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Abstract

In the realm of material characterization, the mechanical properties of

polymer foams play a pivotal role in shaping their applicability across diverse

industries. In this pursuit, we present a novel approach to standardize and

automate the assessment of key mechanical parameters for Expanded Polypro-

pylene (EPP) foams using a self-developed Python script, made freely available

for the scientific community. We precisely determine the compression modu-

lus, plateau onset, and onset of densification strain for EPP foams across vari-

ous densities. The script's effectiveness is demonstrated through comparisons

with manual evaluations and established standards, highlighting its superior-

ity, consistency, and suitability for a wide range of materials and conditions.

Moreover, the script enables the analysis of energy absorption, shedding light

on the intricate relationship between density and energy dissipation. Finally,

our approach was extended to other foams to provide insight on their mechan-

ical properties. The automated methodology ensures accuracy, reproducibility,

and efficiency, thereby advancing the understanding of foam materials and

facilitating informed design decisions. This research contributes to laying a

foundation for the standardized assessment of foam mechanical properties,

which could potentially facilitate their effective use in other applications.
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1 | INTRODUCTION

Polymer foams find extensive applications in various
fields, ranging from thermal and acoustic insulation to
packaging and cushioning materials. The exceptional
combination of unique properties and their high poten-
tial for lightweight construction have positioned polymer

foams as a significant market, with a global market share
valued at 128 billion dollars in 2022.1 In any application,
ensuring sufficient mechanical performance is crucial.
Particularly for foams used in protective equipment like
helmets, the mechanical properties can be life-saving.2,3

Hence, it is imperative to have a reliable and accurate
assessment of the deformation behavior of polymer
foams, ensuring reproducibility and precision.

One commonly employed method for assessing the
mechanical performance of foams is the compression
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test. This technique involves subjecting a foam sample to
a compressive force and analyzing its response. Typically,
the compression test involves gradually applying force to
the foam sample at a constant rate, while simultaneously
measuring the corresponding displacement and applied
force. These measurements enable the derivation of vari-
ous mechanical properties of the foam, including com-
pressive strength, stiffness, and energy absorption
capacity. Furthermore, the stress–strain curve obtained
during the compression test offers insights into the foam's
deformation and failure mechanisms. Compression test-
ing is widely utilized in the foam industry to quantita-
tively evaluate crucial foam properties such as stiffness,
impact absorption, and damping. Nevertheless, accu-
rately evaluating stress–strain curves remains a daunting
and time-consuming task. Often, manual evaluation
becomes necessary, leading to compromised data quality.

Ashby et al. differentiate in general between foams
with brittle, plastic–elastic and elastic deformation. The
compression behavior of a foam is influenced by the
material the foam is made of, the cellular structure, and
the relative density.4 Figure 1 illustrates a typical com-
pressive stress–strain curve of an elastomeric polymer
foam, based on the renowned research conducted by
Gibson and Ashby.5 The curve showcases the three
distinct deformation regimes commonly observed: linear-
elastic (I), plateau (II), and densification (III).

The compression modulus or elastic modulus (EC) is
the main parameter characterizing the linear-elastic
regime (region I in Figure 1) and is defined as the slope
of the linear region in the stress–strain curve. The

compression modulus is widely used in the literature to
compare the linear elastic behavior of bead foams.2,3,6–12

However, an accurate automatic determination of EC has
not been established, and therefore values for the same
foam and conditions may vary depending on the labora-
tory where it was measured or even the person doing the
manual determination of EC . For instance, for expanded
polypropylene (EPP) foam with a density of 60 kgm�3 at
room temperature, some reported values of EC (in MPa)
include 3.34,11 7.35,6 and 8.34.12 Among other problems,
the manual determination of the maximum slope in the
linear-elastic regime is prone to errors.

Another important mechanical parameter which can
be obtained from stress–strain curves is the plateau stress
(σpl, transition between regions I and II in Figure 1),
which marks the transition point to the plateau regime,
where irreversible deformation starts to occur.5 Although
there are no standardized methods to evaluate this prop-
erty, it is commonly used in the literature to compare the
mechanical performance of bead foams. Therefore, differ-
ent methods are used to determine the plateau stress.
One method is to calculate the property as the inter-
section between the slope of the linear elastic regime and
the plateau regime4,14,15 (Figure 2A). Andena et al.6

determined the plateau stress at a fixed strain that is
within the plateau range of the materials they compared.
In particular, for foamed metals, the determination of the
plateau stress with a very small (>0.2%) parallel shift of
the slope of the linear elastic range is a commonly used

FIGURE 1 Typical compressive stress–strain curve of an

elastomeric polymer foam with the three deformation regimes:

linear-elastic (I), plateau (II), and densification (III). The most

important parameters, like compression modulus (EC), plateau

stress (σpl) and densification strain (ϵD) are also shown.

FIGURE 2 Different methods for calculating plateau onset

(ϵpl, σpl) and the densification strain ϵDð Þ based on (A) the cross-

sectional analysis of tangents,5 (B) the shift of the tangent in the

linear region,13 (C) the crossing point between the plateau and

densification tangents,5 and (D) the maximum of the energy

absorption efficiency.13
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method16,17 (Figure 2B). However, this method requires
an accurate evaluation of the linear regime. Since there is
no standardized method for polymer bead foams, differ-
ent values of σpl have been reported for the same material
and conditions. For example, for EPP with a density of
about 30 kg/m3, values of 0.17,6 0.15,14 and 0.081MPa15

have been reported for the plateau stress.
A major advantage of polymer foams is their ability to

absorb energy with only a small increase in stress
(Figure 1) over a long period of compression.18 The
absorbed energy up to a certain strain can be calculated
from the area under the compressive stress–strain curve.
The efficiency of energy absorption is defined by Miltz
et al. to evaluate the ability of a foam to absorb energy up
to a given compression.19 Often, the onset of densifica-
tion is used as a limit for calculating energy absorption
and comparing the density dependence of foams.2,8,20

The onset of densification (ϵD, transition between
regions II and III in Figure 1) marks the end of the pla-
teau regime and the beginning of the densification
regime.4 It can be determined by the crossing point
between the tangent passing at the end of the stress–
strain curve and the X axis of the curve (or zero stress),
as shown in Figure 2C. The challenges of this method
were discussed in the work of Basit and Cheon,21 which
led to the establishment of a densification range for poly-
urethane foam analysis. To avoid this uncertainty,
Li et al.13 introduced another method to determine the
onset of densification using the maximum efficiency of
energy absorption (Figure 2D).

Due to the wide range of reported values of mechanical
properties for the same materials and conditions, it is nec-
essary and crucial to standardize their evaluation. This
study aims to accomplish this by developing a single
Python script that automatically calculates all the mechani-
cal properties discussed above in a unified, precise, and
reproducible way, with free access to the scientific commu-
nity. We also compare the results of the automated evalua-
tion of mechanical properties with manual evaluations. To
demonstrate the potential of automated analysis, we per-
form a comprehensive comparison of the mechanical prop-
erties of the widely used bead foams expanded polystyrene
(EPS), expanded polypropylene (EPP), and expanded ther-
moplastic polyurethane (ETPU). In addition, by using a
wide range of densities, we provide valuable insights into
the density dependent energy absorption behavior.

2 | MATERIALS AND METHODS

2.1 | Experimental trials

The experimental trials were performed on a universal
testing machine (Zwick/Roell Z010, Ulm, Germany). The

displacement was determined by the traverse of
the machine and the force was determined with an
appropriate force cell. The materials used in this study
were commercially available beads that were fused by the
steam-chest molding process to form plates. The process
parameters recommended in the accompanying data
sheets were followed. Three samples per density of EPP
(BASF SE, Ludwigshafen, Germany) and EPS (Sunpor
Kunststoff, GmbH, St. Pölten, Austria) were tested
according to DIN EN ISO 844 with skin. The samples
were cut with a band saw to cuboids with a dimension of
50 � 50 � 40 mm3 for EPP and 50 � 50 � 20 mm3 for
EPS. Six samples per density of ETPU (BASF SE, Ludwig-
shafen, Germany) were tested as a flexible foam with skin
according to DIN EN ISO 3386-1. The cylindrical speci-
mens were prepared with a water cutting unit with a
diameter of 60 mm and a height of 20 mm.

After sample preparation, inhomogeneities in the
material were tackled in the following way. (i) Parallel
surfaces: The parallel tolerance of 1% was adopted
according to DIN EN ISO 844 by measuring the height at
three different positions per sample; (ii) Density inhomo-
geneity: The density of each sample was determined, and
only samples with densities within small standard devia-
tions were taken for testing. The mean values and corre-
sponding standard deviation of the tested samples are
shown in the third column of Table 1. The density ρ of
every sample was calculated by ρ¼m=V , where m and V
are the mass and volume of the sample, respectively.

Due to different resistance against deformation, dif-
ferent force cells were used. The tested materials are
listed in Table 1, together with their commercial name,
average sample density and force cell.

The generated data were used to analyze the compres-
sion modulus, the onset of the plateau region and the
densification strain. Our automatic approach of the eval-
uation of the compression modulus by the Python script
was compared with calculating the slope between a fixed
strain of 0.025% and 0.25% according to DIN EN ISO
604 and visually determining the most linear region fol-
lowing DIN EN ISO 844, which is a widely used standard
for polymer foams.

In addition, the plateau onset and the densification
strain were compared using the methods shown in Figure 2.

2.2 | Calculation of mechanical
properties

The calculation of different mechanical properties was
done using a self-written Python script, which is available
as a Jupyter Notebook file (Supporting Information S1),
where a link to a Panopto video with a tutorial showing
how to use the script is also available. The stress–strain
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curves available as an Excel file (.xlsx extension) and gen-
erated by the TestXpert II (Zwick GmbH) were directly
used without further manual changes in the file. The
most important steps to generate the mechanical proper-
ties from the stress–strain curves are shown in the pseudo
code described in Algorithm 1.

After importing the Excel file (line 1), the values of ϵ
and σ are checked to prevent negative values of σ, as well
as repeated values of ϵ, which can cause problems in the
evaluation of derivatives in the next step. For the calcula-
tion of the compression modulus, the derivative shown in

line 4 is calculated to find the first peak in the derivative, start-
ing from small ϵ values, which corresponds to the parame-
ter ϵmax . The slope of the tangent to the stress–strain curve
at ϵmax is the compression modulus (EC, line 5). This tan-
gent line is then shifted to the right along the +ϵ direction
by 0.2 percentual points and defined as tangent’ (line 6).
The crossing point between this new tangent line and the
stress–strain curve is defined as the end of the elastic region,
also called the plateau onset (ϵpl, σpl, line 7), which defines
the starting of the plateau region.

The calculation of the densification strain starts in line
10 of Algorithm 1, where the efficiency of compression (η) is
calculated for each single value of ϵ available in the
stress–strain curve. The integral used to calculate η
shown in line 10 has been reported by Li et al.13 The den-
sification strain is then calculated as the ϵ value corre-
sponding to the maximum value of η ϵð Þ, as shown in line
11. Having calculated ϵD and ϵpl, the simple integral
shown in line 14 can be used to calculate the work of com-
pression for the investigated material. The slope of the best
linear fit to the plateau region is also calculated.

3 | RESULTS AND DISCUSSION

Figure 3 illustrates a typical output generated by the
Python script, which not only generates txt files contain-
ing the data points used in all plotted curves, but also cal-
culates several mechanical properties, as detailed below.

Compression modulus (EC): The compression modu-
lus is calculated from the derivative of the blue input
curve, dσ=dϵ (gray line in the top panel of Figure 3). The
linear region used to determine the compression modulus
is also plotted with higher magnification in the lower
panel of Figure 3, from where it is possible to judge the
goodness of the fit.

TABLE 1 Overview of the studied

samples.
Series name Materials Density (kg/m3) Force cell (kN)

EPS_30 A245 SE 32 ± 1 10

EPS_72 A245 SE 72 ± 1 50

EPP_30 Neopolen P8225 30 ± 0.1 50

EPP_60 Neopolen P9230K 60 ± 0.5 50

EPP_82 Neopolen P9280 82 ± 0.9 50

EPP_140 Neopolen P92HD105 140 ± 0.8 50

EPP_199 Neopolen P92HD130 199 ± 0.9 50

EPP_275 Neopolen P92HD180 275 ± 4 50

ETPU_244 Infinergy 32-100 U10 244 ± 2 20

ETPU_267 Infinergy 32-100 U10 267 ± 3 20

ETPU_296 Infinergy 32-100 U10 296 ± 6 20

Algorithm 1 Calculating the mechanical
properties of foams.

1: Import the Excel file.
2: Curate ϵ,σ values: σ ≥ 0 and ϵ! unique.
3: procedure COMPRESSION MODULUS (EC), PLATEAU

ONSET (ϵpl, σpl).
4: First peak of dσ=dϵ : ϵmax .
5: Slope of tangent at ϵmax :EC.
6: Shift the tangent by 0.2% along the ϵ axis:

tangent’.
7: Intersection of tangent’ and curve: (ϵpl, σpl).
8: end procedure.
9: procedure ONSET OF DENSIFICATION STRAIN (ϵD).

10: Efficiency of energy absorption: η ϵð Þ¼
R ϵ

0
σ ϵ0ð Þdϵ0
σ ϵð Þ

11: Argmax ηð Þ
ϵ

: ϵD
12: end procedure.
13: procedure Energy absorption Wcomp

14: WC ¼
R ϵD
ϵpl
σ ϵð Þdϵ

15: end procedure.

4 ALBUQUERQUE ET AL.
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Plateau onset (ϵpl, σpl): The plateau onset is calculated
by first shifting the red tangent line shown in Figure 3
(bottom) to the right by 0.002 (or 0.2%), to generate the
green line shown in the same subplot. The crossing point
between the green line and the blue input curve defines
the plateau onset (red circle), which has the coordinates
plateau strain (ϵpl) and plateau stress (σpl), also provided
in the title of the upper subplot. ϵpl is also represented by
a green dashed vertical line in the top panel of Figure 3.

Onset of densification strain: The onset of
densification strain is calculated with the maximum of
the efficiency of energy absorption. In the top panel of
Figure 3, the red curve represents the efficiency of com-
pression (η), calculated as shown in line 10 of Algorithm

1 according to Li et al.13 The maximum efficiency corre-
sponds to the beginning of the densification region
(indicated by the black dashed line) at a value of ϵ called
densification strain (ϵD). The light blue region in the
upper plot represents the area under the stress–strain
(input) curve within the range of ϵ from 0 to ϵD. This area
defines the work of compression, which is also
calculated by the script.

Plateau region: The region between the plateau onset
and the densification strain is called plateau region, and
the slope of the best linear fit to that region (orange line
in the upper subplot) is also calculated by the script.

The properties ϵpl and ϵD that are output by the script
are calculated taking into account that ϵ starts to be

FIGURE 3 Partial output

generated by the Python script. The

elastic region shown in the upper

subplot (region before the green

dashed line) is shown with a larger

magnification in the lower subplot.

ALBUQUERQUE ET AL. 5
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counted from the intersection between the tangent of the
linear elastic region and the horizontal axis in the stress–
strain input curve. This new zero in the horizontal (ϵ)
axis is denominated ϵ0 in the lower panel of Figure 3 and
represented by a black triangle. This procedure allows for
an easier comparison between stress–strain curves associ-
ated to different materials and experimental conditions.

The script was utilized to determine the mechanical
properties of various EPP foams. These values were then
compared to those obtained through manual evaluations
following the DIN-ISO 604 and 844 standards. The calcu-
lated compression modulus, plateau onset and densifica-
tion strain values for EPP at different densities are
depicted in Figure 4.

According to the literature, the compression moduli
reported for EPP were 2.34 � 1.5MPa (density of 30 kg/
m3) and 6.34 � 2.16MPa (density of 60 kg/m3).6,9,11,12

Despite variations in the base material and processing

conditions, the calculated values from the script fall
within this range, as shown in Figure 4.

The compression modulus calculated manually and
evaluated via the script were in excellent agreement with
each other, as shown in Figure 4A (green and orange
bars). The computation of the same property via a fixed
strain is by definition different, as indeed shown in
Figure 4A (gray bar) since it depends on the ranges
adopted for ϵ (here, ϵ = 0.025–0.25%).

For determining the plateau onset (Figure 4B), two
distinct methodologies were employed: the inter-
section method (Figure 2A) and the parallel shift method
(Figure 2B). The values obtained through computational
analysis exhibited a comparable order of magnitude to
those acquired via the manual parallel shift method
(Figure 4B). However, it is noteworthy that these two
values consistently registered as being lower than those
derived using the manual intersection method. Such dis-
parities, however, are anticipated due to the fundamen-
tally dissimilar nature of these approaches (Figure 2A,B).
Determining the onset of plasticity, defined as the first
plastic deformation over the entire specimen, may
require more sensitive techniques such as dynamic
mechanical analysis (DMA). However, analysis of com-
pressive stress–strain curves to obtain an estimate of the
start of the plateau regime, defined here as “plateau
onset”, can be reliably calculated using the parallel dis-
placement method and used to compare the mechanical
response of bead foams.

In the existing literature, the plateau stress for EPP
with a density of 30 kg/m3 was documented as 0.13 �
0.035MPa, while EPP with a density of 60 kg/m3 was
characterized by an onset of 0.31 � 0.064MPa.6,8,14,15 The
relatively diminished values acquired in our investigation
can be attributed to the distinct methodologies employed.
Notably, the intersection method has a tendency to over-
estimate the linear elastic region, and further, the deter-
mination of the plateau onset is highly contingent upon
the selected tangents, as elaborated upon earlier. The pre-
sent study demonstrates that this challenge can be effec-
tively addressed by adopting the parallel displacement
method, as outlined in the established ISO 13314:2011
standards for metal foams. Utilizing the slope of the most
linear elastic segment automatically identified by the
computational script, which enables precise parallel dis-
placement, yields a more precise determination of the
plateau stress.17

Figure 4C presents a comparison between the manual
intersection method (Figure 2C) and the computation of
densification strain using the point of maximum energy
absorption efficiency (Figure 2D). Evaluating the onset of
densification strain by identifying the crossing point
between the plateau and densification tangents results in

FIGURE 4 Comparison of various methods for determining

(A) the compression modulus EC , (B) plateau stress σpl, and (C)

densification strain ϵD for EPP with a density of 30 kg/m3. Error

bars represent � 1 standard deviation for three evaluations.

6 ALBUQUERQUE ET AL.
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slightly elevated values in contrast to the efficiency-
driven approach. Much like the assessment of the plateau
onset via tangent intersection, determining the onset of
densification strain is also susceptible to inherent errors.
In a study by Basit et al., it was highlighted that the inter-
section method lacks precision and heavily relies on the
user's choice of tangent line. Consequently, the authors
introduced a range of densification instead of a single
densification strain.21 To mitigate this limitation, an
alternate approach for determining densification strain
was introduced by Li et al.,13 based on maximizing
energy absorption efficiency (Figure 4D). This method
offers the potential to yield a more comparable value for

densification strain. Therefore, the latter method
(Figure 4D) has been incorporated into the computa-
tional script for enhanced accuracy.

We applied the described methodology to analyze the
mechanical characteristics of the tested materials, as out-
lined in Table 1. Additionally, we present exemplary
compressive stress–strain curves for EPS, EPP, and
ETPU, with the results depicted in Figure 5.

Figure 5A highlights the distinct deformation behav-
iors of EPS and EPP with a density of 30 kg/m3, as well
as ETPU with a density of 267 kg/m3, chosen as represen-
tative examples from the group of three materials. The
observed dissimilarity in compression behavior can be

FIGURE 5 Comparison of the different dense EPS, EPP and ETPU bead foams in (A) representive stress–strain curves, in

(B) comparison of the manual and automatic calculated compression modulus EC , in (C) the plateau stress σpl and in (D) the analyzed onset

of densification strain ϵD.

ALBUQUERQUE ET AL. 7
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attributed to the influence of the underlying base mate-
rial.5 Notably, the EPS curve exhibits a clearly visible
transition point demarcating the shift from linear elastic
to plateau regions. While the stress–strain curves for EPP
with 30 and 60 kg/m3 densities exhibit similarities, the
higher density variant demonstrates heightened resis-
tance to deformation, effectively showcasing the depen-
dence of foam mechanical properties on density. The
transition point between the elastic and plateau regions
in these curves is gradual and challenging to ascertain
through visual inspection alone. In contrast, the ETPU
curve, despite being associated with the highest density,
displays the lowest resistance to deformation at the initial
stages of the curve. It is worth noting that the slope of the
ETPU curve remains comparable to that of the other two
materials until significant deformation is reached. These
traits collectively represent characteristic behaviors of an
elastic foam and underscore the exceptional recovery
behavior inherent in ETPU.22

Figure 5B illustrates the comparison between man-
ual and automated evaluations of compression modu-
lus. Notably, both methods yield similar values,
regardless of the material and density, demonstrating
the script's applicability across diverse materials. The
distinct shapes of the compression curves contribute to
varying mechanical properties (see Figure 5B–D). Spe-
cifically, when comparing EPS to EPP at 30 and 60 kg/
m3, EPS displays higher compression modulus and pla-
teau stress, alongside higher densification strain. In
contrast, among the three materials, ETPU exhibits the
softest behavior, characterized by lower compression
modulus and plateau strain. Even at a density exceed-
ing 200 kg/m3, ETPU retains these properties. Addi-
tionally, ETPU with a density of 267 kg/m3 exhibits a
higher onset of densification compared to EPP with a
density of 275 kg/m3.

Additionally, we conducted an analysis of energy
absorption efficiency and energy absorption using the
script, with the findings presented in Figure 6. Notably,
EPS with a density of 30 kg/m3 demonstrates the highest
calculated energy absorption efficiency (Figure 6A). This
is attributed to its rather brittle behavior, which contrasts
with the behavior of EPP and ETPU. In the case of EPS,
deformation leads to the irreversible crushing of cell
walls and struts.2 For EPS with higher densities, densifi-
cation initiates at an earlier stage, consequently leading
to a decrease in efficiency. For EPP, there is a peak at
90 kg/m3, followed by a decrease at higher densities.
Conversely, ETPU, characterized by its elastic behavior,
exhibits the lowest energy absorption efficiency. In this
material, energy is stored during loading and subse-
quently released during unloading, resulting in dimin-
ished energy absorption efficiency.

FIGURE 6 (A) Comparative analysis of energy absorption

efficiency among EPS, EPP, and ETPU. In (B), visualization of energy

absorption until the onset of densification. In (C), calculation of energy

absorption across various upper limits of compressive strain for EPP

over a density range spanning from 30 to 275 kg/m3.

8 ALBUQUERQUE ET AL.
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Figure 6B offers a visual representation of the intri-
cate relationship between energy absorption and the ini-
tiation of densification. Notably, augmented density
aligns with escalated energy absorption. Particularly
noteworthy is the remarkable disparity between EPS and
EPP, with EPS showcasing significantly superior energy
absorption characteristics. In contrast, ETPU, owing to
its intrinsic elastic behavior,22 exhibits the least energy
absorption among the three materials. Moreover,
Figure 6C elucidates the density-dependent behavior of
energy absorption concerning compressive strain. As
compressive strain amplifies, so does energy absorption
in tandem. This interrelation bears consequential impli-
cations for the design of components, underscoring the
potential of high-density materials to achieve heightened
energy absorption capacities.

The results of the different dense EPP show a clear
density dependence of the compressive modulus, onset of
plasticity (5) and energy absorption (6). All values can be
fitted by a cubic fit with Equation (1). The power law fit
was slightly worse (see the Supporting Information S1).

y¼ InterceptþB1xþB2x
2þB3x

3 ð1Þ

The specific fit values for the investigated parameters
are listed in Table 2.

4 | CONCLUSIONS

This study employed a comprehensive computational
approach to analyze the mechanical properties of various
EPP foams. The methodology not only generated graphical
representations of mechanical behavior but also calculated
critical parameters crucial for material characterization.

The compression modulus was accurately determined
using the derivative of the stress–strain curve. This
approach exhibited excellent agreement with manually
obtained values and aligned well with literature-reported
compression moduli for EPP at different densities. The
technique's reliability was showcased by its ability to cap-
ture the varying deformation behaviors of distinct mate-
rials and densities.

The plateau onset and the onset of densification
strain were calculated with precision by the script, com-
paring favorably to manual evaluations. The distinct

methodologies used for determination were validated
against established standards, highlighting the superior-
ity of the proposed parallel shift method over traditional
intersection techniques. This advancement was essential
for achieving accurate and consistent results across vary-
ing materials and conditions.

Energy absorption efficiency and energy absorption
were explored, shedding light on the impact of density on
these parameters. Notably, EPS demonstrated exceptional
energy absorption characteristics, primarily attributed to
its rather brittle nature, while ETPU displayed the least
energy absorption due to its inherent elasticity. The
density-dependent behavior of energy absorption and its
correlation with compressive strain highlighted the
potential of high-density materials for enhanced energy
absorption capabilities.

Furthermore, the study established cubic fits to repre-
sent the density-dependent trends of compression modu-
lus, plateau onset, and energy absorption, providing
concise mathematical expressions to model these behav-
iors accurately.

In summary, this computational approach offers a
reliable and efficient means to assess the mechanical
properties of EPP foams, providing insights into the inter-
play of density, mechanical behavior, and energy absorp-
tion. The methodology's precision and reliability can
potentially help guide material selection and component
design for other similar applications. The study's findings
provide some insights into foam behavior and offer a
direction for future research and practical use of foam
materials.
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TABLE 2 Optimized parameters

for the fittings shown in Figures 5

and 6.

Parameter Intercept B1 B2 B3 R2

Compression modulus 2.09 0.003 6.9E�4 1.2E�6 0.9995

Plateau onset 0.0308 4.2E�4 2.4E�5 �1.2E�8 0.9995

Wcomp to ϵD 0.0377 0.002 1.8E�6 5.4E�8 0.9998
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