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A B S T R A C T   

In this paper, a novel approach is used to represent the viscoelastic behavior of cross-linked polyethylene foams 
at high strain rate: a compressible hyperelastic material model is combined with the Rayleigh damping method. 
We developed finite element models to simulate the impact tests described in the international assessment 
protocol of wrestling mats. The accuracy of the finite element analysis was validated with experimental data. We 
showed the nonlinear viscoelastic nature of the foam material by determining the relationship between the 
damping ratio and maximum compressive strain. We demonstrated the applicability of the method through the 
quality assessment of wrestling mats, and determined the minimum required thickness to prevent traumatic head 
injuries. The modeling and testing method can be implemented in the study of sandwich structures, thus the 
design process can be simplified. With further development, our approach can be used to design multilayered 
wrestling mats with better energy absorbing characteristics.   

1. Introduction 

Nowadays, the increasingly stricter environmental directives have 
forced the industry to emphasize weight reduction developments. 
Therefore, the use of polymeric foam products is continuously growing. 
The total market value reached 113 billion USD in 2019, and market 
analyses predict an additional 20% growth by 2025 [1]. Polymer foams 
have outstanding energy and shock absorption due to their special 
cellular structure [2,3], which is often exploited by the sports industry, 
e.g. in protective equipment [4]. 

According to Klügl et al. [5], using proper protective equipment [6] 
is one of the three major injury preventative methods in addition to 
using new prevention-specific training methods [7], and changing the 
rules to provide safer conditions [8]. Polymer foam shoe soles [9,10] can 
reduce the loads acting on the knee joints, while back protectors [11] 
and helmets [12] can prevent traumatic crash accidents. 

Sports mats [13] are also essential in several sports, including pole 
vault, high jump, judo, gymnastics and wrestling [14–16]. The main task 
of the foam in such products is to protect the health of the athlete by 

absorbing the impact energy and keeping the reaction force during 
landing under a certain limit [14]. Therefore, the quality of sports mats 
plays a major factor in minimizing the rate and severity of injuries. 
Several studies related to this topic can be found in the literature, which 
mainly investigated judo [13,17] and gymnastic [18,19] mattresses. 
However, the study of wrestling mats is missing despite the presence of 
severe injuries in the sport. 

Wrestling is one of the most demanding combat sports where an 
overall incidence of 6.2 injuries per 100 athletes occurred during the last 
Olympic Games [8], and the incidence rate for longer times is much 
higher. Lorish et al. [20] recorded a 12.7% injury rate for a single sea-
son, while Bailes et al. [21] regarded wrestling as the second most 
affected sport by cervical spine and cord injuries. The most dangerous 
wrestling injuries happen when the wrestler’s head comes into contact 
with the mat first after a heavy throw. In this incident, the load is 
concentrated on the head and spine, which can cause concussions and 
disc herniation (see Fig. 1). According to Lorish et al. [20], 43.9% of 
total injuries are related to these body locations (head, spine and trunk). 
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Society [22], general permission of BioMed Central Ltd. [23]. and 
permission of United World Wrestling [24]). 

As multiple concussions appear to be a risk factor for cognitive 
impairment and mental health problems [25], the use of appropriate 
shock-absorbing mat materials is of paramount importance. Therefore, 
strict requirements are defined for wrestling mats in the regulation of 
United World Wrestling (UWW) [16], which is the governing body of 
Olympic wrestling. 

In our previous study [26], we investigated homogenous, 
cross-linked polyethylene foams by falling weight impact test according 
to the UWW regulation, in the thickness range of 20–60 mm and the 
density range of 30–70 kg/m3. In this study, we have shown that the 
maximum reaction force during the impact is proportional to the degree 
of deformation; and none of the investigated structures met the re-
quirements both in terms of energy and shock absorption. In the case of 
these homogenous, single-layer foam structures, the deformation was 
concentrated only in the area below the dropped weight, so there the cell 
structure experienced more severe compressive deformation. The 
increasing degree of deformation led to the compression of the air be-
tween the cells and resulted in increasing pressure and reaction force. 
This is an unfavorable phenomenon that can be eliminated by tailoring 
the properties of the structure in order to improve the impact environ-
ment. Several previous engineering solutions achieved increased energy 
absorption with sandwich structures consisting of a composite [27,28] 
or metallic facesheet [29–31] and a foam core layer. However, we as-
sume that increased energy absorption can also be achieved by properly 
designing multi-layer structures in which only layers of different types of 
polymer foam sheets are combined. If the top layer has an energy dis-
tribution function, the impact environment can be increased, and thus 
more cells of the bottom layers will participate in the deformation 
resulting in less compaction (see Fig. 2). 

In order to determine the possible layer orders, a constitutive model 
is required that adequately describes the response of the polymer foams 
to impact. By modeling the impact behavior of the foam structures, the 
appropriate layer order can be determined in the future, and the number 
of necessary mechanical experiments can be decreased. 

Finite element analysis (FEA) is widely used in the literature to 
describe the response of polymer foam materials under different types of 
mechanical loads including impact events (see Ref. [32] for instance). A 
proper constitutive model capable of describing the viscoelastic phe-
nomena at large strains is needed for the FE simulations in order to 
characterize the mechanical behavior of the foam materials. The 

Hyperfoam material model ([33]) is probably the most widely used 
hyperelastic constitutive model to characterize the elastic behavior of 
foam materials, which can be applied to predict the response of visco-
elastic material to impact loads [34]. This model can be combined with 
the concept of the generalized Maxwell-model to construct a viscoelastic 
material model at finite strain [35]. There are many applications, where 
this strategy is used in FE simulations. 

In the study of Silber and Then [36] the detailed biomechanical 
characterization of human sitting on car seats are presented, while 
Grujicic et al. [37] and Kim et al. [38] analyzed the sitting comfort on 
passenger-vehicle seat cushions. Furthermore, numerical simulations of 
the interaction between human bodies and memory foam mattresses, 
and their effect on human sleeping comfort are discussed by Wu et al. 
[39]. In the contribution of Rodríguez-Sánchez et al. [40], the impact 
behavior of closed-cell polystyrene foams is modelled with the same 
strategy. It is important to emphasize that these papers do not aim to 
characterize the material behavior of the investigated foams at high 
strain-rate. 

In this paper, a novel approach is proposed to represent the visco-
elastic behavior of cross-linked polyethylene foams at high strain rates: 
the Hyperfoam hyperelastic model is combined with the Rayleigh 
damping method. The accuracy and performance of the proposed 
approach were tested in real-life conditions. The simulations were per-
formed with the same parameters as described in the regulation of the 
governing body of Olympic wrestling. The results of the finite element 
analysis were validated with a custom-developed impact tester device. 
The effect of mat thickness on the maximal acceleration values was 
determined, from which we can deduce the optimal thickness to mini-
mize the severity of injuries in wrestling. 

2. Materials 

We tested closed-cell cross-linked polyethylene foam sports mats to 
validate the accuracy of the hyperelastic model and evaluate the effect 
of mat thickness on shock absorbing capability. Polyethylene is one of 
the most widely used material in the plastic industry due to its low 
production cost with a chemical formula of (CH2–CH2)n.. Its heat resis-
tance and mechanical properties can be improved by cross-linking. In 
this case, the cross-linking agent (usually silane or peroxide) breaks off 
hydrogen atoms from the carbon chain, forming free radicals. The free 
radicals combine to form a weakly cross-linked structure, which pro-
vides improved resilience after static loading, making the foam more 

Fig. 1. Possible traumatic injuries after uncoordinated landing in wrestling.  
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suitable for use in the sporting goods industry. 
The foams had a density of 30 kg/m3 and were provided by Polifoam 

Ltd. (Budapest, Hungary) in five different thicknesses (20–60 mm). The 
material of the samples was determined by Fourier-transform infrared 
spectroscopy with a Bruker Tensor II spectrometer (Bruker Corporation, 
Billerica, USA). The samples had a closed-cell structure with an average 
cell size of 744 ± 142 μm, cell wall thickness of 7.9 ± 3.3 μm and cell 
density of 3996 ± 427 cells/cm3. These properties were determined 
from scanning electron microscopic (SEM) images taken by a Jeol JSM 
6380LA (Jeol Ltd., Tokyo, Japan) microscope. For the image analysis, 
the same methods were used, which are presented in our previous 
studies [2,26]. 

The structures were welded together from several 10 mm thick foam 
sheets by flame lamination welding. Fig. 3 shows the structure of the 50 
mm thick sample. 

3. Experiments 

Our study consists of three main experiments. First, a survey was 

created to investigate the injury incidence rate of wrestlers in order to 
evaluate the importance of the investigated application field. Then, 
complex static mechanical tests were performed to characterize the 
material. Finally, falling weight impact tests were conducted, the results 
of which were used to evaluate the finite element analyses. 

3.1. Survey on the injury incidence rate of wrestlers 

In order to confirm the importance of the topic, we studied the 
experience of Hungarian national and international-level wrestlers 
regarding their previous sports injuries caused by landing on a wrestling 
mat. We created an anonymous, representative survey, with which we 
examined the incidence rate of symptoms associated with concussions 
after a heavy fall on the wrestling mat. The sample consisted of 120 
athletes (average age: 23.2 ± 6.6 years) who practice on wrestling mats 
on a daily basis. 

3.2. Mechanical compression tests 

In order to properly represent the behavior of the material, we 
conducted uniaxial and equibiaxial compression tests, and also an 
indentation test for validation purposes. The tests were performed using 
an Instron 3345 single column testing system equipped with a load cell 
of 5 kN capacity. 

3.2.1. Uniaxial compression tests 
The schematics of the uniaxial compression test is illustrated in 

Fig. 4. In the case of uniaxial compression, the sample is compressed 
along direction 1, while the material is free to deform in directions 2 and 
3. The initial height of the specimen was H = 50 mm and the sides were 
also set to L = 50 mm in accordance with the ISO-3386 standards [41]. 
The stretch along the main loading direction is λ, whereas the transverse 
stretch is denoted by λT . 

The applied loading history (see Fig. 7) consisted of uploading and 
unloading regimes with step loading, which allowed us to reduce the 
viscoelastic effect in the test [42]. 

Transverse strain was also measured during a simple uniaxial 
compression test with a moderate strain rate, namely 0.00333 1/s. 
Deformation was recorded with high-resolution video equipment and 
the transverse stretch was obtained by image processing [43]. 

3.2.2. Equibiaxial compression test 
The schematics of the equibiaxial compression test is illustrated in 

Fig. 4. The material is compressed along directions 1 and 2 with the 
same stretch value λ. The transverse stretch along the third direction is 

Fig. 2. Schematics of mat deformation in case of single (a) and multi-layer (b) structures.  

Fig. 3. SEM image of the structure of the investigated foam.  
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λT. The material sample was a cube with an edge length of 100 mm. The 
experiment was conducted with the use of the biaxial compression 
fixture developed by A. Kossa [44]. The applied stretch history was 
similar to the uniaxial compression test as illustrated in Fig. 9. The 
loading contained relaxation segments to reduce the viscoelastic effect 
and allow us to estimate the long-term behavior more accurately. 

3.2.3. Indentation test 
As the deformation of the mattress during the impact test is non- 

homogenous, we also conducted an indentation test, which applies 
loading similar to the loading of the impact test. This experimental data 
can be used to validate the fitted material model which was obtained 
with the uniaxial and equibiaxial tests. A compressive platen with a 
diameter of 57 mm was used to deform the foam sample. The thickness 
of the 200 mm × 200 mm foam specimen was 50 mm. The applied 
loading history consisted of uploading and reloading segments with 
holding times (see Fig. 10). 

3.3. Dynamic mechanical testing 

The shock absorbance of the foam samples was tested according to 
the UWW regulation of wrestling mats for high-level competitions, with 
a custom-developed impact tester device. These tests model the worst- 
case scenario when the athlete’s head lands first on the mat. There-
fore, the greater the reaction force (maximum acceleration) during the 
collision, the more likely a severe head injury is. According to the UWW 
regulation for wrestling mats, the principle of these tests is that a body 
with a given geometry (cylinder with a diameter of 100 mm) and mass 
(10.025 kg) is dropped from a given height (400 mm) onto the test 
specimen. The acceleration and displacement of the body is measured, 
from which the desired parameters can be calculated. The test 
arrangement is illustrated in Fig. 5. The testing equipment is comprised 
of a mechanical part, the impact machine and a computerized measuring 
chain, including a laser distance sensor, an accelerometer and a data 
acquisition system. 

The test procedure specifies eight drops per measuring point on three 
different places of the mat to model the continuous load acting on the 
mat during wrestling. In this study, we focused only on the results of the 
first drops; the structural damage of the cell structure due to the repet-
itive impacts was not modelled. According to the regulation, three 
samples of 200 mm × 200 mm size were tested for each thickness. As the 
UWW regulation describes, we focused on the following four mechanical 
parameters: penetration depth [mm], maximum acceleration [g], 
absorbed energy [%] and contact time [ms]. 

4. Results 

4.1. The incidence rate of symptoms associated with concussions 

According to the survey results, the incidence rate of symptoms 
related to concussions after a heavy fall on the mat is quite high (Fig. 6). 

More than half of the respondents have had a headache and dizzi-
ness, and one-third of them have experienced limb numbness as a result 

Fig. 4. Schematics of the deformation in the uniaxial and equibiaxial compression tests. The dashed squares represent the undeformed sample and the blue rect-
angles show the deformed configurations. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Experimental test arrangement for the custom-developed impact 
tester device. 

Fig. 6. Percentage of athlete experiences regarding the listed symptoms 
following a heavy fall on the wrestling mat. 
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of falls during training or matches. It is also shocking that almost 7% of 
the wrestlers lost consciousness (fainted), and more than 7% suffered 
memory loss after a heavy fall on the mat. 

These data support the importance of strict regulations for the 
quality of wrestling mats, as an inappropriate structure can even cause 
severe, long-term health damage. Therefore, the development of a value- 
added multi-layer structure is crucial for injury prevention. Accordingly, 
the accurate modeling of the impact behavior of polymer foams in high 
strains is a key factor in the development process. 

4.2. Constitutive modeling of the foam material 

The primary characteristics of the foam material under investigation 
is its nonlinear viscoelastic behavior. Our goal is to provide a constitu-
tive model, which can accurately represent the material behavior in the 
deformation range observed during the impact experiments. First, the 
so-called long-term behavior of the material is identified, and then the 
viscoelastic properties are modelled utilizing the Rayleigh damping 
approach in the finite element simulations. The foam is considered to be 
a homogenous isotropic material and the effect of the thin skin layer is 
not investigated, but the overall material response is modelled. The 
long-term elastic behavior of the material was modelled with the Abaqus 
(Providence, Rhode Island, USA) [33] built-in hyperfoam material 
model. The hyperfoam hyperelastic material model is widely used to 
capture the nonlinear elastic response of foam materials in the case of 
large strains. 

4.2.1. Results of the static mechanical tests 
In order to determine the model parameters of the investigated foam 

material, different kinds of static mechanical tests were performed. The 
results of the uniaxial compression test with the applied loading history 
are illustrated in Fig. 7. 

The engineering (or nominal) stress was calculated by dividing the 
compression force with the initial cross-section, namely P = F/ A0. The 
resulting stretch-stress values are shown Fig. 7 with the blue line. The 
relaxation segments during the test are visible. The long-term (i.e. 
“infinitely” slow loading rate) material behavior is theoretically located 
in between the uploading and unloading curves. The long-term response 
can be approximated with the relaxation segments [45] as it is expected 
to lay between the two relaxation segments as shown by proportional 
estimation illustrated in Fig. 8. 

In case of the equibiaxial compression test, the applied stretch his-
tory and resulting stretch-stress values are illustrated in Fig. 9. It can be 

seen that the magnitude of relaxation is significantly larger during the 
uploading phase than in the unloading phase. 

For the indentation test, the resulting force–displacement curve is 
Fig. 7. The applied stretch history and the compression test result showing the 
long-term behavior in the uniaxial compression test. 

Fig. 8. Illustration of the calculation of the long-term behavior.  

Fig. 9. The applied stretch history and compression the test result showing the 
long-term behavior in the equibiaxial measurement. 

Fig. 10. The applied displacement history in and the test result showing the 
long-term behavior in the indentation test. 

M. Tomin et al.                                                                                                                                                                                                                                  



Polymer Testing 108 (2022) 107521

6

presented in Fig. 10. The expected long-term behavior is also included in 
the figure. The material is less resistant to loading in the initial stages of 
deformation, but as deformation increases, it starts hardening so that the 
slope of the curve increases. This can be explained by the compression of 
air between the cell walls, which results in higher pressure inside the 
cells. 

For the transverse strain measurement, the result are shown in 
Fig. 11. Transverse stretch can be expressed with the help of the ground- 
state Poisson’s ratio ν as 

εT = − ν⋅ε, (1)  

ln(λT)= − ν⋅ln(λ), (2)  

λT = λ− ν, (3)  

where ε and εT are the true strains. We fitted the particular function to 
the experimental data to obtain parameter ν. The resulting Poisson’s 
ratio is ν = 0.044. 

4.2.2. Description of the hyperfoam model 
The strain energy function of the hyperfoam model is written as 

U =
∑N

i=1

2μi

α2
i

(

λαi
1 + λαi

2 + λαi
3 − 3+

1
βi

(
J− αiβi − 1

)
)

, (4)  

where λk(k= 1,2, 3) are the principal stretches and J = λ1λ2λ3 repre-
sents the volume ratio. The model contains 
3N(N≥ 1 is a positive integer) material parameters, namely μi, αi and 
βi. The ground-state shear (μ0) and bulk (K0) moduli are defined as 

μ0 =
∑N

i=1
μi,K0 =

∑N

i=1
2μi

(
1
3
+ βi

)

. (5) 

These moduli must be positive, which implies the following con-
straints for the material parameters: 

∑N

i=1
μi > 0, βi > −

1
3
, (6)  

while parameters αi can be arbitrary. The principal nominal (or engi-
neering) stresses Pk(k= 1,2, 3) can be obtained from the strain energy 
potential as 

Pk =
∂U
∂λk

=
1
λk

∑N

i=1

2μi

αi

(
λαi

k − J− αiβi
)
. (7) 

Parameters βi are converted to other dimensionless parameters νi, 
which are related to the ground-state Poisson’s ratio as 

νi =
βi

1 + 2βi
. (8) 

This definition implies that constraints νi > 0 are satisfied. 

4.2.3. Solutions in homogeneous deformations 
The deformation gradient in uniaxial compression has the form 

[F] =

⎡

⎣
λ 0 0
0 λT 0
0 0 λT

⎤

⎦ (9)  

with the volume ratio J = detF = λλ2
T . The resulting principal nominal 

stresses are 

P1 =
1
λ

∑N

i=1

2μi

αi

(
λαi −

(
λλ2

T

)− αiβi
)
, (10)  

P2 =P3 = 0=
1
λT

∑N

i=1

2μi

αi

(
λαi

T −
(
λλ2

T

)− αiβi
)
. (11) 

In the case of equibiaxial compression, the deformation gradient is 
defined as 

[F] =

⎡

⎣
λ 0 0
0 λ 0
0 0 λT

⎤

⎦ (12)  

with J = detF = λ2λT . The resulting principal nominal stresses are 

P1 =P2 =
1
λ
∑N

i=1

2μi

αi

(
λαi −

(
λ2λT

)− αiβi
)

(13)  

P3 = 0=
1
λT

∑N

i=1

2μi

αi

(
λαi

T −
(
λλ2

T

)− αiβi
)

(14)  

4.2.4. Parameter fitting 
We adopted the parameter fitting strategy proposed by A. Kossa [46] 

to obtain the material parameters in the hyperfoam model. The Root 
Mean Square Error (RMSE) between the model response and the 
experimental data was minimized. Global minimization was performed 
in Wolfram Mathematica [47] with the NMinimize function. A 
second-order hyperfoam model was fitted as it shows excellent agree-
ment with the experimental data. The fitted parameters are listed in 
Table 1. The RMSE values for the uniaxial and equibiaxial data are 
0.000835 MPa and 0.00129 MPa. 

The comparisons of the experimental data and the model responses 
are shown in Fig. 12. The fitted model captures the material response 
with high accuracy in both tests. 

The Drucker’s stability check was performed with Abaqus. The fitted 
model is stable in all strains in all the deformation modes. The simulated 
transverse stretches in the uniaxial and equibiaxial compressions are 
shown in Fig. 11. The results indicate that the model accurately captures 
the measured transverse stretch. 

4.3. Finite element simulations 

4.3.1. Indentation test 
The indentation test was simulated in Abaqus with the use of the 

fitted hyperfoam material model. We created a 3D assembly, where we 
discretized the foam material using 158184 eight-node linear brick el-
ements (C3D8) with a full integration scheme. The average element size 
is 2 mm. The schematics of the FE model is depicted in Fig. 13 (a) using a 
section view of the 3D assembly. The head and the base plate were 

Fig. 11. Measured and fitted transverse stretch in the uniaxial compression test 
and the calculated transverse stretch in the equibiaxial test. The coefficient of 
determination for the uniaxial data is R2 = 0.9947. 

Table 1 
Fitted hyperfoam material parameters.  

μ1[MPa] α1[ − ] ν1[ − ] μ2[MPa] α2 [ − ] ν2[ − ]

0.0307 38.43 0.04022 0.0396 1.401 0.05433  
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modelled with analytical rigid surfaces as their deformations are negli-
gible compared to the foam’s deformation. The rigid base motion was 
completely constrained by fixing the translational and rotational mo-
tions of the part at its reference point (ref. pt. 2 in the figure). At the 
initial configuration, the head is touching the upper face of the foam 
block. The rotational motions and the displacements along axes x and z 
are fixed at the head’s reference point (ref. pt. 1 in the figure). The 
loading is given by the prescribed linear displacement loading along 
direction y. The coefficient of friction was set to 0.25 between the head 
and the foam material [48]. We note that the actual value of the coef-
ficient of the friction has a secondary effect on the rebound height as the 
main contribution is the material internal damping due to the visco-
elastic behavior of the foam. We also performed a mesh convergence 
study to find the proper mesh size for the simulation. The calculation 
was performed using a general static procedure (implicit solver) with 
200 increments. The comparison of the deformed configurations in the 
measurement and the simulation is presented in Fig. 13 at maximum 
indentation. 

The reaction force acting on the head was captured in the finite 
element simulation. Fig. 14 shows the comparison of the measured and 
simulated forces. The fitted model provides remarkable accuracy even 
for the non-homogeneous deformation of the indentation test. 

4.3.2. Impact tests 
The damping behavior of the foam material is modelled with the 

Rayleigh damping approach in the finite element simulation, where the 
damping matrix (C) is expressed as a linear combination of the mass (M)

and stiffness (K) matrices, that is 

C=αM + βK, (15)  

where α is the mass proportional damping ratio, and β represents the 
stiffness proportional damping ratio. Our goal is to represent the 
viscoelastic behavior of the material through the Rayleigh damping 
method. Consequently, only parameter β is investigated and α is set to 
zero as it is related to the damping forces associated with translation 
through a viscous medium, which is not the case in our simulation. It is 

Fig. 12. Comparison of the fitted hyperfoam model results and the experi-
mental data. The coefficient of determination for the uniaxial data is R2 =

0.9999, whereas for the biaxial data it is R2 = 0.9996. 

Fig. 13. a) Schematics of the FE model b) Comparison of the deformed configurations in the indentation test.  

Fig. 14. Comparison of the force–displacement curves in the indentation test. 
The coefficient of determination is R2 = 0.9995. 
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expected that the viscoelastic behavior of the foam material is nonlinear, 
therefore parameter β depends on deformation. 

The rebound height after the first impact is shown in Fig. 15 for the 
different investigated thicknesses. The impact test can be used to 
determine parameter β for one particular foam material thickness. If 
zero damping was used in the finite element model, rebound height 
would be much higher than the measured value. If damping is too high, 
the head cannot rebound from the mat. Between the two limits, a 
particular value of β can be found which causes the same rebound height 
in the simulation as that in the experiment. 

An axisymmetric finite element model was built to simulate the 
rebound height of the head. The model is depicted in Fig. 16. The foam 
was placed on a rigid base having fixed translational and rotational 
motions at its reference point (ref. pt. 2 in the figure). The head was 
modelled with an analytical rigid surface with an associated mass of 
10.025 kg. The diameter of the head is 100 mm and has rounded edges 
with a 6 mm radius. The gravitational acceleration was set to g =

9.81 m/s2. The density of the foam material was 30 kg/m3. The coef-
ficient of friction between the head and the foam and between the rigid 
base and the foam was 0.25. The head was placed 400 mm above the 
foam at the beginning of the simulation. The horizontal and rotational 
motions of the head were fixed at its reference point (ref. pt. 1 in the 
figure). An explicit dynamic simulation was applied without mass 
scaling. 1250 four-node bilinear axisymmetric quadrilateral elements 
were used for discretization. The mesh consists of 25 elements along the 
thickness of the foam, and the horizontal dimension of the elements is 2 
mm. We performed mesh dependency analysis to find the proper mesh 
density. 

An iteration process was adopted during the simulations: an initial 
guess was used for parameter β and then the simulated rebound height 
was compared to the measured rebound height. The damping ratio was 
iterated until the rebound height in the simulation sufficiently approx-
imated the measured heights. The flowchart of the process is depicted in 
Fig. 17. With this technique, we identified the damping ratio for the five 
different foam thicknesses. The fitted β parameters are also shown in 
Fig. 17. It can be clearly seen that the damping ratio is dependent on 
thickness. This is because the foam material experiences different 
maximum compressive strains during the impact for different thick-
nesses. It clearly indicates the nonlinear nature of damping, which 
cannot be captured with only one single parameter. 

The measured and simulated head positions are shown in Fig. 18 for 
the different mattress thicknesses. No measurement data is available in 
the initial dashed region. The position of the head is shown only until the 
moment of maximum penetration in the second impact. The excellent 
agreement between the measurement results and the simulation is 
visible. 

The maximum penetration of the head is shown in Fig. 19 (a). The 
simulation slightly overestimates the measured penetrations. This may 
be due to the softer material response in higher strains, which can be 
corrected during the material fitting process if needed. The relative 

errors of the simulated data are: 9.1%, 6.7%, 10.9%, 14.6%, 17.8%. The 
contact time during the first impact was also analyzed. It was defined as 
the time interval measured when the head position was under the 
baseline. The comparison of the simulation and the measurement results 
is shown in Fig. 19 (b). The simulated contact time is slightly smaller 
than the measured ones for thinner foams and the simulation over-
estimates the experimental data for thicker foams. The relative errors of 
the simulated data are: − 5.6%, − 7.1%, 2.9%, 7.3%, 14.5%. 

The simulated acceleration signals during impact are shown in 
Fig. 20 for different foam thicknesses. Acceleration is measured in g’s 
(g = 9.81 m/s2). 

The comparison of the measured and simulated maximum acceler-
ations are also depicted in Fig. 20. The simulated maximum accelera-
tions show excellent agreement with the experiments, but they 
overestimate acceleration for the thinner foams. The relative errors of 
the simulated data are: 161.2%, 52.1%, 31.6%, 14.3%, 5.2%. The cur-
rent material model shows softer behavior in higher strains, which leads 
to higher penetration, as demonstrated in Fig. 19. It also has an effect on 
the acceleration signals. 

5. Discussion 

We determined the long-term behavior of the foams based on uni-
axial and equibiaxial compression tests, and the viscoelastic feature was 
modelled with the Rayleigh damping approach. The results of parameter 
fitting showed the nonlinear nature of damping, as the damping ratio 
varied by foam thickness. The higher maximum compressive strains 
during the testing of the thinner foams can explain this tendency. The 
accuracy of the simulations was verified with falling weight impact tests. 
The results of finite element analysis showed good agreement with the 
experimental results in terms of the position of the simulated head but in 
the other investigated parameters, slight differences appeared. As the 
material model showed softer behavior in higher strains, the simulations 
slightly overestimated penetration depth for all thicknesses. The softer 

Fig. 15. Measured rebound heights after the first impact.  

Fig. 16. Schematics of the test layout.  
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material response can also explain the overestimation of the maximum 
acceleration for the thinner foams. 

We evaluated the applicability of the foams of different thicknesses 
as wrestling mats based on their conformity to the regulation of United 
World Wrestling, which defines the acceptable limits for wrestling mats 

used in high-level competitions. The requirements state that penetration 
depth must be less than 38 mm; absorbed energy should be more than 
70%, contact time can not exceed 50 ms, while the maximum limit for 
the acceleration is 30 g [16]. 

The experimental results show that all the mats met the requirements 

Fig. 17. a) Flowchart for the fitting strategy b) Fitted stiffness proportional damping ratio.  

Fig. 18. a) Measured head positions b) Simulated head positions. The R2 values for foam thicknesses 20, 30, 40, 50 and 60 mm are 0.9991, 0.9998, 0.9996, 0.9975 
and 0.9951. 
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in terms of maximum penetration, which is an important factor in the 
prevention of ankle injuries. If the mat is too soft, the athlete’s foot can 
sink into the mat, resulting in ankle sprains and dislocations. The 
importance of this property is supported by much statistical data. 
Hewett et al. [49] summarized several previous publications on wres-
tling injuries, which showed that ankle injuries constitute 3.2–9.7% of 
all wrestling injuries. Strauss and Lanese [50] highlighted the lower 
extremity as the most commonly injured area in wrestling, of which the 
ankle is the second most affected part of the body. The absorbed energy 
during impact can be calculated from the positional energies at the 
initial drop height and the maximum height of the first bounceback. To 
exceed the 70% minimum limit, the rebound height after the first impact 

needs to be lower than 120 mm. None of the investigated samples met 
this requirement; however, to prevent serious head injuries, the 
magnitude of the load (acceleration) and impact duration are more 
critical factors [51]. It is also supported by the fact that the Head Injury 
Criterion, which is the most common property to evaluate head impact 
severity, is also determined from the acceleration and impact time 
duration [52]. If any of these two parameters are high, the probability of 
concussion is also higher. As contact time increases and maximum ac-
celeration decreases with thickness, an optimum can be found where 
both parameters are in the appropriate range. Since a maximum limit of 
30 g is defined for maximum acceleration, the minimum required mat 
thickness should be 50 mm in this case. In the case of thinner foams, the 

Fig. 19. a) Maximum penetration of the head b) Variation of the contact time.  

Fig. 20. a) Simulated acceleration signals during the first impact b) Comparison of the measured and simulated maximum accelerations.  
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impact of the head causes higher deformations. Therefore the cellular 
structure of the foam is more compacted, and the maximum reaction 
force is higher. 

6. Conclusions 

In this study, we applied a constitutive model to model the impact 
behavior of 30 kg/m3 density cross-linked polyethylene foams. The main 
goal of the study was to validate the accuracy of the model by falling 
weight impact tests and investigate the effect of foam thickness on the 
probability of injuries in wrestling. 

We performed mechanical tests on the particular foam material to 
reveal its uniaxial and biaxial compression characteristics, and also 
analyzed transverse strain. A compressible hyperelastic material model 
was fitted to the experimental data with high accuracy. 

We used a novel approach to represent the viscoelastic behavior of a 
particular polyethylene foam material at a high strain rate: we combined 
a compressible hyperelastic material model (hyperfoam) with the Ray-
leigh damping method to model the viscoelastic behavior of the mate-
rial. Finite element models were developed to simulate the impact tests 
described in the international assessment protocol of wrestling mats. 
The effect of the thin skin layer is not modelled in the current approach, 
but this can be included in a more advanced model. The present method 
can be improved by adopting a strain-dependent damping ratio in the 
constitutive model. This can be achieved in Abaqus as the software al-
lows the user to provide a field-dependent damping ratio with the use of 
user subroutines. 

The laboratory tests confirmed the accuracy of the finite element 
analysis. We implemented the method in the assessment of wrestling 
mats, and studied the effect of mat thickness. As United World Wrestling 
defined a maximum limit of 30 g for maximum acceleration, we can 
conclude that the minimum required mat thickness should be 50 mm. 
The use of thinner sports mattresses would possibly cause traumatic 
head injuries in the case of a heavy fall. However, the recommended 50 
mm thickness limit still does not meet all regulation requirements. We 
assume that it is not possible to achieve appropriate mechanical prop-
erties from all aspects using only one type of polymer foam. Thus the 
development of hybrid structures containing different kinds of foam 
layers in the right order should be a deeply investigated research area. 
The modeling approach presented in this study can be used to determine 
the right layer order. The results also showed the important role of mat 
properties in injury prevention. With the same modeling approach, the 
effect of different impact loads can also be analyzed, and value-added 
multi-layer structures can be developed in the future. Thus, our results 
can be widely used in the field of combat sports. 
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