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Abstract 
The aim of this work is to develop methods of describing the properties 

of such materials based on knowledge of: basic materials, technologies 

(gas pressure formed during foaming) using the theory of hyperplastic 

materials.  The resulting description can be used for the applicability 

of hyperelastic models, and therefore in the whole range of deformation 

of the polymer-based composites and elastic composites of metals 

(not included plasticity). Thesis presents analysis methods of hyperelastic 

materials using Finite Elements Method. Using FEM it is possible 

to verify used material, define materials models and show effectiveness 

of designed component without performing expensive impact tests. 

Presented methods and applications of the characteristics of  hyperelastic 

materials and composites with the gas phase are used to determine 

the proper selection of parameters (material properties), increasing the 

opportunities for a proper assessment of the effectiveness of safety devices. 

  

  

1. INTRODUCTION  

 

Porous polyurethane foams are widely used in the construction of motor 

vehicles in particular in the protective structures – systems and energy-

dissipating units [5]. Used materials are foamed polypropylene, in the form 

of pressure, not interconnected granules. Process of static compression for the 

analyzed polymer foams was determined [11] with the energy absorption 

and energy dissipation efficiency. By using different sizes of granules elements 

we obtain different densities in the range of 25 g/dm³ to 220 g/dm³.  The surface 

porosity and surface properties are dependent on the release of active ingredients 

and the process of formation. The analyzed foams have a high pore volume, 

mainly inside the macropores. Energy consuming structure is formed in the 
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molding process by the blowing. The loose granules are delivered under pressure 

into the mold where the steam are subject the influence of the formation to yield 

any shapes and dimensions. Opportunities of foams are very large, in particular, 

is a high energy absorption and a memory shape – which occur even after 

multiple loadings. Absorption capacity of the analyzed structure, methods 

of influencing the properties depending on the external conditions are presented 

in the literature [6-10]. These properties are of crucial importance in the 

production of automotive components, which are responsible for ensuring 

maximum passive safety in automobiles. The products such as energy absorbers 

to car bumpers is one example of the wide range of applications in order to 

improve vehicle safety. Components for safety absorb the impact energy that is  

dissipated by the work done on the deformation of the structure. One factor 

in this regard is that the impact energy which occurs in the case of a vehicle, 

wherein the absorbing element is mounted element made of a foam material 

during the collision should be discharged or directed in such a way that 

the vehicle does not permanently damage. Furthermore, the vehicle can protect 

the bumper a pedestrian, in other words in the event of a collision with 

a pedestrian, the bumper should provide a high level of energy absorption 

with a large stroke in order to minimize deformation, thereby reducing injury to 

pedestrians. 

 The present work is devoted to the presentation of the methods of analysis 

and description of the properties of the foam materials used, among others, 

the "security elements". Verification of the properties was carried out on the 

basis of experimental studies and simulations performed using the Finite 

Element Method. The proposed method of describing the properties of foam 

materials are widely used primarily for the analysis of protective devices used in 

vehicles. At analyses included the process of foamed materials producing, 

wherein we define: a base material, technology (gas pressure generated during 

the foaming), using the theory of the material growth and temperature. 

Simulation analyzes were made using Abaqus system. Description of the 

material properties was performed using the Ogden’s model and its modify-

cations. The presented method of analysis of materials enables appropriate 

deployment model, hyperflexible and its modifications resulting in even better 

determination of the materials characteristics. 

 

 

2. STRUCTURE AND CHARACTERISTICS OF THE MATERIAL  

 

Foam materials are widely used, due to its thermal properties, the ability 

to high energy absorption [13]. The structure of materials like closed cells that 

can be found in two phases: a solid phase material which is formed and the gas 

phase, which is formed by taking a physical or chemical phenomena during the 

preparation steps. The relevant properties of the structure we obtain not only 



60 

by the choice of how to produce, but also through appropriate selection of the 

materials used and the appropriate design of the structure geometry. 

Determination of properties of selected materials was carried out in two stages 

and takes into account the intended use. The first step is to conduct experimental 

research carried out in accordance with PN-EN ISO 604:2004, BS EN ISO 

604:2006, PN-H-04320: 1957. The second step is to research the actual 

protection element pedestrian protection element used in VW cars. The material 

from which samples were made was in the form of granules unconnected filled 

with a gas which occupies about 97% of the volume. In the description of the 

material properties must therefore take into account the base material and gas 

[4]. The use of pellets of different sizes contributes to changes properties of the 

foam. For the determination of properties of the structure it was necessary to 

conduct a study which was carried out in the Department of Integrated Process 

Engineering at the Faculty of Chemical and Process Engineering, Warsaw 

University of Technology. The research was conducted using a scanning electron 

microscope Phenom G2 Pro – picture of section structure is shown in figure 1.  

 

       

Fig. 1. SEM image of section structure – polypropylene foam [source: own study] 

 

During the studies, there was no adhesive substances between the granules. 

The material has a high resistance to temperature around. 150 °C, excellent 

thermoformability and shape memory (large ability to return to its original shape 

after static and dynamic loads). Given that the process of creating foam is expanding 

- foaming material granules such as polypropylene with water vapor and using a 

pressure, the granules connect to each other while increasing the volume. More than 

90% of the volume of the foam produced in the process is air.  

Was determined roughness of the test material: 

- Average surface roughness 80-130 µm. Grains protruding above the 

surface to a height of 200-400 µm. 

- The inhomogeneous surface of samples. The current fine grains with  

a diameter of  10-30 µm and a few larger – diameter of ~100 µm. Density 

decomposition grains ~40/ µm. 
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3. RESEARCH METHODOLOGY 

 
3.1. Research methodology – experimental studies 

 

Static test for plastic compression is different due to the nature of the 

deformation [12]. Stress-strain characteristics of the sample obtained for the test 

compressive materials. The compressive strength of samples was determined 

using testing machines: Q-test 10 from MTS and Zwick/Roell Z005. 

The samples was made in the the form of cuboids. The studies of pedestrian 

protection element, due to the large size, compression test took place only on the 

first machine. The compression rate at 23
o
C for the first machine was 5 mm/min, 

for the second machine 1 mm/s. During the course of the trial were recorded 

according to the compression force between the piston and the piston 

displacement, which constituted the first part of the experimental studies. On this 

basis, the following of samples were made for the charts showing the depen-

dence of the stress deformation as well as the hysteresis loops in the case 

of quasistatic compression tests. Example experimentally determined hysteresis 

loop is shown at figure 2. 

 

 
Fig. 2. Example experimentally determined hysteresis loop [source: own study] 

 
3.2. Research methodology – simulation studies 
 

Analysis of simulation models were made using MES (Finite Element 

Method) ABAQUS, which allows you to fit existing models in the database 

according to the theory of hyperelastic materials. Simulations were made 

by using the EXPLICIT module, the calculation takes into account all the 

necessary in this case non-linear phenomena: the theory of finite deformation 

by Almancy’s  in Euler's coordinates (referenced to the actual configuration 

of the body during deformation). Numerical analyzes were performed for 

the adequate modeled samples and security element [14]. During the simulation, 
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the effect of friction during deformation of the foam structure – clamping a gas-

filled cell. For safety component model and the model of the structure of the 

material was included contact issue. The evaluation of dynamic loads: stresses, 

accelerations and deformations occurring during the impact a pedestrian allows 

to determine the ability of the material to absorb energy. The adoption of the 

actual values of coefficients αi leads to a nonlinear model, which allows for 

a description of materials with much compressibility. For modeling of foams, 

we can modify the Ogden's model with the introduction of the actual exponent 

in the second part describing dependences of the volume deformations (in this 

case they are also dependence non-linear). The calculations using the FEM, we 

can choose the hyperelastic model. To select the most reflects the actual 

behavior of the material model, for which we perform experimental studies, 

should the results of both analyzes to compare (compare the results 

of experimental tests with the results of the numerical model). For the materials 

considered, a number of comparisons for different types of models. Completed 

studies have shown that foam materials exhibit a range exceeding 50% strain 

rapid increase in stresses. Description of the models of the theory of hyperelastic 

materials: polynomial or Ogden's is insufficient due to the adoption of linear 

dependencies in the component describing the volumetric strain. As a solution 

proposed to use a modified Ogden's model called HYPERFOAM, in which the 

elasticity functional is described of dependence: 
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Notations in formula (1) has been adopted by monograph [1], used also the 

articles [2], [3]. Another alternative is to utilize material description LOW 

DENSITY FOAM, wherein the curve is given a description of the stress – strain 

separately for the compression and stretching. The studies also showed that the 

porous foam materials have a significant damping level. The calculation is made 

as a Rayleigh’s model with the component of the damping matrix proportional to 

the inertia matrix. Impact simulation was performed with a body weight of 1000 

kg (representing vehicle) moving at a speed of 11.1 m / s (40 km/h – maximum 

speed by the findings of the European Directive) to the impactor – the body of 

weight m=70kg (corresponding to the mass of human body). Model of the 

vehicle is equipped with a bumper made of  hyperdeformable material elastic 
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characteristics described by (1) and the attenuation by the Rayleigh's model. 

It was assumed that the bonds are one-sided - only compressive forces. The 

course forces during the impact until the rebound. In the case of a system 

without damping the maximum force is: 6130N. According to the findings of 

security organizations vehicles (e.g. EuroNCAP), the maximum force (leg) 

is about 8000N. The value obtained is therefore less than the limit. Is also 

specified allowable bending moment - 225N, the value is dependent on the value 

of the point of impact – bending moment is greater than the allowable. 

The material used in the pedestrian protection element has a high level of damping 

– confirmed this the hysteresis loop which was experimentally made. With regard 

to the level of damping of 0.25 dimensionless of impact simulation gave the force 

of 5694N. Damping affects a significant reduction in the speed with which the 

impactor is ejected after impact – it is approximately 18m/s. Example of force 

during the impact is shown at figure 3, speed at figure 4. 

 

 

Fig. 3. Example of force during the impact [source: own study] 

 

 

 

Fig. 4. Example of speed during the impact [source: own study] 
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4. CONCLUSIONS 

 
The results of analyzes support the conclusion that testing methodology 

and simulation of reconstruction of the hysteresis loop allow to describe the 

properties of foam materials. Research has shown that during the trial the energy 

dissipation occurs through the foam material. Detailed research and analysis 

allow you to see what phenomena occur during compression tests. It is important 

to the analysis of contact problems occur at the interface between inside the 

surface of the material, including the gas occurring inside the structure (porous 

structure). Our research suggests the ability to integrate issues of engineering 

materials in the production of foam structures to the mechanics of materials and 

structural strength (evaluation of elastic and plastic properties in terms of high-

speed deformation). Research and analysis allow you to see what phenomena 

occur during a collision in the applied material. Models foam structures take into 

account the phenomenon of energy dissipation. The nature of the phenomenon 

of energy dissipation varies with the speed of deformation. Models of materials, 

including modifications, can be used to assess the ability of absorbing energy 

and are proposed for use in describing a simulation performed using the program 

Abaqus. The work contributes to the development of the use of Finite Element 

Method to simulate the fast-changing loads - possibilities methods are not yet 

fully utilized. For the materials considered can determine the relationship 

between stress or deformations, which are dependent on properties of the 

material. Use of modified Ogden's model enables a description of the material 

and also increases the accuracy and effectiveness of the simulation conducted. 

For isotropic materials analyzed are considered arbitrary deformations of the 

body for large deformations and processes that take into account the thermal 

effects during manufacturing. 
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