmation regarding the behavior 
and correlation of the foam with the metal cas-
ing for different geometric parameters, e.g., prism 
frustums. This foam, unlike the foams used by 
the authors of the studies, is a closed-cell foam, 
which has a significant impact on its strength and 
behavior.

Apart from energy absorption during vehicle 
collisions, there is also a need to design struc-
tures capable of dissipating energy from pressure 
waves and explosions, which accompany us in 
various aspects of everyday life – from industrial 
processes to accidental or intentional detonations. 
Mazurkiewicz et al. [63] investigated the influ-
ence of blast loading on the load-carrying capac-
ity of steel I-columns, highlighting the critical 
role of structural detailing under high-intensity 
pressure waves. Małachowski and co-authors 
proposed optimization strategies for protective 
panels in critical supporting elements, demon-
strating how composite solutions can enhance 
energy dissipation and mitigate structural dam-
age [64]. Further research has focused on vehicle 
chassis subjected to blast loading, providing in-
sights into tire strength improvement and overall 
survivability under explosive threats [65]. These 
works emphasize the necessity of considering flu-
id–structure interaction and advanced energy ab-
sorption mechanisms when designing for extreme 
dynamic environments.

Thus, the motivation of the present research 
was to bridge a gap in the field of issues men-
tioned above, solving the problem of the energy 
absorption and optimization of frustum-shaped 

prismatic columns, hollow and filled with poly-
propylene foam. The objectives of the work were: 
parametric study and the development of a simple 
optimization algorithm for a foam-filled thin-
walled profile using FEM calculations. Such an 
algorithm would be useful in the preliminary de-
sign phase of the absorber.

Subject of the study

The subject of the research was a thin-walled 
prismatic truncated pyramid, both empty and foam-
filled, with a square base (Figure 2a), made of two 
steel channel section columns connected using a 
lap joint with a series of spot welds. The details of 
the joining method are shown in Figure 2b.

The studied object is a truncated regular 
quadrilateral pyramid with a base edge length 
of a  =  80 mm (Figure 2), height h, wall thick-
ness t, and apex angle α. The material used in 
the theoretical parametric study was high-quality 
dual-phase steel DP800, with the following basic 
mechanical parameters: Young’s modulus: 210 
GPa, Poisson’s ratio: 0.29, density: 7850 kg/m3, 
and yield strength: 590 MPa [66]. The distance 
between spot welds and the diameter of the weld 
were w = 20 mm and d = 4 mm, respectively. As 
a result, the number of spot welds is equal to 7. 
Metal plates with a thickness of 3 mm and rela-
tively higher strength were welded to the upper 
and lower edges of the truncated section. The 
width of the overlap was 20 mm.

The material used to fill the frustum was EPP90 
foam. It is a closed-cell foam with a density of 90 
kg/m3. The main parameters of the filling material 
(EPP foam) were: Ef = 14.65 MPa, v = 0.03 [67]. 
The density of the foam was chosen as optimal 
from the perspective of energy absorption based 
on the stress-strain curve of EPP foam [68].

A parametric study of the hollow frustum was 
conducted based on three parameters: the height of 
the frustum h, the wall thickness t, and the angle of 
inclination α. The square base of the frustum had a 
constant dimension of a = 80 mm. The range of the 
studied parameters was as follows: h = {160; 200; 
240 mm}, t = {0.8; 1; 1.6 mm}, and the angle of 
inclination α ranged from 0° to 10° with an incre-
ment of 1°. An exception was made for frustums 
with a height of h = 240 mm, where the maximum 
angle was 8°, due to geometric constraints with the 
fixed dimensions of the lower base of the frustum. 
This limitation meant that for larger angles, the 
shape was a regular pyramid. A total of 84 cases of 
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empty frustums were examined, the specifications 
of which are presented in Table 1.

In the parametric study of the frustum filled 
with foam, the range of the studied geometric 
parameters (h, t) remained the same, except for 
the truncated angle α, which varied from 0° to 
10° (8° for h = 240 mm) in increments of 2°. 
In summary, 51 cases of the foam-filled frustum 
were examined, the specifications of which are 
presented in Table 2.

CRASHWORTHINESS PERFORMANCE 
ANALYSIS – CRASHWORTHINESS 
INDICATORS

There are several crashworthiness indicators 
[69–73] used to evaluate the crashworthiness per-
formance and the energy absorption capacity of 
an absorber. A typical force – displacement curve 
for a thin-walled member subjected to axial im-
pact is shown in Figure 3. In the present analysis 
the following indicators were used in the para-
metric study:
	• PCF (peak crushing force) – the value of the 

crushing force achieved for the first peak on 
the force-displacement curve (Figure 3), Fmax

 – 
maximum force in the range [0,d].

	• MCF (mean crushing force) – the average 
crushing force in the range [0,d] – the total 
absorbed energy divided by the distance of 
the crushed structure obtained from the force-
displacement curve
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	• CLE/CFE* (crush load efficiency/crush force 
efficiency) – it is a dimensionless indicator 
and is defined in two ways: 

1) First definition – MCF to PCF ratio 

Figure 2. Thin-walled prismatic frustum: a) – general view, b) – spot weld joint

Table 1. Geometric parameters of hollow frustums
h [mm] t [mm] α Σ

160 0.8, 1, 1.6 0°;1°;2°;3°;4°;5°;6°;7°;8°;9°;10° 30

200 0.8, 1, 1.6 0°;1°;2°;3°;4°;5°;6°;7°;8°;9°;10° 30

240 0.8, 1, 1.6 0°;1°;2°;3°;4°;5°;6°;7°;8° 24

Σ = 84
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2) Second definition – MCF to Fmax ratio
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	• TE (total efficiency) – the overall/total effi-
ciency of the energy absorber. It is the maxi-
mum value of the ratio of energy absorbed to 
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length (height) of the energy absorber
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	• dmax – deformation, for which TE indicator is 
of maximum value. 

	• Dc (deformation capacity, relative deforma-
tion) – the ability to deform, relative deforma-
tion. It is defined as the ratio of the shortening 
to initial length. 
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	• SE (stroke efficiency, effective crush distance) 
– non-dimensional dmax to initial length ratio.
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METHODOLOGY

The flow chart in Figure 4 shows the method-
ology for optimizing the design using numerical 
analysis and artificial neural networks (ANN).

The process begins with a parametric study 
using the finite element method (FEM), the re-
sults of which serve as training data for artifi-
cial neural networks. The trained model is then 
used in the optimization process, leading to the 
identification of the most effective design so-
lution. At the same time, experimental valida-
tion of the simulation results is carried out, as 
well as data analysis and visualization, which 
supports the interpretation of the results. The 
entire methodology is applied to a specific en-
gineering problem, providing an example of 
the practical implementation of the described 
approach.

Table 2. Geometric parameters of foam-filled frustums
h [mm] t [mm] α Σ

160 0.8, 1, 1.6 0°;2°;4°;6°;8°;10° 18

200 0.8, 1, 1.6 0°;2°;4°;6°;8°;10 18

240* 0.8, 1, 1.6 0°;2°;4°;6°;8° 15

Figure 3. Typical force–displacement curve for thin-walled tubular member under axial impact
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Finite element analysis

The FE model has been described in details 
in [74]. FE simulations were conducted using 
commercial ABAQUS® software. Figure 5a and 
5b shows the shell model of the frustum used 
for the simulation. Frustum models were creat-
ed using 4-node shell elements S4R (Figure 5c). 
The end edges of the frustum was attached to 
two rigid plates (R3D4) which were connected 
by tie links. The lower plate was fixed in space 
and on the second one the references point was 
created, where impactor mass and velocity was 
attached as well as shortening was recorded. 
Spot welds were modeled using fastener op-
tion [75]. The filling foam was modeled using 
solid elements C3D8R. Elastic–plastic mate-
rial model with kinematic–isotropic hardening 
based on Cowper-Symond constitutive material 
model, describe by relation (9) was chosen for 
the simulations. Dynamic effects of strain rates 
are taken into account. Equivalent stress and 
equivalentn plastic strain were calculated using 
Huber–Mises yield criterion.

The analysis was conducted in two stages. 
In the first stage, an eigenvalue buckling anal-
ysis was performed to determine the critical 
buckling loads and corresponding mode shapes. 
These buckling modes were then used as initial 
geometric imperfections in the second stage, 
scaled to 10% of the wall thickness. The second 
stage involved a non-linear explicit dynamic 

analysis, from which load–shortening curves 
were obtained.
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and D are empirical coefficients of Cowp-
er-Symonds relation.

Parameters D and q for DP 800 steel were 
taken from literature data [66] and confirmed 
by tensile test results performed by the authors 
[74]. In the analysis the following values were 
assumed: q = 4.79, D = 110105 for steel. The 
corresponding parameters for EPP foam were 
taken from literature [67] and were of following 
values q = 5, D = 3025 for foam. 

Experimental validation of FEM simulations 

In order to validate the FE model and simu-
lations results the experimental tests were car-
ried out using a drop hammer of the Instron 
CEAST 9350 HES (high–energy system) 
Drop Tower, whose overall view is shown in 
Figure 6a. An example of a frustum mounted 
in the device is shown in Figure 6b. The de-
tailed description of experimental tests, their 
results and comparative analysis of FE versus 

Figure 4. Methodology for design optimisation using numerical analysis and artificial neural networks.
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experiment are presented by the authors in 
[76]. Exemplary load-shortening diagrams are 
shown in Figure 7. 

Application of artificial neural networks 
(ANN) in the optimization procedure

In this paper, artificial neural networks 
were created using STATISTICA® software. 
The dataset obtained through numerical FE 
simulations served as the input data for training 

the ANN. The input variables were the height 
of the absorber h, the wall thickness t, and the 
angle of inclination α. The output variables 
were the values of the indicators PCF, Fmax, 
EA, TE. In the learning process, the default 
learning parameters of the network were used. 
The purpose of this approach was to check 
whether satisfactory results could be obtained 
by leaving the default values, or if there is a 
need for a more detailed user awareness. The 
sampling method was random, i.e., cases were 

Figure 5. Finite element model: (a) shell model frustum, (b) place joining, (c) discrete model
(d) fasteners model

Figure 6. Experimental stand for impact test: (a) drop tower impact system, (b) frustum at test place,
(c) high speed camera mounted on stand during experiment.
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drawn from the set of all input data cases for 
the training set, test set, and validation set. The 
sets contained the following percentages of in-
put data: training – 70%, test – 15%, validation 
– 15%. An MLP perceptron was used, with the 
number of neurons in the hidden layer limited 
to a range of 3 to 150 neurons. A network of 
100,000 was trained. From which 60 best ones 
in terms of learning quality were retained. The 
activation functions in the hidden and input 
neurons included: linear, logistic, hyperbolic 
tangent, and exponential functions. The error 
function used to assess the quality of the net-
work was the sum of least squares. Tables 5 
and 6 (Appendix) show the 20 best networks 
in terms of learning quality out of the retained 
60. In the case of training the network for the 
empty frustum scenario, the learning quality 
was above 0.99, the testing quality above 0.97, 
and the validation above 0.98. On the other 
hand, the Neural Networks created for the data 
of the foam filled frustum achieved slightly 
poorer metrics: learning quality was practical-
ly at 0.97, testing quality ranged from 0.94 to 
0.98, and validation quality ranged from 0.97 
to 0.98. The lower quality metrics of the net-
works could have been influenced by a smaller 
number of training data caused by the long 
computation time. Despite the lower values of 
learning quality, they remain at a high level.

Thanks to the created ANNs, predictions 
for new, previously unstudied data were per-
formed. For unfilled frustums, a MLP3-94-4 
network was used, while for frustums filled 
with foam, a MLP3-102-4 network was uti-
lized. Networks with the best performance in 
terms of learning quality were used.

MULTI-OBJECTIVE OPTIMIZATION 

Optimization results

Figure 8, graphs for the energy absorption in-
dicator EA are presented. Special attention should 
be paid to Figure 8b). It shows the dependence of 
EA on the parameters h and α. It is noticeable that 
for height values around h = 160 mm and α equal 
to 5°, the surfaces exhibit monotonicity changes. 
This change varies with the increase in height of 
the indicator EA and disappears with the increase 
in height. The indicator EA reaches a maximum at 
a wall thickness of t = 1 mm for the parameter val-
ues h and α from the previously defined set. In Fig-
ure 9, the obtained surface plots for the PCF and 
EA indicators for empty and filled frustums are 
presented. A comparison of the graphs in Figure 
9a) and b) (without filling and with foam filling) 
shows that the previously described dependencies 
are weaker. The shape of the surface is also differ-
ent. The observed energy values are greater for the 
frustum filled with foam. The same applies to the 
PCF indicator values (Figure 9c and 9d). 

The most visible changes in the shape of 
the surface representing the values of the ab-
sorbed energy indicator EA are shown in the 
graphs placed in Figure 10a and 10b, while 10c 
and 10d compare the overall efficiency TE. 
Analyzing the graph in Figure 10c, the values 
of the TE indicator for a wall thickness of 0.8 
mm can be observed to reach a maximum at 
about 200 mm height for low values of the in-
clination angle α, while for higher values of the 
inclination angle α and for small height values 
h, it remains practically constant and increas-
es with height. In the case of filling (Figure 
10d), the value of this indicator remains at a 

Figure 7. The exemplary comparative load-shortening diagrams (experiment vs. FEM): a) hollow frustum, 
inclination angle 𝛼 = 5, b) foam filled parallelepiped, inclination angle 𝛼 = 0.
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Figure 8. Surface plots representing the change in the EA indicator depending on the height h and the angle of 
inclination for an empty frustum for wall thicknesses: a) t = 0.6 mm, b) t = 1 mm, c) t = 1.4 mm d) t = 1.6 mm

Figure 9. Comparison of surface graphs representing changes in PCF and EA indices for empty
and foam-filled frustums; EA for t = 1 mm – a) without filling vs b) filled with foam; PCF for h = 220 mm – 

c) without filling vs d) filled with foam.
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Figure 10. Comparison of surface graphs representing changes in EA and TE indices for empty and foam-filled 
frustums; EA for t = 0.8 mm – a) without filling vs b) filled with foam; TE for t = 1 mm – c) without filling vs 

d) filled with foam

constant level. Analyzing the grid lines, it was 
determined that the optimal inclination angle α 
is around 5° and increases slightly for higher 
frustum height values.

CASE STUDY – OPTIMIZATION OF THE 
VEHICLE FRONT FRAME LAYOUT

As a case study the vehicle (bus) front frame 
layout was chosen. It was assumed, that an im-
pact energy amounts 55 kJ, which roughly cor-
responds to the impact of a rigidly constructed 
car with a mass of 1500 kg and a speed of 30 
km/h. These data correspond to the require-
ments of Regulation No. 29 of the UN ECE. 
Figure 11a) shows the front wall frame (known 
as the outline), which is an integral part of the 
vehicle’s skeleton and is located at its front. In-
side the frame, there is a beam, in the subject 
literature referred to as firewall. Parallel to this 
beam, there is a curved beam. This beam defines 
the outline of the front of the vehicle, which is 
struck by the impactor. 

FE model of the virtual test stand

Optimization calculations were also carried 
out using ABAQUS® [167] software. Shell ele-
ments (S4R) were used for the discretization of 
the front wall frame elements and the frustum. The 
wall thickness of the front frame profiles was set to 
3 mm. For the filling foam, solid elements C3D8R 
were used as in the parametric study. The geometry 
of the FE virtual model is shown in Figure 12.

The impactor was modeled according to the 
requirements of Regulation No. 29 of the UN 
ECE, as a rectangular prism connected with two 
beams. It was given the characteristic of a rigid 
body (Rigid Body) with a reference point RP-2 
corresponding to the center of gravity of the rect-
angular prism part of the impactor. This point was 
assigned an initial velocity of 5.8 m/s, which, 
along with the mass of the impactor of 3238 kg, 
allowed for an impact energy of 54.463 kJ. At this 
point, between the ends of the impactor beams, 
a reference point RP-3 was created, which, us-
ing a multi-point constraint (MPC), was coupled 
with the surfaces of the beam ends. The swing 
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of the pendulum (impactor) has been restricted 
by removing the appropriate degrees of freedom 
at the connected point RP-3. The results of FE 
simulations for the virtual stand without energy 
absorbing members are shown in Figure 13. The 
required impact energy was absorbed over a dis-
tance of 317 mm, measured for the point corre-
sponding to the center of gravity of the impactor 
(Figure 13c).

Optimization of the energy absorbing 
members 

In order to improve energy absorption, two 
energy-absorbing elements of the frustum type 
were placed between two parallel horizontal 
beams (Figure 11b). Another assumption is that 
each of them should be capable of absorbing en-
ergy of about 20 kJ. The height of the frustum 
is determined by the distance between the beams 
and is equal to h = 250 mm. The wall thickness t 
ranges from 0.8 to 2 mm. A significant limitation 
is the angle of inclination of the walls, which, for 
structural reasons, cannot be too large. The last 
significant limitation is the value of the PCF. It 
has been limited to the range of 80 kN to 300 kN. 
The minimum value from the range was imposed 
by the smallest value from the training data. The 
maximum value was determined according to 
biomechanical criteria. 

STATISTICA® software was used for optimi-
zation of the hollow frusta. From the previous-
ly trained neural networks, 5 networks with the 
highest quality values were selected. The Simplex 
algorithm was used. As a result of the optimiza-
tion, tables with predicted values of geometric 
parameters as well as the predicted value of the 
PCF strength were obtained (Table 3). For each of 
the networks, the optimal solution was found for 

a wall thickness of about 1.46 mm. The first two 
networks defined the optimal angle in the vicinity 
of 3.75°. Meanwhile, the other three determined it 
at about 2.9° (Figure 14c). Similar convergences 
apply to the predicted value of the PCF. Accord-
ing to the majority principle, in the next stage, the 
forecasts from the three networks, that constitut-
ed the majority, were used. 

For practical reasons, the obtained values 
were rounded to full dimensions. Based on the 
obtained data, the model was tested for estab-
lished values of geometric parameters: t = 1.5 
mm, h = 250 mm, α = 3°. Images from the sub-
sequent stages of the simulation are presented in 
Figure 16. It was possible to absorb energy over 

Figure 11. a) Front wall frame of the vehicle: 1 – outline; 2 – firewall; 3 – front outline curved beam; 4 – impactor, 
b) model of the front wall of the vehicle with the frustum geometry determined during optimization

Figure 12. Geometry of the virtual test stand 
according to the Regulation No. 29 of the UN ECE
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a shorter distance (230 mm), as schematically 
shown in Figure 15.

An analogous method was used to optimize 
the frustums filled with EPP90 foam. The results 

obtained are presented in Table 4. The first four 
networks predicted an inclination angle α of ap-
proximately 4.3°, while the last fifth network 
predicted this angle to be close to 5°. The wall 

Figure 13. Results of the FE analysis of the impact on the front wall of the vehicle according to regulation
No. 29 of the UN ECE. a) Initial state; b) Deformation of the front beam

c) kinetic energy in terms of the impactor displacement

Table 3. Results of predicted parameter values by the ANN for the hollow frustum. The values used to develop the 
model are marked in red

SANNModel PCF
Independent

α
Independent

h
Independent

t
Independent

EA
Predicted

SANNModel 249514,1 3.745313 250 1.463747 20000,00

SANNModel 254172,5 3.877522 250 1.451744 20000,00

SANNModel 287142,0 2.900908 250 1.480735 20000,00

SANNModel 290117,2 2.982565 250 1.465594 20000,00

SANNModel 290887,6 2.958469 250 1.465108 20000,00

Figure 14. a) Target value of absorbed energy EA = 20 kJ; b) constraints on parameter values,
c) optimization results
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Figure 15. Kinetic energy in terms of the impactor displacement for the virtual stand without energy absorbing 
members and for the hollow frustum application

Figure 16. Subsequent deformation modes of the front wall frame of the vehicle, with energy
absorbing members frustum type (hollow, FE simulation)

Table 4. Results of the predicted parameter values by the ANN for the foam-filled frustum. The values used to 
develop the model are marked in red

SANNModel PCF
Independent

α
Independent

h
Independent

t
Independent

EA
Predicted

SANNModel 206474,5 4.305185 250,0000 1.170562 20000,00

SANNModel 207188,4 4.321641 250,0000 1.172790 20000,00

SANNModel 207589,4 4.327139 250,0000 1.172936 20000,00

SANNModel 208624,1 4.337467 250,0000 1.173383 20000,00

SANNModel 219875,3 4.989882 250,0000 0.940937 20000,00

thickness is also similar for the first four, measur-
ing t = 1.17 mm, as well as the values of the PCF 
force. Like in the case of the hollow frustums, the 
principle of majority was applied.

Based on the received data, the parameters 
were established: t = 1.2 mm, h = 250 mm, α = 
4.5°. The deformation modes from the subse-
quent stages of the FE simulation are presented 
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Figure 17. Subsequent deformation modes of the front wall frame of the vehicle, with energy
absorbing members frustum type (foam filled, FE simulation)

in Figure 17. In this examined variant, the kinetic 
energy of the impactor was absorbed over a dis-
tance of about 250 mm. This value is smaller than 
in the basic case, i.e., without energy-absorbing 
elements, but larger than in the case of the frus-
tum without filling. The considered case of the 
foam-filled frustum has a different geometry than 
the case of the frustum without filling. A compari-
son of the absorbed kinetic energy as a function 
of displacement has been presented for all cases 
examined so far in Figure 18. 

The last case, additional, for which the FEM 
calculations were performed is the filling of a 
frustum with geometry as in the first optimiza-
tion, namely: t = 1.5 mm, h = 250 mm, α = 3°. 

This case is not covered by any software or cri-
terion algorithm. In this case, the impact energy 
was absorbed over a distance of 220 mm (Figure 
20). The foam filling, despite non-axial deforma-
tion in the later stage of the impact, reduced the 
distance over which energy is absorbed and stabi-
lized the mode of deformation. Further deforma-
tion modes are presented in Figure 19. 

FINAL REMARKS AND FURTHER 
RESEARCH PERSPECTIVES

In the paper the multi-objective optimization 
of thin-walled frustum-type structures (truncated 

Figure 18. Kinetic energy in terms of the impactor displacement for the virtual stand without energy absorbing 
members and for the hollow frustum application and with foam-filled frustums applied
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Figure 19. Subsequent deformation modes of the front wall frame of the vehicle,
with energy absorbing members frustum type (foam filled, FE simulation) with the following parameters:

T = 1.5 mm, H = 250 mm, α =3° 

Figure 20. Kinetic energy in terms of the impactor displacement for the virtual stand without energy absorbing 
members and for the hollow frustum application, with foam-filled frustums applied and additional case

pyramids) made of steel, both empty and filled 
with EPP foam is presented. The research in-
volved an extensive FEM-based parametric study 
in the ABAQUS® environment, covering over 
130 geometric variants of frustum structures, 
validated by the experimental tests. Experimental 
studies confirmed the usefulness of the developed 
numerical FEM model for conducting multi-
objective parametric analyses and optimization. 
An optimization algorithm based on ANN was 
developed, enabling rapid prediction of optimal 
structural parameters for given energy absorption 
requirements. The algorithm was tested on a ve-
hicle homologation structure, demonstrating its 

effectiveness in selecting a geometry that ensures 
the absorption of a specified amount of energy 
while maintaining dimensional constraints.

Increasing the angle α causes a decrease in the 
PCF indicator for both empty and filled frustums. 
The filling leads to an increase in PCF compared 
to the empty frustum regardless of the angle α. 
For empty frustums, increasing the angle α from 
0° to 5° results in an increase in compressive 
strength efficiency (CLE) by 40 and 17.5% for 
experimental data and FEM simulation, respec-
tively. However, for filled frustums, increasing 
the angle α from 0° to 5° results in a decrease 
in CLE by 29% (experiment) and 27% (FEM). 
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Filling a rectangular prism with foam (α = 0°) re-
sults in an increase of CLE by about 90% (both 
in the experiment and in the FEA simulation), 
while filling a frustum with foam (α = 5°) leads 
to a decrease in CLE by 4.5% (experiment) and 
an increase of 19% (FEA). In the case of empty 
frustums, increasing the angle α from 0° to 5° re-
sults in a 4.2% increase in total efficiency (TE). 
However, for filled frustums, increasing the angle 
α from 0° to 5° causes an increase in TE by 11.3% 
(FEM) and 13.3% (experiment).

As analyses of surface plots have shown, find-
ing an optimally designed solution is complicated 
and time-consuming. Additionally, extremes may 
not exist at all, as in the case of absorbed energy 
EA. An optimally designed solution typically has 
more than one optimization criterion.

CONCLUSIONS

Based on the research conducted, the follow-
ing conclusions can be drawn, which may indi-
cate further directions for research: 
1.	The use of additional elements resulted in the 

beam not being located behind the firewall 
area. Using a smaller angle in the case of foam 
is not a desirable solution because it leads to 
bending earlier.

2.	For the assumed energy absorption requirement 
EA = 20 kJ, the ANN for the variants of frus-
tums filled with foam was designed with a larger 
wall inclination angle than for the unfilled vari-
ant, while having a thinner wall, which allowed 
reducing the PCF value by almost 30%.

3.	The training dataset generated through para-
metric analysis based on the one-factor-at-a-
time (OFAT) method may exhibit limited rep-
resentativeness and suboptimal efficiency for 
training artificial neural networks. Alternative 
approaches, such as random sampling of the 
parameter space or the application of design 
of experiments (DoE) methodologies, enable 
the construction of more diverse and informa-
tive datasets. This increased variability would 
enhance the generalization capability of neu-
ral networks and improve predictive accuracy 
across a broader range of input conditions. Fur-
thermore, the use of DoE strategies may con-
tribute to a reduction in the number of required 
training samples, thereby improving computa-
tional efficiency and lowering the overall cost 
of model development.

4.	The optimization example presented here con-
siders only one impact case. It is possible to 
consider multi-criteria optimization involving 
more than one case, which can lead to more 
comprehensive and accurate results. This ap-
proach will make the results more useful and 
functional.

5.	Case 4 shows that despite advances in comput-
er technology, including artificial intelligence, 
the final decision in the optimization process 
is often best made by humans, thanks to their 
intuition and experience. However, well-used 
tools such as AI can greatly help in achieving 
the goal and speed up the entire process.

6.	It is possible to extend this optimization to 
multi-component energy absorption systems. 
The key will be to collect sufficient data. In ad-
dition, the optimization must take into account 
the fact that the optimized modules must fit to-
gether. In this case, hierarchical optimization 
seems to be the best approach.

7.	Extending the presented optimization approach 
by applying real-time feedback loops can im-
prove the usability of this method. This may be 
particularly important for engineers working 
on crashworthiness.
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