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Abstract. The main goal of this study is to validate elementary mechanical parameters of a newly
designed open-cell foam. The purpouse for investigating artificial material is to approach the properties
of the human bone in the case of its adequate replacement. Investigated material can be also used
as an artificial bone to train surgical procedures and to improve the skills of the surgeons. Four sets
of the foam with different chemical composition were subjected to an uniaxial quasi-static loading to
describe basic mechanical behaviour of these samples. Based on these experiments, the stress-strain
diagrams were created as a comparative tool including calculation of the effective Young’s modulus.
The acquired knowledges will be used as input parameters of a follow-up study aimed at describing the
morphology of presented structures and their response to mechanical experiments. A distortion effect
of porosity on the results is not considered in this study.
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1. Introduction
Open cell foams are very effective lightweight struc-
tures with impressive load-bearing function. Therefore
there is wide range of application for this type of ma-
terial in modern engineered products. Moreover, this
spongy-like structure is very close to natural foam ma-
terials hence it meets the presumption for the usage
in bioengineering [1]. In this case different types of
polyurethane foam synthesized as artificial cancellous
bone was investigated from biomechanical point of
view.

The goal of the project is to find suitable material
for artificial vertebrae filling with similar mechanical
and structural parameters to real vertebra body [2].
Resulting product will serve during the training of
medical doctors in spine surgery simulator developed
at FHOÖ Linz [3].
Based on results of previous studies [4], four dif-

ferent foam were synthetized employing various addi-
tives in base polyurethane matter. Similarly to the
natural cancellous bone, artificial structure exhibit
complex porous microstructure composed of irregular
polyhedral cells [5] which is influenced by the addi-
tives. Bone aging and disease could be simulated the
same way [6, 7]. Set of pilot compression tests were
performed on batch of samples prepared from all ma-

terial to evaluate basic mechanical parameters and
to test loading range for in-house developed loading
device which is planned to be used for 4D computed
tomography testing procedure as a next step in this
project.

2. Experimental procedure
2.1. Specimen description
Two-component polyurethane resin (Kaupo, Spaichin-
gen, Germany) was used as the base material. De-
pending on a mineral filler, four types of polyurethane
foam were created (listed in Tab. 1). Each type of
foam was provided by the Research Group for Surgi-
cal Simulators Linz (University of Applied Sciences
Upper Austria in Linz, Austria). A small amount
of highly-concentrated colour pigments was added to
distinguish individual sets of samples (depicted in Fig.
1). The same aditives (in detail listed in [4]) were
used in all cases, e.g. 1 % of tap water as a blowing
agent.
All the foam samples were delivered in cylindrical

shape with thin other shell and cut by a band saw to
smaller rollers with a diameter D = 19.70 ± 0.14 mm
and height h = 15.42 ± 0.42 mm.
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Filler Bulk Density
[g/dm3]

50% Calcium carbonate (CaCO3)
1% H2O
3% stabilizer

416.69 ± 21.85

50% Calcium phosphate
(3Ca3(PO4)·CaO)

1% H2O
3% stabilizer

362.15 ± 17.16

30% Barium sulphate (BaSO4)
1% H2O
3% stabilizer

381.45 ± 36.07

without filler
1% H2O
3% stabilizer

467.33 ± 59.74

Table 1. Average bulk density of the samples

Figure 1. Four types of samples – color-coded
according to the filler

2.2. Experimental Setup
Experimental setup consisted of an in-house developed
uni-axial loading device and optical setup. Force was
measured by high-durability U9B series loadcell with
nominal loading capacity 1 kN (HBM, Germany). The
axial movement of a clamp was performed by an elec-
trical stepper motor with a ball screw. Displacement-
driven tests were performed with 10 µm/s loading rate
for 10 mm displacement (corresponding to ≈ 50 %
deformation). Force and displacement data were
recorded at a sample rate of 5 Hz. Experiments were
controlled by the modified LinuxCNC software run-
ning on a real-time kernel [8].

Because of the need to evaluate the deformation op-
tically, the samples were captured by high-resolution
CCD camera Manta G-504BManta (Allied Vision
Technologies GmbH) equipped with a telecentric
lens. The optical setup was placed on a 3-axis stage
equipped with micrometric screws for precise posi-
tioning. All of the images were captured by unique
timestamp to synchronize the force log. During the
measurement, place of view had to be enlightened by
external LED light source KL 2500 (Shott, Germany).
Complete equipment is depicted in Fig. 2.

2.3. Digital Image Correlation
High precision of the deformation measurement is
a necessary step for proper evaluation of the strain-
stress diagram. One of the common and widely used
method is Digital Correlation Image (DIC). This opti-

Figure 2. 1 - camera, 2 - positionable table, 3 - LED
source, 4 - loading device, 5 - place for specimen

Figure 3. Definition of the subset and offset

cal method is based on a specific small area tracking -
subset, defined by a variable m. The region is then
searched for in the wider neighborhood defined by a
variable offset (shown in Fig. 3).

A necessary condition is to ensure a granular coating
on the surface of each sample. Primarily random pat-
tern allows a tracking of these areas during the exper-
iment and calculation of the displacement, necessary
to calculate the deformation. Updated Lucas-Kanade
algorithm was used for this purpose [9, 10].

3. Results
Based on the obtained force-displacement results, the
stress-strain curves were calculated using total dimen-
sions of the samples (Fig. 4 to 7). These results show
dependency of the ultimate stress on the used filler
in polyurethane foam. The stress-strain curves are
very similar when using Calcium phospate and Bar-
ium sulphate filler. Higher values of the monitored
quantities are reached by the Calcium carbonate filler.
The highest values of the ultimate-stress and Young’s
modulus are achieved when no filler is used but these
results are distorted by a thin shell of a high stiffness
on the samples.

Young’s modulus was calculated using linear regres-
sion applied on the elastic part of the stress–strain
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Figure 4. Stress-strain curves of Calcium carbonate
filler
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Figure 5. Stress-strain curves of Calcium phosphate
filler
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Figure 6. Stress-strain curves of Barium sulphate filler

diagrams. For the yield stress σY evaluation, Chris-
tensen [11] second derivation criteria was used:

σY = σ at
∣∣∣∣d2σ

dε2

∣∣∣∣ = max (1)

For noise reduction significantly distorting resulting
derived function rolling average filter computed from
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Figure 7. Stress-strain curves of no filler

five values as:

σ′na
=
σ′n−2 + σ′n−1 + σ′n + σ′n+1 + σ′n+2

5 (2)

Results of the effective Young’s modulus of each of
the sample’s batch are listed in Tab. 2.

Filler Effective Young’s
modulus
[MPa]

50% Calcium carbonate (CaCO3)
1% H2O
3% stabilizer

48.63 ± 4.37

50% Calcium phosphate
(3Ca3(PO4)·CaO)

1% H2O
3% stabilizer

23.35 ± 3.89

30% Barium sulphate (BaSO4)
1% H2O
3% stabilizer

25.01 ± 8.35

without filler
1% H2O
3% stabilizer

89.04 ± 34.72

Table 2. Average of the effective Young’s modulus of
the samples

4. Conclusions
All samples were subjected to the uniaxial compres-
sion test. Digital Image Correlatioon method was
used for evaluating the displacement during the mea-
suring. Due to very precise synchronization between
captured images of the sample’s surface and force
logs the stress-strain diagrams could be calculated
and effective Young’s modulus was calculated for each
of the sample. High dispersion of the Young’s mod-
ulus is described by the standard deviation. This
indicates that the porosity or wall thickness vary in
the volume of the sample. Further investigation of
the material, especially from morphological point of
view, is necessary. For this reason, other samples
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will be subjected to an internal structure study using
more advanced methods as 4D computed tomography
testing procedure.
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