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Abstract: In this study, a new numerical approach based on CT-scan images and finite element
(FE) method has been used to predict the mechanical behavior of closed-cell foams under impact
loading. Micro-structural FE models based on CT-scan images of foam specimens (elastic-plastic
material model with material constants of bulk aluminum) and macro-mechanical FE models
(with crushable foam material model with material constants of foams) were constructed. Several
experimental tests were also conducted to see which of the two noted (micro- or macro-) mechanical
FE models can better predict the deformation and force-displacement curves of foams. Compared
to the macro-structural models, the results of the micro-structural models were much closer to the
corresponding experimental results. This can be explained by the fact that the micro-structural
models are able to take into account the interaction of stress waves with cell walls and the complex
pathways the stress waves have to go through, while the macro-structural models do not have such
capabilities. Despite their high demand for computational resources, using micro-scale FE models is
very beneficial when one needs to understand the failure mechanisms acting in the micro-structure of
a foam in order to modify or diminish them.

Keywords: porous biomaterials; low-velocity impact; closed-cell foam; CT-scan; micro-scale
FE modeling

1. Introduction

Since the 1990s, different methodologies have been developed for numerical modeling of
mechanical behavior of foams. These methods include macro-structural modeling of foam structures
using volumetric elements and with reduced mechanical properties, using Voronoi diagrams to create
the micro-structure of irregular foams, creation of a specific regular unit cell (such as cube [1], truncated
cube [2], truncated octahedron [3], Weaire–Phelan [4,5], etc.) and tessellating it in space to have a lattice
structure representing a foam structure, micro-structural modeling of the micro-geometry of the foams
based on computed tomography (CT) images, etc. In all the above-mentioned modeling methodologies
except the last one, in order to have reliable numerical predictions, the studied foam specimens must
have a relatively regular micro-structure. The CT-based micro-structural finite element (FE) modeling
is, however, capable of considering the complexities and irregularities inside the micro-structure of
foam specimens.

Implementing CT images for creation of micro-structures of foams has been carried out in
a number of studies. For example, Vehyl et al. [6] used CT data of M-Pore sponge and closed-cell
Alporas foams to create FE models of foam. Miedzin´ska et al. [7] used µ-CT data for modeling
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open-cell aluminum foams and observed good correlation between the numerical results obtained
from their model and the experimental compressive tests. Bock and Jacobi [8] employed X-ray µ-CT to
acquire the geometric data for open-cell aluminum foams. Using FoamView software, they were able
to extract strut lengths and pore shape of the struts. Their results supported the ideal geometry for
foams suggested by Weaire and Phelan [5].

One of the main applications of metal foams can be the manufacturing of bone substitute
implants [2,9,10]. It is usually preferred to use highly porous metal foams to manufacture orthopedic
load-bearing implants instead of stiff metal ones. The main reason for such preference is the much
larger stiffness of biocompatible metals such as titanium, aluminum, and stainless steel compared
to natural bone. This large difference in the stiffness of metal implant and natural bone around it
decreases the load transferred through the bone (known as a phenomenon called stress shielding [11])
and leads to gradual resorption of the bone after implantation. The other reason is that the metal
foams made of biocompatible materials also preserve the excellent physiological properties (such as
being biocompatible and corrosion-resistant when faced to body fluids) of the metal they are made of.
Moreover, the presence of semi-open pores in the external surface of an implant made of closed-cell
foams are good sites for bone regeneration and, therefore, subsequent implant-bone attachment.

One of the main advantages of closed-cell foams compared to open-cell foams is their higher
toughness when faced to impact loading. An implant can be the subject of many impact loads such as
car accident, slipping and falling of a person, foot impacts during running, etc. Closed-cell foams have
traditionally shown better energy absorption capacity and impact resistance [12,13]. Therefore, in this
study, it is attempted to use a new approach to predict the mechanical behavior of closed-cell foams
under impact loading.

There are several studies on the numerical modeling of closed-cell foams under impact loading.
Using a crushable foam material model, Rajendran et al. [14] simulated the low-velocity impact on
closed-cell foams with different densities. Li et al. [15] imposed quasi-static and low-velocity impact
loadings on closed-cell aluminum foams and compared analytical, numerical, and experimental results.
Zhang et al. [16] used Voronoi structures to investigate collapse and fracture behaviors of closed-cell
metallic foams with different pore sizes. The influences of porous structure density and strain-rate
on the dynamic responses of aluminum foam using micro-mechanical models was carried out by
Liu et al. [17] using two-dimensional models. Fang et al. [18] used a mesoscopic method to model
closed-cell aluminum foams with variable pore and wall thickness dimensions.

In this study, micro-structural models of closed-cell foams are extracted from CT-scan images of
foam specimens and are used to create 3-dimensional (3D) foam models. To model the mechanical
behavior of the micro-structure of such structures, elastic-plastic material models with material
properties of the bulk material (aluminum) is used. For comparison purposes, in addition to
micro-mechanical models, macro-mechanical finite element models of the foam specimens are also
created using volumetric elements, and crushable foam material model is assigned to them. Several
experimental tests are also carried out and their results will be used to find out which of the two (micro-
or macro-structural) models can better predict the mechanical response of the foam specimens.

2. Experimental Tests

2.1. Material

Aluminum alloy A356 (Table 1) was used to manufacture a foam plate by the melting method
(Figure 1). The foam plate had the dimensions of 20 × 20 × 4 cm3. The diameter of the pores was
measured from the CT-scan images. The average pore size in the specimens was 1.5 mm. The foam
plate was cut into several specimens with dimensions around 3 × 3 × 4 cm3. (Figure 2). In each
specimen, coordinate z represents the longer direction of the specimen. The mean density of the
prepared specimens was in the range of 600–800 kg/m3. The relative large range of densities was due
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to the presence of very large cavities in some specimens with sizes dozens of times larger than the pore
size (For example see Figure 2 right).

Table 1. A356 alloy mechanical properties.

Property Value

Density (kg/m3) 2685
Elastic modulus (GPa) 71

Yield stress (MPa) 165
Tangent modulus (GPa) 0.487

Poisson’s ratio 0.33
Elongation 2–3.5%J. Imaging 2018, 4, x FOR PEER REVIEW  3 of 15 
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Figure 1. (a) The foam plate before being cut, (b) the coordinate system used in this paper. 
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Figure 2. Two specimens extracted from foam plate.

It must be noted that the dimension of the cut specimen must be at least seven times the cell
size [13,16] (it has be noted in [15,19,20] that the specimen dimensions must be at least 5 times the cell
size) to avoid cell size and free boundary effects. The cells located in the exterior parts of the specimen
are less constrained than the cells located in the central part of the specimen, and, therefore, they have
less contribution in the stiffness of the specimen. The dimensions of the specimens in this study were
at least 20 times larger than the pore size. Table 2 lists the dimensions, the test type (static or impact)
carried out on each specimen, and other test conditions.
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Table 2. Geometrical specifications of the specimens and their loading conditions.

Specimen
#

Mass
(g)

Dimension in
x Direction

(mm)

Dimension in
y Direction

(mm)

Dimension in
z Direction

(mm)

Density(
kg/m3)

Static Test Impact Test

Elastic Elastic-Plastic Drop Weight
Mass (kg)

Drop Weight
Initial Height

(cm)

N1 25.09 31.57 32.33 40.18 612 *
N2 25.92 32.5 31.9 39.65 630 *
N3 28.7 32.44 32.14 40.37 682 *
N4 25.74 31.38 31.78 39.7 650 *
N5 25.49 31.78 32.22 39.9 624 *
N6 23.79 30.47 32.35 39.5 610 *
N7 24.9 32.75 31.8 39.84 600 *
N8 32.96 32.76 31.58 39.97 797 *
N9 27.5 31.57 32.36 40.18 670 *
N10 27.7 31.98 32.55 39.78 669 *
N11 27.7 31.9 32.65 40 665 *
N12 27.53 32 32.69 39.64 664 *
N13 27.5 31.64 32.13 40 676 13.5 60
N14 25.7 32.3 30.75 40.2 644 13.5 60
N15 27.6 32.53 32.55 39.8 655 9 60
N16 27.45 32.66 32.34 39.8 653 9 60
N17 32.3 30.95 32.41 40.3 800 13.5 40
N18 26.9 32.61 32.46 39.66 641 13.5 40
N19 30.72 32.96 32.45 40.32 714 13.5 40
N20 27.7 32.1 32.53 39.83 666 13.5 40

2.2. Compressive Quasi-Static Tests

In macro-structural FE analysis, knowing the macro-scale mechanical properties of the foams
including their elastic modulus, yield stress, and stress-strain curve is necessary. Compressive
quasi-static tests were carried out using Zwick 1494 (Zwick, Ulm, Germany) mechanical testing
machine to obtain the data necessary for macro-scale FE modeling of the foam as well as to validate
the results of the micro-scale FE models. Twelve compressive quasi-static tests were carried out on
foam specimens in both y and z directions (N1-N12 in Table 2). To eliminate the strain-rate effects in
the obtained results, the velocity of the top compression plate was set to a small value (2 mm/min).
Figure 3 demonstrates the quasi-static compression test apparatus as well as the time sequences of the
crushing of one of the specimens.
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2.3. Drop Hammer Impact Tests

The impact tests were carried out using a lab-made drop-weight machine (Amirkabir University
of Technology, Tehran, Iran). Two drop weights with flat mandrels (Figure 4) having the masses of
M = 9 kg and 13.5 kg (N13-N20 in Table 2) were used. Two initial heights of h = 40 cm and 60 cm were
chosen for the impact tests. The initial energy of the drop weight was calculated using the well-known
potential energy formula U = Mgh.
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Figure 4. (a) The drop weight apparatus (b) the drop weight crushing the foam specimen.

An accelerometer sensor was attached on the top end of drop weight. The output of the recording
device was acceleration-time diagram. By integrating the acceleration-time diagram over time,
velocity-time and displacement-time diagrams of the drop weight were also achieved. Due to the
propagation and reflection of the elastic stress waves in the system, the pores of the foam, and in the
contact area between the foam and the compression plates, the output data of the recording device
included some additional fluctuations. The noises observed in the acceleration-time diagrams were
smoothed using SMOOTH function in MATLAB.

After calculating the area below the force-displacement diagram obtained for the drop weight,
the maximum difference between the initial energy of the drop weight and the area below
force-displacement diagram was found to be as small as 2.6% which verifies the validity of the
methodology used to suppress the noises in data. Some parts of this 2.6% relate to the presence of
friction between the impacting weight and the guiding rails.
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3. FE Modeling

3.1. Micro-Scale Model

CT-scan images were used to model the micro-structure of the specimens in micro-scale FE models.
For each foam specimen, about 250 CT images were obtained using a multislice CT-Scan 64 machine.
The distance between each two consecutive images was 0.13 mm. Each CT image was discretized into
an array of square cells each having different degrees of brightness. Generally, in a CT image, the dark
points represent air (i.e., points with no material) and the bright points demonstrate the presence of
material. Using a similar methodology to the one described in our previous work [21], a 3D structure
made up of cubic elements was constructed for each specimen. A CT-scan image and the cross-section
of the corresponding constructed 3D FE model is shown in Figure 5. The cubic elements used to
construct the 3D structure were of 3D solid element type in ANSYS/LS-DYNA. The micro-structural
FE model of each specimen consisted of about 660,000 elements.
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The Plastic–Kinematic material model in ANSYS/LS-DYNA was used to describe the material
behavior of A356 alloy. One of the advantages of the noted material model is that it includes the
Cowper–Symonds relationship which determines the behavior of material in high strain rates:

σd
y = σs

y

1 + (

.
ε

C
)

1
p

 (1)

In Equation (1), C and p are constants corresponding to strain rate effect and are C = 5 and
p = 4 for A356 alloy [17,22,23]. The aluminum alloys are usually low-sensitive to strain rate [22].
The Plastic-kinematic material model in ANSYS/LS-DYNA also includes a parameter Fs which
represents the failure strain and was used to eliminate the failed elements after being highly distorted.
The graphical view of the micro-structural FE model of a specimen is shown in Figure 6.

The largest dimension of each specimen (in z direction) was about 4 cm. To simulate the actual
conditions of impact, an impactor and a flat plate were placed above and below the micro-structural
model of foam (Figure 7). The mechanical properties of stainless steel (with elastic modulus of 200 GPa
and Poisson’s ratio of 0.3) was used for describing the mechanical behavior of both the impactor and
the flat plate. To model the interaction between the foam and the solid parts above and below it,
AUTOMATIC_SURAFCE_TO_SURFACE contact algorithm was used. Self-contact was also defined
for the elements of the foam model using AUTOMATIC_SINGLE_SURFACE contact algorithm in
order to avoid artificial penetration of the foam elements into each other.



J. Imaging 2018, 4, 49 7 of 15

In all the FE models, the initial velocity of the drop weight for each specimen was obtained using
the well-known formula Vc =

√
2gh, where h is a known parameter and is taken from Table 2.
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3.2. Macro-Scale Model

To investigate the superiority or inferiority of the micro-structural FE model with respect to
traditional macro-scale FE models, macro-structural FE models were also constructed and analyzed.
Both the explicit FE solvers of ABAQUS and ANSYS/LS-DYNA were used for analyzing the
macro-structural FE models. In both the FE models, crushable foam material model was used to
describe the mechanical behavior of the foam. In ABAQUS, the crushable foam material model is
based on the theory developed by Deshpande and Fleck for isotropic hardening materials [24,25]
and has been used in [15,26–31] for modeling the material behavior of foams in ABAQUS package.
This material model is also used in [14,32–34] for modeling the mechanical behavior of foams in
LS-DYNA FE package. The yield surface for volumetric hardening model is [25]

F =

√
q2 + α2(p − p0)

2 − B = 0 (2)

where p is the pressure stress, q is the Mises stress, A is the size of the (horizontal) p-axis of the yield
ellipse, B = αA = α

pc+pt
2 is the size of the (vertical) q-axis of the yield ellipse, α = B/A is the shape

factor of the yield ellipse that defines the relative magnitude of the axes, p0 is the center of yield ellipse
on the p-axis, pc is the yield stress in hydrostatic compression, and pt is the strength of the material in
hydrostatic tension [25].
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The most important input for the crushable foam material model is the stress-strain curve obtained
from quasi-static compressive tests. Figure 8 depicts the stress-strain curves of specimens N1, N2, N3,
N4, and N5 in y and z directions. The slope of the stress-strain curve in the elastic part gives the elastic
modulus of the foam specimens. To have more accurate elastic modulus values, four other specimens
were tested under compression using a very sensitive load cell with low-capacity (1 kN). The elastic
modulus obtained for four other specimens are listed in Table 3. As can be seen in Table 3, for foam
specimens with relative densities around 25%, the elastic modulus was around 153 MPa.
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Figure 8. Comparison of stress-strain curves obtained for impacts from axial (Z) and lateral (Y) directions.

Table 3. Elastic modulus for different specimens.

Specimen # Density (kg/m3) Relative Density (%) Measured Elastic Modulus (GPa)

N9 670 25 0.118
N10 669 24.8 0.153
N11 665 24.88 0.154
N12 664 24.7 0.152

To obtain the acceleration-time diagram for both micro- and macro-structural numerical models,
the rigid body acceleration-time diagram of the impactor was used. The force-displacement diagram
was obtained by multiplying the acceleration-time diagram by the mass of the impactor.

The boundary conditions were imposed on the specimen through contact forces between the
drop weight and the samples as well as the sample and the lower compression plate. The bottom
support plate was constrained in all the directions and the impactor was allowed to move only in the
Z direction.

4. Results and Discussions

4.1. Validation of the Micro-Scale FE Models

If a micro-scale FE model works well, knowing the mechanical properties of the bulk material the
foam specimen is made of is sufficient for predicting the mechanical behavior of foam structure which
is a good accomplishment. Therefore, one of the first steps in this study was to evaluate the validity of
the results of micro-scale models created for foams. Specimens N15, N18, and N20 were chosen for that
purpose. Figure 9 shows that the experimental and numerical results are in good agreement with each
other for both the acceleration-time and force-displacement diagrams of the noted specimens. The area
below force-displacement diagrams of the noted specimens were measured and the consistency of the



J. Imaging 2018, 4, 49 9 of 15

numerical and experimental results was also observed (the absorbed energy for all the three noted
specimens was 51.8–52.85 J). The effective strain evolution in the micro-scale FE model of specimen
N15 during impact is shown in Figure 10. The simulation results showed that the damage is extended
to the whole specimen and one or two failure bands were formed (however, in higher strain rates,
the cells start to collapse right below the drop weight [18,35,36]).
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Figure 9. Acceleration-time and force-displacement curves obtained from experimental tests and
microstructural FE models in specimens (a) N15, (b) N18, and (c) N20.
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Figure 10. Effective strain distribution of micro-structural FE model of N15 during impact.

4.2. Comparison of the Results of Micro- and Macro-Scale Models

The results of the experimental test, the micro-structural FE model, and the two macro-structural
FE models (constructed in ANSYS/LS-DYNA and ABAQUS) of specimen N15 were compared
to each other to evaluate the results of the macro- and micro-structural models (Figure 11).
The acceleration-time diagrams show that the micro-structural model correlates well with the
experimental tests (Figure 11 left). The good agreement of the micro-structural model and the
experimental results is better demonstrated in a force-displacement diagram (Figure 11 right).
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Figure 11. (a) Acceleration-time and (b) force-displacement diagrams obtained from experimental tests,
microstructural FE model, and macrostructural FE model of specimen N15.

In macro-structural models, in order to assign mechanical properties to the foam specimen,
carrying out experimental tests is important (while as already mentioned, it is not necessary to carry our
such tests in the micro-structural models and knowing the mechanical properties of the bulk material
is sufficient). These static tests will damage the foam specimen and make it useless for subsequent
impact tests. In the macro-structural models, the mechanical properties were accurately measured
from the experimental static test results and assigned to the material of the foam specimen. However,
the acceleration-time and force-displacement diagrams predicted by them have large discrepancies
with the experimental tests (Figure 11). The input parameters of the macro-structural FE models
were the results of the static mechanical tests on the foam specimens (such as elastic modulus, yield
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stress, plateau stress, densification strain, etc.). Therefore, the macro-structural models were not
able to accurately consider the dynamic aspects of the problem (in contrast with the micro-structural
models in which the parameters C = 5 and p = 4 were used for the Cowper-Symonds material model).
Due to two reasons, the results of the impact tests on the foam specimens were not introduced to the
macro-structural FE models. First, if the results of the impact tests on the foam models are introduced
to the macro-structural FE models, the final required results are already given to the models as an input.
In other words, the FE models simply return the input material properties that have already been
given to them. Second, the aim of the study is to show that it is possible to predict the impact response
of foam specimens by not testing them (the impact tests are always destructive) and just by having
their CT-scanned images (CT scanning is not destructive to the foams).

The other reason behind this numerical/experimental difference while using macro-scale models
can be the fact that foam specimens include several small or large pores. Since in macro-scale models,
the foam specimen is modeled as a completely filled cubic structure, the FE model is incapable
to accurately predict the mechanical behavior of specimens with large pores. The stress wave
magnitude and direction can be changed greatly when it reaches each of these large pores. While
the micro-structural model is capable of considering the interaction of stress waves with cell walls,
the macro-structural models are not. The effect of pores in severely irregular foam specimens can
become of greater importance compared to the foam specimens with regular micro-structure.

One question that can arise is that if in the microstructural model, the mechanical properties of the
solid material (which does not present any crushable behavior) is used, then where does the crushable
behavior of the foam structure as a whole come from? Closed-cell foams are structures composed of
pores and solid walls. Even though the response of the foam in macro-scale is “crushable”, each small
segment (i.e., walls) of its solid parts still behaves according to the response of the bulk material.
This “crushing” behavior in the foam structure is observed due to the presence of the pores. After
the foam yields, the pores inside the porous structure provide free space for the solid walls to deform
without considerable resistance. That is why the stress-strain and stress-time curves of the foams
demonstrate high degrees of crushability. The solid segments continue deforming without considerable
resistance until the solid walls surrounding each pore come into contact with each other. That is the
point where densification occurs and the foam behaves like a solid. In our designed experiments,
all the initial energy is absorbed before the foam specimens reach the densification region.

While in the macro-structural model, this “crushing” behavior is defined for the foam structure (as
a whole) artificially by providing it with the (crushable) stress-strain curve of the foam, this “crushing”
behavior is observed in the micro-structural model, due to the same mechanism observed in the
microstructure of the foams during experimental tests. After the first points in the solid parts of the
foam structure yield, the solid walls do not experience much resistance against deformation. Therefore,
even though we use the mechanical properties of the bulk material in the micro-structural model, the
micro-structural foam structure demonstrates the crushable response of the foam with high accuracy.

4.3. Effect of Drop Weight Initial Height and Mass

It is expected that in constant initial energy of the drop weight, by decreasing the mass of
the drop weight (or equivalently increasing its initial height), the velocity of the drop weight at its
first contact with the foam specimen increases which leads to rise in the magnitude of negative
acceleration of the drop weight (and decrease in the impact duration as well). This prediction
was verified by experimental tests on two similar specimens (N16 and N18) with the same initial
energy of drop weight (52.97 J) and with different drop weight masses of 9 kg and 13.5 kg (Figure 12
left). The force-displacement diagram (Figure 12 right) also shows that by decreasing the mass of
drop weight in constant energy, the maximum force applied to the specimen increases while the
maximum strain of the specimen decreases. The micro-structural FE modeling also demonstrated
a similar trend (Figure 13). The macro-scale models (with material model of crushable foam) made
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by both the LS-DYNA and ABAQUS FE packages were, however, incapable of predicting different
force-displacement diagrams for different masses of drop weight in constant initial energy (Figure 14).
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Figure 12. (a) Acceleration-time and (b) force-displacement diagrams obtained from two experimental
tests with equal initial energy but with different drop weight masses.
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Figure 13. (a) Acceleration-time and (b) force-displacement diagrams obtained from two micro-structural
FE models (N15 and N20) with equal initial energy but with different drop weight masses.
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Figure 14. (a) Acceleration-time and (b) force-displacement diagrams of macro-structural FE analysis
of two impacts with equal drop weight initial energy but with different masses.
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5. Conclusions

One of the main goals of the current study was to evaluate the advantages and disadvantages
of constructing a micro-structural FE model instead of a macro-structural one. To create the
micro-structural model with all the small and large pores, CT-scan images of foam specimens were
used. To model the foam specimen in the macro-scale method, mechanical properties of the foam
specimens obtained from experimental tests were used. The results of the two noted numerical model
were compared to the results of experimental tests to evaluate their strengths and weaknesses in
predicting the mechanical response.

The acceleration-time and force-displacement diagrams of the micro-structural models were
in good agreement with corresponding experimental results. Although the acceleration-time and
force-displacement diagrams of the macro-structural models were able to predict the trend of the
experimental curves, they showed a large discrepancy compared to the experimental curves. This can
be explained by the fact that the micro-structural model is capable of considering the interaction of
stress waves with cell walls of large pores, while the macro-structural models are not.

One of the other advantages of micro-structural modeling of the foam specimens is that in order to
have mechanical properties of the foam specimen (such as elastic modulus, yield stress, plateau stress,
and densification strain), it is not necessary to carry out compressive static experimental tests until high
strain levels which damage them. Despite their high demand for computational resources, micro-scale
FE models are very beneficial to understand the failure mechanisms acting in the micro-structure of
a foam in order to modify or diminish them.
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