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A B S T R A C T

Polymeric foams have many important applications in various industrial sectors, thanks to an excellent com
bination of properties. The study of the mechanical behavior of this type of material has important academic 
value and application prospects but poses important challenges because of their complex topology; numerical 
models faithful to their geometrical microstructure suffer from very high computational costs. This paper aims to 
develop a simplified beam element model of open-cell polymer foams based on X-ray computed tomography (CT) 
images, able to describe their compressive response with significantly improved computational efficiency. The 
images of the microstructure of a PPI20 polyurethane foam were obtained through CT scan. These images were 
then converted to 3D solid model, from which key morphological features were extracted. Based on these 
morphological features, an equivalent simplified beam element model was generated. A good quantitative 
agreement was found between simulations carried out with the two numerical models (solid and beam) and the 
compression experiments. In-situ compression tests performed in combination with CT scans also confirmed the 
ability of numerical models to describe the real deformation mechanisms of the foam. This simplified model 
demonstrates an accuracy comparable to the 3D solid model with vastly reduced computational effort, allowing 
for an efficient and accurate prediction of the mechanical properties of open cell foams.

1. Introduction

Due to the serious energy crisis in human society, the need for 
lightweight materials has become increasingly important in daily lives. 
Open cell polymeric foams can be regarded as a composite material with 
polymer as the matrix and gas as a co-continuous phase structure. The 
driving force behind their invention and development has been the 
reduction of the material density combined with an adequate perfor
mance, thereby achieving the purpose of lightweighting. Open cell 
polymeric foams have attracted much attention in different industries 
due to their advantages such as light weight, high specific strength, heat 
/ sound insulation and low price. This type of material has been widely 
used in the fields of automobile and aviation industry, renewable en
ergy, shock absorption, packaging, construction industry, gas storage 
and separation materials and even catalysis (Jacobs et al., 2008; Amir 
et al., 2018; de Souza et al., 2022). In actual applications, different fields 
have different requirements for the microstructure of foam materials.

Real morphological features of the foams are often aperiodic, inho
mogeneous, and disordered (Matzke, 1945; Matzke, 1946; Kraynik et al., 

2003; Kraynik, 2003; Kraynik et al., 2004); an extensive and accurate 
experimental characterization of these materials is challenging and 
could be affected by undesired variations induced during sample prep
aration. Moreover, it is very difficult to predict the effects generated by 
even small variations in the foam morphology, reducing the ability to 
transfer data obtained on a given foam sample to a different foam 
product. To address these issues, theoretical research and numerical 
computational methods have been widely exploited to study the me
chanical properties and microstructure evolution of polymeric foams.

Matzke (Matzke, 1945) determined the structure of 1,000 bubbles in 
a soap foam by optical observations, which provides important cell 
structure information for related research. He also observed 600 liquid 
bubbles under a microscope and found that the number of cell faces per 
cell ranged from 11 to 17, with an average of 13.7 (Matzke, 1946). Given 
this variability, sophisticated statistical models are needed to obtain 
more accurate predictions. In the early stage of theoretical research on 
foam materials, the theory of slender beams was mainly used to analyze 
and characterize foam properties (Gent and Thomas, 1959; Lederman, 
1971). Then, based on the idealized unit cell, many analytical or 
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experimental models have been developed to predict the mechanical 
properties of foams. For three dimensional (3D) foams, cubes, tetrahe
drons, dodecahedrons, and tetrakaidecahedrons are used as repeating 
cells. A crossed cube model for open cell foams was proposed by Gibson 
and Ashby (Gibson and Ashby, 1982). Recent unit cell-based models, 
which able to derive structure–property relationships, were developed 
by employing tetrakaidecahedrons (Zhu et al., 1997; Warren and 
Kraynik, 1997; Li et al., 2003).

The microstructure of a typical open-cell foam consists of struts that 
form a network of interconnected polyhedron-like cells. At the pore- 
scale analysis level, the characteristic cellular structure inside an open 
cell foam can be modeled employing different methods:

(1) The basic shape characteristics of the struts, and the distribution 
characteristics of the skeleton network, can be described in a simplified 
manner by approximating them as a polyhedral network structure; this 
assumption is motivated since the microstructure of open cell foams is 
governed by the principle of minimum surface energy (Kraynik, 2003) 
acting during bubble foaming. The advantage of this foam structure 
reconstruction model is that the scale parameters of the stacked cells and 
the approximate spatial organization structure are considered; these 
variables reflect the shape characteristics of each strut realistically, and 
in some cases the constructed three-dimensional structure is similar to 
the internal structure of the real foam; valid analytical solutions can be 
derived for most models. This type of reconstructed structure has been 
widely used, and many complete and effective foam material structures 
and finite element models have been developed, including the cubic cell 
model (Warren and Kraynik, 1988; Ghosh, 2009; Klumpp et al., 2014), 

Weaire–Phelan model (Buffel et al., 2014), Kelvin cell model (Mills, 
2007; Jang et al., 2008; Jang et al., 2010; Kaoua et al., 2016), Voronoi 
model (Song et al., 2010; Martínez et al., 2017; Wang et al., 2020) and 
other polyhedral structure models (Li et al., 2003; Inayat et al., 2011), as 
shown in Fig. 1. While the simplified model geometry can be a good 
approximation of a single cell, the main disadvantage of this approach 
lies in the loss of information about the actual geometrical variability 
within the foam cell population.

(2) The three-dimensional structure of the foam can be captured and 
reconstructed using advanced imaging methods such as X-ray computed 
tomography (CT) or Scanning electron microscopy (SEM), although the 
latter is mostly limited to 2D reconstruction. Compared with the first 
method, the detailed morphology of the foam is preserved, including the 
real shape of the struts and the true distribution of dimensions within the 
skeleton network. A model based on this reconstructed structure can 
fully simulate the interactions between the struts under deformation. In 
recent years, such reconstruction models have been increasingly used in 
the structural analysis and compression deformation research of foams 
(De Jaeger et al., 2011; Ramírez et al., 2014; Tagliabue et al., 2021; 
Belda et al., 2021). The reconstruction of detailed structures has a pos
itive impact on the accurate prediction of the mechanical properties of 
foams. Therefore, relevant experiments and simulations including quasi- 
static compression tests (Daphalapurkar et al., 2008), strain-rate effect 
(Sun et al., 2016; Bhagavathula et al., 2022) and anisotropy (Jang et al., 
2009; Singh et al., 2010) of foams have been considered by researchers 
using X-ray tomography. There is a strong endeavor to relate these 
mechanical properties to the explicit morphology of foams. The 

Fig. 1. Examples of different models for open cell foams.
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observations acquired using X-ray tomography have shown that this 
technique is suitable for studying the relationship between 3D structure 
and deformation of polymeric foams (Elliott et al., 2002; Adrien et al., 
2007).

The finite element models established by the above methods are 
mostly 3D solid element models. As the geometric complexity of the 
foam cell topology increases, the number of calculations required for 
accurate modeling and analysis using 3D solid elements become chal
lenging. The design of the foam structure requires repeated iterations 
and hundreds of structural mechanical performance analyses, making 
the optimization of the structure extremely difficult and inefficient, a 
fact which also limits the large-scale application of this method to real 
engineering problems. Very fine structures, as in the case of high- 
porosity foams with relatively small strut diameters, require fine 3D 
solid meshes and are particularly expensive to model, since the 
computational time increases exponentially with the decrease of the 
mesh size.

A possible solution lies in the use of beam elements for modeling; this 
approach is commonly used for analyzing the mechanical properties of 
lattice structures and open cell foams (Gong et al., 2005; Gaitanaros 
et al., 2012; Tran and Niiranen, 2020; Liu et al., 2021; Weeger et al., 
2023; Zhou et al, 2024). Although the replacement of solid elements 
with beam elements greatly improves calculation efficiency while pre
serving the overall structure, this method has certain limitations. The 
results predicted by 3D solid elements are consistent with the experi
mental results in most strut diameter-to-length ratio ranges, while a 
beam element model is usually not able to accurately reproduce the 
stiffness of the structure: the conversion neglects the strut joint area, 
which can be regarded as an agglomeration of strut ends (as shown in 
Fig. 2). The differences between the results obtained with beam element 
models and experimental data can be attributed to the uniform cross- 
section of the beam model, while the joint region where more struts 
converge is typically thicker. To compensate for this limitation, inherent 
in a pure beam model, several methods have been proposed. Luxner el 
al. (Luxner et al., 2005) artificially increased the Young’s modulus of the 
material assigned at the ends of beam elements by 1000 times. Große 
et al. (Große et al., 2008) used the Weaire-Phelan model which is based 
on the assumptions of spherical joints and joint-strut overlap. Labeas 
and Sunaric (Labeas and Sunaric, 2010) considered two end portions, 
measuring each 1/10 of the total cylindrical beam length, and increased 
locally the radius by 40 %. Smith et al. (Smith et al., 2013) also adopted 

the same method to increase the stiffness of the beam element models. 
Gaitanaros et al (Gaitanaros et al., 2012) considered the uneven distri
bution of the strut cross section area, defining a beam element based on 
the correlation between the cross-section area and strut length. The 
density of the foam was subsequently used to correct the problem of 
overlapping material at the vertex. With these corrections, simulations 
based on beam elements can recover good accuracy and may represent 
the ideal strategy for simulating and analyzing lattice structures. How
ever, these arbitrary modifications do not take into account the actual 
microstructural characteristics of the foam.

In the present study, a simplified finite element model of open-cell 
foam based on beam elements was established. This model extracts 
the microstructural parameters of the foam, retains its detailed 
morphological features, and reduces the total degrees of freedom and 
number of elements of the model, greatly improving the efficiency of 
numerical calculations. This simplified beam model takes into account 
the increased stiffness at the joint area of struts, by means of variable 
cross-section beam elements whose geometrical features remain linked 
to the real foam morphological parameters.

2. Definition of variable cross-section beam element

A uniform cross-section beam element model can replace each strut 
in the foam with a beam which has the same length L and thickness T of 
the strut. The nodes are subjected to loads such as axial force, shear force 
and bending moment, resulting in combined axial tension, compression 
and bending deformation. Each strut is treated as an element for finite 
element analysis, which has two nodes. Each node has six DOFs, as 
shown in Fig. 3.

The displacement U and force F of each node can be expressed by the 
following matrix: 

U =
[
u v w θx θy θz

]

F =
[
P V W φx φy φz

]
(2.1) 

Under the premise of linear elasticity and small deformations, there 
is a linear relationship between the nodal forces and the nodal dis
placements when the element is in equilibrium, shown in Eq. (2.2): 

F = KU (2.2) 

Fig. 2. Struts joint area. Fig. 3. Sketch of a 2-node beam element with its related degrees of freedom.
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In the formula, K is the stiffness matrix. It can be divided into four 
parts (K1, K2, K3 and K4) to simplify its expression:  

Fig. 4. Variable cross-section beam element for a single strut.
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The parameters that affect the stiffness of the strut are the length L, 
the cross-section area A of the beam element, the Young’s modulus E and 
shear modulus G of the constituent material, the polar moment of area J, 
the shear correction factor Ks, and the second moments of area Ix and Iz. 
The parameter Φ(x,z), which is a function of these variables, also appears 
in Eq. (2.4): 

Φx =
1

1 + 12EIx
AGKsL2

,Φz =
1

1 + 12EIz
AGKsL2

(2.4) 

To account for the influence of the joint area of the struts on the struc
tural stiffness, a variable cross-section beam element model is proposed. 
In this paper, the shape of each strut is considered to be a cylinder, and 
the cross section of the strut at any given position is approximated by a 
circle. Thus, the thickness of the strut at this position is the diameter of 
its corresponding cross section. The variable cross-section beam element 
model is constructed based on the uniform cross-section beam element 
and is modified into a combination of three uniform cross-section beams 
with lengths of L1, L2, and L3 and thicknesses of T1, T2, and T3 respec
tively, as shown in Fig. 4.

When the material and cross-sectional profile are the same, the 
mathematical expression of the stiffness matrix of the uniform cross- 
section beam element can be defined as a function of L and A. In this 
study, the cross section of the beam is regarded as circle, so section area 
A can be represented by the thickness T. Then the stiffness of each 
section can be expressed according to Eq. (2.5): 

K = f(L,T) (2.5) 

Finally, the global stiffness matrix of the variable cross-section beam 
can be defined as: 

Kv =
∑3

i=1
Ki =

∑3

i=1
fi(Li,Ti) (2.6) 

Fig. 4 shows that a variable cross-section beam element includes 
three segments (S1, S2 and S3) and four nodes (n1, n2, n3 and n4). The 
segments at the two ends represent the joint areas of the struts in the 
foam, while the middle segment represents the non-intersecting part of 
the strut. K1, K2 and K3 are their relevant stiffness matrixes. Therefore, 
the combined stiffness matrix Kv of the variable cross-section beam 
element can be written as: 

Kv =
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The final stiffness matrix of the foam can then be determined by the 
combination of the stiffness matrix of each strut. In order to calculate the 
combined stiffness matrix of each strut, the length and the thickness of 

different parts of the variable cross-section beam need to be measured. 
The images of the foam microstructure obtained from CT (computed 
tomography) scan were used to achieve the measurement of these 
morphological parameters.

3. Morphological feature characterization

Open cell foams are composed by a large number of polyhedral cells, 
resulting in a network of interconnected pores. The edges around the 
pores are called struts or ligaments, which connect the nodes to form a 
solid matrix enclosing the entire porous domain. To indicate the type of 
foam, manufacturers typically calculate the number of pores per linear 
inch (PPI), combined with porosity and/or relative density. Porosity 
alone is not sufficient to quantify foam structure; pore shape and size 
and strut characteristics (length, thickness and cross-section shape) 
should be specified in addition.

In recent years, computed tomography (CT) has been widely used in 
the study of polymeric foam microstructure (Elmoutaouakkil et al., 
2003; Adrien et al., 2007; Pérez-Tamarit et al., 2018). This technology 
can intuitively and non-destructively display the microstructure of the 
material layer by layer in grayscale images. These images can be further 
converted to a three-dimensional microstructure model of the material, 
which can restore the cell morphology and topological structure char
acteristics of the foam material to the finest detail, with accuracy that 
other methods cannot match.

The PU open cell foam used in this study was produced by Yuan
shengxing Electronic Materials Co., Ltd, China. in the form of sheets of 
dimensions 400 x 300 x 20 mm with a nominal density of 40 kg/m3 ±

10 % and a relative density 2.7 % ± 0.25 %. This material is mainly 
installed inside electronic components to exploit its good shock ab
sorption, filtering and flame retardation properties. No information 
about the formulation or production parameters was available. To 
characterize the morphological features of the foam, the images of the 
microstructure of PU PPI20 with the dimension of 10 mm x 10 mm x 10 
mm were obtained using x-ray CT, as shown in Fig. 5. The CT scanning 
was performed using a GE Phoenix Nanotom CT system equipped with a 
180 kV /15 W nano focus X-Ray tube and a 12-bit 2300 x 2300-pixel 
Hamamatsu flat panel detector. All analyses were performed with a 
molybdenum target suitable for weakly absorbing samples, such as the 
foams investigated in this work. The acceleration voltage and beam 
current of the X-ray tube were set to 50 kV and 180 μA, respectively. The 
isotropic voxel size for each sample was set to 8 μm. The volume 
reconstruction was performed using the application Phoenix datos|x 2. 
This software is able to convert a series of X-ray projections acquired 
while rotating the sample 360◦ into a resulting slice stack representing 
the actual digital volume reconstruction through a filtered back- 
projection algorithm.

In order to effectively and accurately measure the microstructural 
characteristics of the foam, the images obtained by CT scanning need to 
be processed first. The image treatment process is shown in Fig. 6. The 
images of the foam structure obtained from CT scan are grayscale im
ages. Each image contains two different phases: pores and struts. These 
images were first processed by applying a median filter (Kirchner and 
Fridrich, 2010) to reduce the noise and were then binarized and 
segmented using the level-set method (Li et al., 2010). Then, the binary 
images were used to determine the morphological features of the 
microstructure of the foam. All the operations were conducted with 
user-defined scripts written in MATLAB.

3.1. Strut length measurement

To measure the length of foam struts, a 3D model of the foam 
microstructure was generated from the images using the aforementioned 
level set method (Teran et al., 2005; Li et al., 2021) and Delaunay 
triangulation (Rebay, 1993). An Erosion Thickness (ET) skeletonization 
algorithm (Yan et al., 2016) was then applied on the model to extract Fig. 5. Microstructure of foam scanned by X-ray computed tomography (CT).
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medial axis / skeletons of the structure. ET can produce skeletons that 
are stable under boundary perturbations, which helps to capture clean, 
shape-revealing and topology-preserving skeletons from 3D models. 
Fig. 7 shows the extraction of medial axis from a PPI20 foam cell.

The final medial axis contains three types of nodes. In image pro
cessing, pixel connectivity refers to the relationship between a pixel/ 
voxel in a two/three-dimensional image (or hypervoxels in n-dimen
sional images) and its neighboring pixels. 26-connectivity was used to 
find the neighbor points of a node in skeletons in 3D space. The nodes 
with only 1 neighbor are called end nodes (see the blue hollow circles in 
Fig. 8). The nodes with more than 2 neighbors are vertices (black hollow 
circles in Fig. 8). The nodes with exactly 2 neighbors are the nodes on 
simple struts. Based on this, the whole connected medial axes were 
separated into isolated struts and labeled. Then the distance between 
two end points of a separated strut was measured as the length. Two 
kinds of length were considered: the curve length Lc – which coincides 
with the physical length of a strut; and the chord length Le, which is the 
Euclidean distance between two end points (shown in Fig. 9).

Fig. 10 reports the histogram showing the distribution of strut 
lengths for the PPI20 foam sample. The average Lc and Le are 1.169 mm 
and 1.062 mm respectively.

3.2. Strut thickness measurement

In image analysis, the Euclidean distance map (EDM) assigns to each 
pixel/voxel of the binary image the distance to the nearest obstacle 

Fig. 6. Image treatment procedures.

Fig. 7. Medial axis extraction using Erosion Thickness.

Fig. 8. Node classification in foam structure.
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(Danielsson, 1980). That is, the value of each pixel/voxel is the distance 
to the nearest background pixel/voxel (for background pixels/voxels, 
the EDM is 0).

To measure the thickness of the struts, the distance transform was 
applied to obtain the EDM on a 3D binary image of the foam. For the 
convenience of explanation, a 2D demonstration of the thickness 
calculation is illustrated in Fig. 11, where the binary image of five 
connected struts is shown; the value of white pixels is 1, representing 
strut material, while the 0 value is assigned to black pixels denoted to 
pores. Fig. 11(b) shows the EDM after distance transform of the binary 
image. The intensity value inside the strut pixel expresses the distance to 
the nearest pore pixel. After the skeletonization using the algorithm ET 
mentioned in section 3.1, the medial axes of struts were extracted ac
cording to the procedure detailed below (Fig. 11(c)), then separation 
and labeling were applied to obtain the labeled isolated medial axis 
(Fig. 11(d)).

The thickness of each strut can be calculated using Eq. (3.1): 

T = 2 • I • R (3.1) 

where I represents the intensity value in the EDM along the medial 
axis, i.e. the skeleton, and R represents the resolution of the image. In 
this way, the thickness along the length of the strut can be determined.

Fig. 12 shows the histogram with the distribution of strut thickness 
measurements for the PPI20 foam sample. The average strut thickness is 
0.114 mm.

The measurements of the length and thickness of each strut are the 
basis to develop the variable cross-section beam element approach 
illustrated in section 4.

It is known that the cross-section area of the strut also varies along 
the strut medial axis. In the work of Gong et al., 2005 and Jang et al., 
2008, the axial variation of the struts cross section of polyurethane 
foams was characterized with a symmetric four-order function, 
improving the agreement with experimental data. Based on these 
studies, De Jaeger et al. (De Jaeger et al., 2011) developed a compre
hensive model to account for the variations in strut cross-sectional shape 
and diameter using the Heywood roundness factor and a fourth-order 
polynomial expression, respectively. A model that includes the actual 
shape of the struts was proposed by Kumar and Topin (Kumar and Topin, 
2014; Kumar et al., 2015). The two studies propose strut geometric 
shapes such as circles, squares, diamonds, hexagons, and stars, without 
considering the actual strut shapes of open cell foams with a specific 
porosity. To verify the accuracy of the distance map method applied in 
this study and to study the variation of the strut cross section along the 
strut length, the strut profile function was introduced. The strut profile, 
S, is used to describe the cross-sectional size and morphology along the 
length of each strut (shown in Fig. 13) where O is the middle point of the 
strut, L is the strut length and tm is the thickness in the middle of the 
strut.

The strut profile at a given location along l is denoted as S(l). This is 
determined by the intersecting line profiles between the cross-sectional 
planes and the strut surface at any given location. The foam strut cross 
sections are similar to the Plateau border geometry (Plateau, 1873). Zhu 
et al. (Zhu et al., 1997) also observed Plateau border geometries in the 
cross-sections of struts in foam cells. The cross-section of the strut in 
open cell foams is then often characterized by a three-cusp hypocycloid 
shape known as Plateau border (Gong et al., 2005; Jang et al., 2008; 
Jang et al., 2010), in this study, the cross-section of the struts was 
instead approximated as circular. Consistently, the strut thickness along 
the strut length was determined by finding the diameter of an equivalent 
circle with the same area of the intersecting profile. Here, the local strut 
thickness profile Sij was fitted with a second-order polynomial: 

Sij(l) = (1 + al/L + b(l/L)2
)tm (3.2) 

where a and b are parameters to fit. To study the general morphology 
characteristics of all struts, each individual strut profile with its own 
length and thickness was normalized (shown in Fig. 14(a)). The average 
strut profile (S(l) = (1 − 0.187l/L+ 1.918(l/L)2

)tm) was also fitted (see 
Fig. 14(b)).

The comparison of strut thickness measured by the two methods is 
shown in Fig. 15. Little difference was found between the two distri
butions. The distance map was chosen to measure the strut thickness in 
this study because of its higher calculation efficiency.

3.3. Material density determination

Relative density is a key factor in determining the strength and other 
properties of foams. In some modelling methods of open cell foams, to 
correctly represent the material distribution in the actual foam, the 
excess material at nodes was removed by cutting the ends of beams. The 
amount of removed material depends on the relative density (See Gong 
et al., 2005; Jang et al., 2008). In order to accurately determine the 

Fig. 9. Determination of strut curve and chord length (Lc and Le, respectively).

Fig. 10. Strut length distribution of PPI20 foam.
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relative density of the open cell foam reconstructed model, the binarized 
images of the microstructure were used. The relative density ρr of the 
foam is the ratio of the foam density ρf to the density of the constituent 
material ρm. In essence, it represents the percentage of a given volume 
occupied by the foam structure, shown in Eq. (3.3). 

ρr = ρf/ρm = Vm/Vf (3.3) 

where Vm represents the volume occupied by the solid material and 
Vf is the total volume of the foam sample.

Using Matlab, a 3D stack of binary images was processed. Then the 
total number of voxels Ntotal was calculated, representing the total vol
ume of the foam sample. The number of voxels Nf with the intensity 
value equal to 1 was also counted, which is the volume occupied by the 
struts. Then, the relative density can be immediately obtained through 

Fig. 11. 2D demonstration of the application of EDM to measure the strut thickness.

Fig. 12. Strut thickness distribution of PPI20 PU foam.

Fig. 13. Strut profile S along the strut length.
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the ratio of Nf over Ntotal. In this study, the relative density calculated 
from the image was 2.66 %, a value which is consistent with the data 
provided by the supplier. This result has the same order of magnitude as 
the relative density value reported in Gong et al., 2005. The difference 
may be caused by the different production methods and materials.

To perform the simulation, the absolute density of the constituent 
material PU is also required; it was measured with a Pycnomatic ATC 
Thermo Scientific gas pycnometer following the ASTM D6226–21, 2021
standard. Five cubic specimens were used; they were cut randomly along 
the sheet to increase the statistical validity of the results. Measurements 
were conducted in pure helium atmosphere (Helium 5.0, purity grade) 
at 23 ◦C and at an equilibrium pressure of 200 kPa. The PU density 

measured by this method is 1.45 ± 0.065 g/cm3. An evaluation per
formed assuming the nominal and relative densities provided by the 
supplier gives 1.48 g/cm3, which is very close to the value determined 
experimentally.

3.4. Pore size distribution and structural anisotropy

Conventional PU foams often display an anisotropic cell structure, 
with their properties varying depending on the direction with respect to 
the foaming one (also referred to as the rise direction, see Gong et al., 
2005). The structure of a single pore typical of PPI20 foam is shown in 
Fig. 16(a). The directions in this study are set as follows: the foaming 

Fig. 14. Strut profiles of PPI20 foam.
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direction is noted as the Z-axis and the other two orthogonal directions 
are denoted as the X- and Y-axis.

In this study, image processing methods were used to characterize 

the pore size distribution and structural anisotropy. Pore segmentation 
(shown in Fig. 16(b)) was determined using the watershed algorithm 
(Shafarenko et al., 1997). The volume is the product of the total number 
of voxels occupied by each pore times the image resolution constant, R3. 
The pore size distribution of PPI20 PU foam is shown in Fig. 16(c). The 
average pore size is 13.73 mm3.

To measure the structural anisotropy of the foam, the classical Mean 
Intercept Length (MIL) method (Harrigan et al., 1984) was used. A set of 
parallel lines along a large number of different directions (ω) in the 3D 
binary image were superimposed on the binary object with volume V. 
The number of intersections with the phase interfaces I(ω) along any of 
these lines was then counted. MIL as a function of ω can finally be 
computed as: 

MIL(ω) = h/I(ω)                                                                         (3.4)

where h is the summation of the length of all traced lines. The MIL in 
different directions can be shown in a rose plot (Fig. 17), and the 3D 
diagram can be fitted with an ellipsoid whose parameters define a 
second-order tensor (Harrigan et al., 1984). This tensor is symmetric, 
and its eigenvalues and eigenvectors decomposition provide insights 
about the predominant object orientations. The data can also be pro
cessed using covariance calculations to define an orientation matrix 
from which the fabric tensor is derived (Ketcham et al., 2004; Tagliabue 
et al., 2021). With this approach, the degree of anisotropy (DA) can be 
calculated as the ratio of the largest to the smallest eigenvalue (λmax and 
λmin). The calculation gave a degree of anisotropy for this PU PPI20 foam 

Fig. 15. Comparison between the strut thickness measured by 
different methods.

Fig. 16. Pore size distribution of PPI20 PU foam.
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equal to 1.63.

4. Variable cross-section beam model generation

Due to the complex structure of polymeric open cell foams, the 
number of solid elements in a model constructed from CT images would 
be extremely large to guarantee an adequate description of the actual 
strut geometry, resulting in a significant increase in computational ef
forts. In this study, the open cell foam structure was considered as an 

assembly of rod-like struts which could be regarded as constant cross- 
section beams; a beam element model can thus be used to simulate 
the mechanical properties of the foam and simplify the calculations. 
However, a model based on uniform cross section beam elements would 
neglect the morphological characteristics of the strut joint area, 
compromising the accuracy of numerical calculations. To make up for 
this shortcoming, some studies proposed user-defined beam elements to 
replace the single strut of periodic lattice structures and consider the 
effect of the joints (Dong and Zhao, 2018; Park and Rosen, 2018). These 
methods are hardly applicable to model open cell polymeric foams with 
complex microstructures, because in the process of constructing user- 
defined elements, different types of simulations (such as tension, 
compression, bending, etc.) need to be performed on a single strut to 
obtain the equivalent stiffness matrix parameters, which is extremely 
costly for open cell foams with hundreds or thousands of struts with 
different morphologies. In this study we adopted a different strategy. 
Based on the standard Timoshenko beam element available in Abaqus, 
an improved beam element model of the PU PPI20 open cell foam is 
proposed considering the different morphological features of different 
struts.

To incorporate the joint area of the struts in the beam model, each 
strut is considered as a combination of three parts. To construct the 
variable cross-section beam element, 6 geometrical parameters are 
needed, i.e. the length and thickness of the three segments of the strut. 
The workflow to generate the variable cross-section beam model is 
shown in Fig. 18, with its three main phases highlighted in different 
colors.

(1) Morphological feature extraction
The CT images of the foam were converted to a 3D solid model using 

Level-set method and Delaunay triangulation. The ET algorithm was 
then applied on the model to extract the medial axes of the structure.

(2) Geometry construction
− Strut length measurement
The different types of nodes were identified, and the individual struts 

labeled. The curve length Lc and the chord length Le were measured. The 
ratio RL between Lc and Le was calculated. For the PPI20 foam sample, a 
linear correlation was found as shown in Fig. 19. The average RL of the 
foam is 1.13, which indicates that the curvature of the strut is small. 
Consequently, it is reasonable to choose the chord length as the length of 
the beam elements to facilitate the measurement and improve the 
efficiency.

After the measurement of the total length of each strut, the length of 
the end segments was first determined. The geometrical parameters of 

Fig. 17. Mean intercept length point cloud of PPI20 foam.

Fig. 18. Workflow to generate variable cross-section beam model.

Fig. 19. The correlation between curve length Lc and chord length Le.
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Fig. 20. The length determination of the three segments of the cross-section beam.

Fig. 21. Geometry correction of joint area medial axis extraction.

Fig. 22. Comparison between solid model and beam model.
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these two segments define the joint area region. Each joint was replaced 
by a sphere whose radius corresponds to the length of the longer 
concurring beam end segment. An example of a joint area at the 
convergence of multiple struts is shown in Fig. 20. The length of the 
middle beam is the remaining length of the original beam, once the two 
end segments have been isolated.

− Strut thickness calculation
EDM was calculated from the CT images. The thickness of each strut 

was measured. The cross section of the struts is considered to be circular 
in this study, and uniform along the length of each beam segment (based 
on the results discussed in section 3.2); the radius of the cross section is 
taken as half the average beam thickness.

(3) Geometry correction
The microstructure of open-cell foams is complex and irregular. 

During the foaming process, it is difficult to ensure uniform distribution 
of the matrix material in the struts. This results in different sizes of strut 
joints. Generally, ET will not generate a medial axis in the joint area but 
only generate the intersection points of several medial axes. However, 
when more than four struts intersect in the joint area, the size of this area 
increases, and the medial axis would be extracted. When the length of 
the medial axis of this zone lied below a given tolerance the central point 
of the medial axis was retained and connected to adjacent nodes to 
eliminate this artificially generated strut (as shown in Fig. 21(a)). When 
the medial axis was longer, it was preserved instead (see Fig. 21(b)). In 
this study, the tolerance value was set to 0.1 mm, which guarantees that 
the length change of the connected strut would not exceed 10 % of its 
original length.

(4) Beam model construction and primary verification
The variable cross-section beam elements were connected to form 

the final beam model. The comparison between beam model and solid 
model is shown in Fig. 22. The relative densities of the beam model and 
solid model are 2.6 % and 2.7 %, respectively. The two values are very 

close, and this result supports the reliability of this image-based reduced 
order model generation method. The generated models were then im
ported in ABAQUS to perform the compression simulations, as discussed 
in the next section 5.

5. Materials and experiments

5.1. Compression tests on PU foam samples

In this study, quasi-static compression tests were performed on PPI20 
foam samples using two different setups: a RSAIII dynamic testing ma
chine and an in-situ compression test fixture positioned inside the CT 
scanner (Deben Microtest system), as shown in Fig. 23. While tests 
conducted on the RSAIII generally gave more accurate results, the in-situ 
setup allowed the study of the deformation evolution of the foam 
microstructure during the compression process. The specimens used for 
compression tests were cut from foam sheets using hot wire. The same 
dimension of the cubic samples was used for the two testing methods, 
equal to 10 mm x 10 mm x 10 mm (also shown in Fig. 23). The 
compression tests were performed along the foaming direction − Z axis. 
All the compression tests were carried out at room temperature (23 ±
1◦C). On the RSAIII machine, 30 compression specimens were tested. 
Due to the complexity and time of the CT scan operation, only 3 samples 
were tested in-situ. In all cases, samples were tested up to 50 % nominal 
strain by applying a constant displacement rate of 1 mm/min, corre
sponding to a nominal strain rate of 1.67e-3 s− 1, according to the stan
dard ASTM D1621–16, 2023; the loading rate level is similar to that 
applied in Gong et al., 2005. Preliminary testing at different rates (up to 
6 mm/min) suggested almost negligible rate effects in this range, 
consistently with the rubbery nature of the polymer which at room 
temperature is well above its glass transition. The force–displacement 
response for each test was recorded on both setups, and the nominal 

Fig. 23. Compression tests using RSAIII (left) and In-situ compression tests in CT machine (right).

Fig. 24. Quasi-static tensile test performed on the struts.
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stress–strain curves were derived. In addition, to characterize the me
chanical anisotropy of the material, the compression tests were also 
performed along the other two transverse directions (Y axis and X axis) 
using the RSAIII machine. The loading conditions (loading rate, tem
perature) are the same as the compression tests along the Z axis.

For the in-situ tests, CT scans of the samples were acquired (ac
cording to the procedure illustrated in section 3) at the beginning and at 
the end of the test. For the second scan at 50 % strain, an interval of 5 
min was introduced between stopping the test and the CT acquisition, to 
allow complete relaxation of the samples still under compression. The 
3D models at initial 0 % strain and final 50 % strain were generated 
using the images acquired at these two deformation stages; the model at 
0 % strain was taken as the basis to perform the numerical calculations.

5.2. Characterization on the constituent material of the PU foam

To perform the simulation, the mechanical properties of the con
stituent material, PU, need to be determined. To obtain a direct mea
surement, consistent with the conditions of the material after the 
foaming process, several isolated struts with a total length of about 25 
mm were cut from the foam sheet. These struts were considered to have 
a constant circular cross section obtained by calculating the average 
diameter value measured along the length of the strut, measured using 
an optical microscope. Then, quasi-static uniaxial tensile tests (shown in 
Fig. 24) were carried out on the RSAIII machine at 3 mm/min to char
acterize the mechanical properties of this constituent polyurethane. 20 
samples were tested and the average stress–strain curve is shown in 
Fig. 25. The shaded error bar area corresponding to the standard devi
ation of the measured values was also plotted. The deformation was 
completely recovered after the test, thanks to the elastomeric behaviour 
of the PU foam.

In this study, different constitutive equations were considered 
(including linear elastic, elasto-plastic and hyperelastic) to describe the 
mechanical behavior of the constituent PU material. Although the 
compressive response of PU foam could possibly be influenced by the 
loading rate (See Gong et al., 2005), preliminary testing on the 

elastomeric PU used in this research indicated that rate-effects are quite 
small, and consequently the present model does not include any visco
elastic component. Using the stress strain curve, the constitutive pa
rameters of solid PU used in simulation can be calculated through curve 
fitting. Taking the calculation of Young’s modulus of the material as an 
example, performed according to the standard ASTM D638-14, 2022, a 
red dotted straight line in Fig. 20 was drawn as an extrapolation of the 
initial linear portion of the stress–strain curve; the Young’s modulus can 
then be obtained by the slope of this line. The comparison of the simu
lations conducted with the solid foam model using different constitutive 
laws and experimental parameters is shown in the Appendix. A high 
degree of consistency between the different material models and the 
experimental results was reported. This may sound surprising at first, 
given the markedly nonlinear behavior reported in Fig. 25; however, the 
deviation from linearity is relatively limited and only a tiny fraction of 
the struts reaches strain levels higher than 20 %. Additionally, hyper
elasticity is not available with beam elements in Abaqus/Explicit. Given 
the substantial equivalence of the different options, the simpler linear 
elastic law was chosen in view of improving the calculation efficiency, 
with identified parameters reported in Table 1. The value of the Pois
son’s ratio of PU was taken from the literature, after verifying that 
choosing different values gave almost no effect within the range 
0.30–0.45 (see Appendix). To reproduce the real test conditions, the 
steel compression platens were also introduced in the model. The elastic 
properties used for steel are also shown in Table 1.

6. Simulations

Compression of the PPI20 foam was simulated using both the beam 
and solid models with ABAQUS / Explicit. The whole cubic sample 
tested was modelled. The material constitutive parameters are input 
using the parameters obtained in section 5.2. The mesh setting is a 
critical step that determines the accuracy of the simulation results. In 
this study, the Timoshenko beam element was chosen. To obtain accu
rate numerical calculation results, a fine mesh is required. Initially, each 
strut is composed of three beam elements. Each beam element is then 
refined, and the total number of elements is increased. A mesh sensi
tivity analysis was conducted to determine the optimal element size; 
results are shown in the Appendix.

Relevant mesh information including mesh size, element type and 
element numbers is shown in Table 2. The analysis step is set to “Gen
eral”, “Dynamic, Explicit”. After several analyses and tests, an appro
priate mass scaling value was selected to accelerate the simulation 
process of the solid model: for the elements whose stable time increment 
was less than 5⋅10-8 the latter was increased to 1⋅10-7. In Abaqus/ 
Explicit, ‘contact’ generates contact forces to resist node-into-face, node- 
into-analytical rigid surface, and edge-to-edge contact penetration 
across the all-inclusive surface, thereby providing a comprehensive so
lution for enforcing contact in a wide range of simulation scenarios 
without the need for complex contact definition procedures. The defi
nition of an appropriate method to model arbitrary contact between 
beam elements remains an open problem. One approach to modeling 
beam contact is to introduce a spring contact model into the unit cell 
(Gong and Kyriakides, 2005). In this study, ‘General contact (All with 
self)’ was enforced to model contact between platens and the sample and 
also mutual contact between the polymeric struts. The tangential 
behavior in the contact properties was set to penalty, based on previous 
experiences on polymeric foam modelling; the friction coefficient was 
set to a fixed value of 0.2, after verifying that any values within the 

Fig. 25. Average stress strain curve of isolated struts.

Table 1 
Mechanical properties of steel and PU.

Materials Young’s modulus E Poisson’s ratio υ Density

steel 210 GPa 0.3 7.85 g/cm3

PU 93 MPa 0.4 1.45 g/cm3

Table 2 
Mesh information for different models.

Model Mesh type Number of elements Number of Nodes

Beam model B32 8472 16,559
Solid model C3D4 1,467,243 436,893
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range 0.1–0.3 gave little or no effect on the outcome of the simulations 
(shown in the Appendix). The normal behavior was instead set to “hard” 
contact. A rigid body constraint was applied to the two platens. During 
the simulation the lower platen position is fixed. In the compression 
step, a downward displacement was applied on the upper platen while 
horizontal displacement was kept fixed. The boundary conditions 
applied on the foam during compression are shown in Fig. 26.

7. Results and Discussion

7.1. Stress–strain behavior

The comparison between the stress–strain curves of simulations 
using different models and experimental results along foaming direction 
(Z-axis) are shown in Fig. 27.

The symbols represent the experimental results obtained on the two 
different setups (RSAII and in-situ). The shaded area around the RSAIII 
dataset represents the deviation for 30 tests. A single in-situ 

experimental result was chosen due to the fact that both solid and beam 
models were generated using the images obtained through this in-situ 
compression test. At the early stage of compression, the foam shows a 
linear elastic behavior. This is followed by a plateau region at the strain 
level beyond 10 % of relatively constant force with increasing defor
mation. The specific details of these states and the transitions between 
them are highly dependent on the foam microstructure (Zhu and Windle, 
2002; Kraynik, 2003; Gong et al., 2005). As the displacement of the 
platen increases further, the volume of the densified structure gradually 
increases, and the resistance to the platen becomes greater. Load oscil
lations occurred, especially during the in-situ tests. During the 
compression, due to the sparse foam structure, the contact area between 
the specimen and the platen constantly changes, and deformations of 
internal structures such as collapse also cause instability. The experi
mental data obtained using RSAIII, however, are much smoother than 
the in-situ experimental data. The RSAIII is a dedicated and very accu
rate testing device, and the related dataset is also larger. Conversely, the 
accuracy of the in-situ testing apparatus is lower and the degree of 

Fig. 26. Boundary conditions applied in simulation for beam (left) and solid (right) model.

Fig. 27. Stress–strain curves for compression tests and simulations.
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control over sample loading not as good; the origin of the relatively large 
oscillations reported is not fully clear. Nevertheless, the in-situ platform 
allows the CT scanning of foam samples during compression, and in the 
end the results provided are certainly comparable with the reference 
curves provided by the RSAIII (in principle they should return the same 
compressive behaviour of the foam). It is worth remarking that de
formations are completely recovered after the test, with no residual 
strain or damage visible in the elastomeric foam samples.

The red and blue solid lines represent the outcome of the numerical 
simulations performed using the solid and beam model, respectively. 
The solid model results show very good agreement with the experi
mental results, with only a slight overestimation of the plateau stress 
level. The results of the beam model are very similar. Irrespective of 
these minor differences, the behavior predicted by the beam element 
model still provides an accurate description of the experimentally 
observed one, with a similar overestimation of the plateau stress. This 
slight loss of accuracy comes with the advantage of a huge reduction in 
the computational effort, as demonstrated later.

The stress–strain curves along different directions are shown in the 
Appendix. The Young’s modulus of X-, Y- and Z-axis are 41 kPa, 24 kPa 
and 20 kPa respectively. The initial modulus of the two transverse re
sponses is approximately half that of the foaming direction. Considering 
the other loading directions, this PU foam was shown to be transversely 
isotropic from stress-strain curves obtained through both experiments 
and simulations. The material has similar compression behavior in the 
X- and Y-axis. The compressive behavior along the foaming direction is 
stiffer than that along the other two directions. This result is consistent 
with the conclusions obtained in Kanakkanatt, 1973, Huber and Gibson, 
1988 and Gong et al., 2005. The simulation results using the solid 
element model and the beam element model show a good correlation to 

the experimental results. These two CT image-based finite element 
analysis methods can effectively capture the transversely isotropic na
ture of this material.

7.2. Deformation analysis

The 3D foam microstructure at 0 % strain level and 50 % strain level 
is shown in Fig. 28 for the images obtained through in-situ x-ray scan
ning, and the those calculated at the two corresponding strain levels 
using both the solid and beam models. Although this is a qualitative 
comparison, the figure shows that both models can well capture the 
deformation patterns of the open cell foam under compression as 
exhibited by the actual CT reconstructed geometry. Bending of the struts 
takes place, with isolated local buckling phenomena due to the foam 
compression. Compared to the solid model, Von Mises stresses for the 
beam model are slightly higher, although within the same range. The 
deformation of several struts of the beam model is more severe than that 
of the solid model. The difference might derive from the size and shape 
of the simulated struts joint area: the stiffness of this area has a higher 
stiffness than that of the struts connected to it, which has a direct in
fluence on the deformation of the struts. The distribution of stresses on 
the struts allows for a richer description of the stress concentration 
compared to the beam model, in which the distribution of stress on the 
strut is more uniform, unable to extract local stress–strain characteris
tics. Yet, based on the global response presented in Fig. 27, it would 
seem that these local effects have a very limited impact on the overall 
behavior.

The introduction of local defects (e.g. surface roughness), strut pro
file parameters (shape, curvature) and other morphological features 
could be considered to improve the current capabilities of the beam 
model, but these options should be carefully weighed against the inev
itable increase of the required computational costs.

7.3. Computational cost

For the 10 mm x 10 mm x10mm model, the number of elements, 
memory allocations and CPU time used for simulation under same 

Fig. 28. Contour map of Von Mises stress (in MPa) for the two numerical models, compared against the experimental CT reconstruction at 0% and 50% 
compressive strain.

Table 3 
Comparison between computational cost of beam and solid model.

Model Number of elements CPU time (s) Memory allocation (GB)

Beam model 8472 14469 0.46
Solid model 1467243 276967 6.60

S. Feng et al.                                                                                                                                                                                                                                     International Journal of Solids and Structures 322 (2025) 113598 

16 



conditions are shown in Table 3, with reference to a cluster node 
equipped with 2 Dell Power Edge R410 nodes with Intel(R) Xeon(R) CPU 
X5650 @ 2.67 GHz, 24 cores, 48 GB RAM. Compared to the solid model, 
the beam model demonstrates extremely efficient computing capabil
ities. The memory allocated for beam model during simulation is about 
one fifteenth of that allocated to the solid model. This greatly improves 
computing efficiency while reducing hardware requirements. The 
running time for the beam models is also shorter than that of the solid 
model by a factor 20, i.e. 4 h instead of 3 days.

8. Conclusions

Due to the unique internal connectivity and three-dimensional 
skeleton structure, polymeric open cell foam structures have a wide 
range of properties and are suitable for many applications. Based on the 
images obtained by CT scan, the morphological features of the foam 
microstructure were used to generate a simplified finite element model. 
This variable cross-section beam model exhibits high consistency with 
the realistic microstructure of the foam. This improved image-based 
finite element modelling method increases the computational effi
ciency of the simulation and could serve as an advanced means to 
investigate the mechanical performance of the foam under compression. 
The main conclusions of this research are as follows:

1. The images of the PU PPI20 open cell foam microstructure were 
obtained by CT scan. The 3D solid model of the microstructure was 
converted from these images using Level-set method and Delaunay 
triangulation. The morphological features (strut length and thickness) 
were then extracted.

2 A variable cross-section beam model was created based on the 
measured morphological features. The simulations using the solid model 
and beam model were carried out. The comparison between the simu
lation results and the experimental results proved the effectiveness of 
this simplified image-based modelling method. The beam model dem
onstrates high computational efficiency compared to the solid model 
which could contribute to the fast and accurate design of the new foam 
structures.

The influence of morphological features such as the shape of the strut 
and the joint area approximation on the modelling accuracy still needs 
to be investigated in the future. The beam model, however, already 
proves a valuable tool to optimize the design of open cell foam products. 
Thanks to its computational efficiency, relatively large models can be 

built while retaining essential information about the true foam 
morphology. Additionally, the model could be exploited to generate a 
very large number of foam architectures and investigate the correlation 
between key morphological parameters and the overall mechanical 
behavior, in view of identifying suitable homogenized models whose 
constitutive parameters can be objectively determined for a given foam 
structure and constituent material.

Although the model has been defined on the basis of images and 
results of in-situ mechanical tests of a specific case, it abstracts the 
general characteristics of this type of foam and can therefore be used to 
predict the behavior under different loading conditions, such as may 
arise in typical applications of these materials. The proposed approach is 
not limited to polymeric foams but can be readily extended to other 
materials (e.g. trabecular bone), provided they possess an open cell 
structure. For closed cell foams, the model will require further devel
opment with the inclusion of additional elements coupled to the beam 
network (e.g. shell elements).
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Appendix 

Figs. A1-A5 report the results of preliminary parametric analyses which helped the definition of the model presented in the paper by investigating 
the influence of: 

• Constitutive material law for the PU foam
• Value of the Poisson’s ratio coefficient
• Beam element size
• Value of the coefficient of friction between PU foam and steel platen
• Mechanical anisotropy analysis using experiments and simulations
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Fig. A1. The comparison of experimental results and simulation results using different constitutive laws

Fig. A2. The effect of Poisson’s ratio on the simulation using solid model
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Fig. A3. Beam model mesh sensitivity analysis

Fig. A4. The effect of coefficient of friction on the simulation using solid model
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Fig. A5. Mechanical anisotropy of PU PPI20 foam

Data availability

Data will be made available on request.
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