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A B S T R A C T

Rigid polyurethane foams (RPUFs) are widely used in impact protection applications due to their tunable me-
chanical properties. Recently, RPUFs derived from bio-based sources such as castor oil have been investigated
as a greener and more sustainable alternative to replace fossil-based polyurethane foams. It is thus important
to understand the mechanical response of these materials to low-velocity impact (LVI), which still needs to be
explored. This study aims to fill this gap by evaluating the performance of three types of RPUFs developed
from commercially available castor oil-based resins. Drop weight impact tests at different impact energies
were performed to investigate the LVI characteristics of the foams. Furthermore, an extensive micro-computed
tomography investigation was carried out to improve the understanding of the microstructure of RPUFs and
how the composition of these porous materials affected the foam architecture and the macroscopic mechanical
response. Finally, a constitutive relationship is proposed to describe and predict the materials’ response at
different impact energies.
1. Introduction

Rigid polyurethane foams (RPUFs) are widely used in cushioning
and packaging materials, impact and crash mitigation components, and
sandwich structures because of their cellular architecture, low density
and effectiveness in absorbing energy [1,2]. Cushioning materials must
effectively dissipate kinetic energy while limiting the resulting impact
force [3]. In these applications, these materials are typically subjected
to low-velocity impact associated with drops [4]. Considerable efforts
have been made to characterise the quasi-static and dynamic mechan-
ical response of RPUFs to optimise their use. Chen et al. focused
on the high strain rate response of RPUFs and found that the peak
stress was affected by the strain rate and foam density [5]. Zhang
et al. demonstrated the synergistic effect of RPUFs and the pyramidal
lattice core on the load-bearing characteristics of sandwich panels
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under quasi-static compression and low-velocity impact [6]. Pellegrino
et al. investigated syntactic polyurethane foams under strain rates
ranging from 10−4 s−1 to 103 s−1, and observed the more pronounced
foam sensitivity to the strain rate of foams compared to bulk ma-
terials [7]. Mane et al. further studied the effect of strain rate on
RPUFs under quasi-static and dynamic compression (up to 160 s−1).
They observed an increase in energy absorption and the yield stress
with increasing strain rate [8]. Hwang et al. showed how increasing
density and decreasing temperature caused an increase of mechanical
properties of the foams [9]. In contrast, the increase of impact energy
resulted in densification [9]. Zhang et al. showed how minor variations
of the strain rate induced considerable changes in the yield stress,
plateau stress and energy absorption [10].

Polyurethane foams are obtained from the polyaddition reaction of
polyols and isocyanates, derived entirely from petrochemicals. Driven
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by the ever-growing demand for green and more sustainable materi-
als, recent studies have focused on alternative, bio-based sources of
chemicals for the production of RPUFs [11,12]. Vegetable oils and,
n particular, castor oil, are currently among the most investigated
atural sources of polyols because of their abundance, low cost, bio-
egradability and ease of extraction [13]. In particular, castor oil
aturally presents hydroxyl functionalities, making it a suitable polyol
or RPUF synthesis without the need for chemical modifications and
eading to its widespread as a green material [14]. Several studies have

focused on chemical, physical and mechanical characterisation of castor
oil-based RPUFs obtained at lab-scale [15–19]. More recently, Soares
et al. and Lavazza et al. investigated castor oil-based RPUFs from
ommercial polyurethane resins, focusing on their structure–property
elationship using a design of experiment approach [20] and an ex-

tensive multiscale experimental study [21]. On the other hand, only a
limited number of studies have described the low-velocity impact (LVI)
response of bio-based RPUFs. Mourão and Neto investigated castor oil-
ased RPUFs of densities from 0.043 to 0.277 g cm−3 subjected to drop
mpact tests performed at different strain rates, ranging from 130 to
18 s−1. However, the different foams were evaluated at different strain
ates, making it challenging to compare their mechanical response.
urthermore, limited details were provided about the chemical compo-
ition and structure of the foams used [22]. Recupido et al. produced
PUFs based on cashew nut oil and containing silica and hemp fibres.
ow-velocity impact tests were performed at an impact energy of 1.2

J, limiting the scope of the investigation to an assessment of the effect
of filler on the peak force registered during impact [12].

Cellular materials and foams are multiscale hierarchical systems
[23]. It is well understood that the macroscopic mechanical behaviour
s influenced by the foam microstructure and microstructural deforma-
ion mechanisms [24]. For this reason, different studies have focused

on the application of in-situ micro-computed tomography (𝜇CT) imag-
ing to determine the foam microstructure evolution during compres-
sion [25–27]. On the other hand, in-situ 𝜇CT of dynamic events (such
s low-velocity impact) require extremely accurate time resolution and
emain difficult to achieve without the use of synchrotron-assisted
xperiments [28]. Determining the microscopic characteristics of foams
fter the impact event still provides insight into the hierarchical nature
f these materials.

Driven by the lack of experimental data regarding the low-velocity
impact behaviour of bio-based RPUFs, this work investigates the LVI
response of three different foams obtained from various commercially
available castor oil-based polyols and isocyanate mixtures. In particu-
ar, we consider the effect of the impact energy, ranging from 5 J to 30
. The manuscript is structured as follows: in Section 2, the materials
omposition and density are reported, in addition to the details on the
xperimental methods employed (drop weight impact tests and 𝜇CT
can), and the analysis methods. Section 3 focuses on the macroscopic

response of the three RPUFs, with the determination of the material
parameters describing their dynamic mechanical and energy absorption
characteristics. In Section 4, the details of the processing and analysis
f the 𝜇CT scans are reported, in addition to the obtained results
ighlighting the microscopic effect of the low-velocity impact. Finally, a
emi-empirical constitutive model is adapted to describe and predict the

foams’ crushing response, reported alongside its validation in Section 5.

2. Materials and methods

2.1. Materials

Three different castor oil (CO)-based rigid PUF formulations were
tudied in this work. Foam samples were obtained by mixing the

Mamonex® RD70 A (RD A) isocyanate with CO additives, with two
different polyester polyols derived from CO, namely Mamonex® RD70
B (RD B) and Imperveg® AGT 1315 B (AGT B), in three different
mixing ratios listed in Table 1 and referred to as RF1, RF2, and RF3,
2 
Table 1
Chemical formulation and apparent density (𝜌) of the three foams characterised in the

ork.
Foam RD A, [wt%] RD B, [wt%] AGT B, [wt%] 𝜌, [g cm−3]

RF1 60 40 0 0.08 ± 0.003
RF2 50 20 30 0.16 ± 0.007
RF3 50 40 10 0.09 ± 0.099

Table 2
Impact velocity (𝑣) and strain rate (𝜀̇) for the different impact energies (𝐽𝑖).
𝐽𝑖, [J] 𝑣, [m s−1] 𝜀̇, [s−1]
5 1.33 87 ± 2.91
10 1.88 123 ± 1.83
20 2.66 174 ± 5.01
30 3.26 214 ± 6.88

respectively. All formulations were prepared by manually mixing poly-
ols and isocyanate for about 1.5 min. The mixture was then poured into
medium-density fibreboard moulds (250 × 250 × 60 mm3) and cured for
14 days [20]. All the chemicals were supplied by Imperveg Polímeros
nd e Com (Brazil), and the foam samples were produced at the Federal
niversity of São João del-Rei. No further details about additives used

n the formulation were available from the supplier.
The apparent density (𝜌, reported in Table 1) was determined as the

ass-to-volume ratio of forty untested specimens for each foam. The
specimens’ dimensions were measured using a digital electronic vernier
calliper (Siegen, UK) with an accuracy of ±0.01 mm and masses were
measured with a Mettler Toledo XS203S XS balance (Mettler Toledo,
Switzerland) with an accuracy of ±0.001 g.

The foam characteristics were evaluated along two material di-
ections to identify possible anisotropy due to the foaming process.
he foam rising direction is identified as 𝑑𝑟, whereas 𝑑𝑡 refers to the
ransverse direction, normal to 𝑑𝑟.

2.2. Drop weight impact experimental setup

The low-velocity impact response of the foams was determined
hrough drop impact tests, performed via an Instron® 9450 drop tower

(Instron Corporation, USA), show in Fig. 1. The machine was equipped
with a C-7529-302 strain gauge tup (or impactor) with a capacity
of 45 kN and a C-7529-350 flat-faced circular insert (diameter of
50 mm). The impact force signal was obtained from the strain gauge
tup, whereas the displacement signal was recorded via a photocell. The
total drop mass was 5.6 kg. Four different impact energies (𝐽𝑖) corre-
sponding to 5, 10, 20, and 30 J were adopted for testing by varying
the drop height of the weight. The drop weight velocity before impact
𝑣) was determined from the photocell. The velocity and strain rate
𝜀̇ = 𝑣∕ℎ0, where ℎ0 is the initial specimen thickness) corresponding
o each 𝐽𝑖 are reported in Table 2.

Impact tests were performed on rectangular specimens of 30 ×
0 × 15 mm3 in size [29], obtained using a hot-wire cutter. Five

specimens for all foams were tested in each impact energy condition
for both material directions 𝑑𝑖 (𝑑𝑟 and 𝑑𝑡; see Section 2.1). A Photron
astcam SA-Z high-speed camera (Photron, Japan) equipped with a
00 mm F2.8 Macro AT-X ProD lens (Tokina Co., Japan) and with
 framerate of 70, 000 s−1 was used to video record the macroscopic
pecimen deformation, as shown in Fig. 1. The camera was positioned
t approximately 0.5 m from the samples.

2.3. Micro-computed tomography scans

Micro-computed tomography (𝜇CT) scans were used to characterise
he foam microstructure and its morphological characteristics. The 𝜇CT

scans were obtained using a customised Nikon XRH XT H 225 ST X-ray
tomography scanner (Nikon X-Tek Systems Ltd, UK), equipped with a
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Fig. 1. Drop weight impact experimental setup: drop tower with main components
indicated, foam specimens and high-speed camera position.

Fig. 2. Generic loading stress–strain curve for an RPUF in compression, with indication
of the three regions of the response: (1) linear elastic, (2) plateau, (3) densification.
Parameters discussed in Section 3.1: compressive modulus (𝐸), yield stress (𝜎𝑦) and
strain (𝜀𝑦), plateau stress (𝜎𝑝𝑙), densification strain (𝜀𝑑 ), peak stress (𝜎𝑝) and strain
(𝜀𝑝), and energy absorbed per unit volume (𝐸 𝐴, blue area).

sample exchange autoloader system [30]. Scans were performed with
an angular step of 0.11◦, acquiring a total of 4001 projections through-
out a full 360◦ rotation of the object. Each projection was recorded as
the average of 8 frames, with an exposure time of 177 ms per frame.
The accelerating voltage of the X-ray tube was 80 kV, and the beam
current value was equal to 94 μA. The source-to-object and source-to-
detector distances were set to 37.5 mm and 937.5 mm, respectively,
yielding an isotropic voxel edge size of 6 μm. Scans were performed on
cubic samples approximately 10 × 10 × 10 mm3 in size, obtained from
the central region of the impacted samples. Specimens tested in each
impact energy condition (see Section 2.2) for both material directions
for each foam type were analysed. Tomographic reconstruction was
carried out using the Nikon CT Pro 3D (Nikon Metrology, UK) software
package, which uses a filter-back projections algorithm.
3 
2.4. Determination of the Poisson’s ratio

The Poisson’s ratio (𝜈) is defined as the ratio between the in-plane
transverse (𝜀2) and longitudinal (𝜀1) nominal strains [31]. For foams,
the value of 𝜈 depends on the strain level considered, and it is not an
absolute material constant [32]. The constitutive model presented in
Section 5.1 is based on the generalised Poisson ratio (𝜈0), or the value
of 𝜈 for infinitesimal strains as defined in Eq. (1):

𝜈0 = 𝜈(𝜀1 → 0) = − 𝜀2
𝜀1

|

|

|

|𝜀1→0
(1)

The Poisson’s ratio as a function of 𝜀1 of the three foams was deter-
mined from the recorded images of the specimens’ deformation during
impact (up to 𝜀1 ≈ 50%). Image analysis was performed using the
software Fiji/ImageJ [33] by thresholding the images and measuring
the width and height variations of the obtained mask. The generalised
Poisson’s ratio cannot be determined experimentally. Therefore, the
value of 𝜈0 was extrapolated in MATLAB through a third-order poly-
nomial fitting of the measured values. The deformation images of five
samples per foam, in each material direction, were analysed.

2.5. Statistical analysis of the data

The MATLAB function anova was used to perform one-way analysis
of variance (ANOVA) to compare the statistical performance of the
measured data. Data sets are considered statistically equivalent if 𝑝 >
0.05 (i.e., they have a 5% or less chance of being statistically different).
In ANOVA studies, the 𝐹 (𝑘 − 1, 𝑁 − 𝑘) values given represent the ratio
of the variance between the group compared and the variance within
the groups compared. 𝑘 is the number of data groups compared, and
𝑁 is the total number of values considered in the groups compared. As
a consequence, the higher the 𝐹 value, the more different the different
values are [34].

3. Impact performance of the foams

3.1. Parameters describing the impact performance

The impact behaviour of the foams is described in terms of nom-
inal stress (𝜎) and nominal strain (𝜀), obtained from the force and
displacement signals. The raw data was smoothed through a Savitzky–
Golay filter (sgolayfilt function in MATLAB with order set to 3
and frame length set to 501) to reduce experimental noise. In the
following, both 𝜎 and 𝜀 are considered positive in compression. The
typical impact stress–strain curve of RPUFs is reported in Fig. 2. The
energy absorption characteristics are determined by the specific energy
absorption (𝑆 𝐸 𝐴) [35] according to Eq. (2):

𝑆 𝐸 𝐴 = 1
𝜌 ∫

𝜀

0
𝜎(𝜀)𝑑 𝜀 = 𝐸 𝐴

𝜌
, (2)

In Eq. (2), 𝐸 𝐴 is the energy absorption per unit volume and 𝜌 is the
apparent density. The energy absorption efficiency (efficiency, 𝑈𝑒) was
proposed to evaluate the energy absorption characteristics of porous
materials [3,36], and is defined in Eq. (3):

𝑈𝑒 =
1

𝜎(𝜀) ∫

𝜀

0
𝜎(𝜀)𝑑 𝜀 = 𝐸 𝐴

𝜎(𝜀)
. (3)

The stress–strain curves of RPUFs subjected to low-velocity impact
show three distinct regions of the material response (highlighted in
Fig. 2), which correspond to linear elastic, plateau, and densification
regions [9] (further discussed in Section 3.2). The material response in
the linear elastic region is quantified by the compressive modulus (𝐸),
calculated as the tangent modulus at 𝜀 = 2% from Eq. (4):

𝐸 =
𝑑 𝜎(𝜀)
𝑑 𝜀

|

|

|

|𝜀=2%
. (4)
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Fig. 3. Nominal stress–strain (𝜎 − 𝜀) curves (loading and unloading) for RF1 subjected to different impact energies (𝐽𝑖 = 5, 10, 20, and 30 J) for the: (a) rise (𝑑𝑟) and (b) transverse
(𝑑𝑡) direction. Corresponding images at significant points of the loading (labelled as L) and unloading (labelled as U) cycle, and at the start point of the impact (labelled O). The
scale bar is 10 mm for all the images.
The densification strain (𝜀𝑑) represents the upper limit of the
plateau region. It is defined as the strain at which the energy absorption
efficiency reaches a maximum [37], satisfying Eq. (5):
𝑑 𝑈𝑒
𝑑 𝜀

|

|

|

|𝜀=𝜀𝑑
= 0. (5)

The plateau stress (𝜎𝑝𝑙) characterises the plateau region and is
defined from Eq. (6) [38]:

𝜎𝑝𝑙 =
1

𝜀𝑑 − 𝜀𝑦 ∫

𝜀𝑑

𝜀𝑦
𝜎(𝜀)𝑑 𝜀, (6)

In Eq. (6), 𝜀𝑦 is the strain corresponding to the yield stress (𝜎𝑦),
which identifies the upper limit of the linear elastic region. Note that
the yield point was identified here by following the tangent method
reported previously by Viot [39]. The peak stress (𝜎𝑝) is defined as
the maximum stress upon impact, whereas the peak strain (𝜀𝑝) is the
maximum strain reached during the test.

3.2. Drop weight impact response

The typical stress–strain curves for RF1 in the rise and transverse
directions subjected to the different impact energies (𝐽𝑖 = 5, 10,
20, and 30 J) are reported in Fig. 3, alongside the video-recorded
images at significant stages of the macroscopic deformation process. As
expected [9], the extent of the material response investigated increases
with increasing impact energy. The linear elastic region (identified by
point L1) is limited to strains lower than 5%, and the stress linearly
increases with the strain up to the yield point.

Microscopically, cell walls deform by bending and stretching in
a fully reversible way [40]. For larger strains, the plateau response
is observed (identified by point L2) where the stress level remains
almost constant and corresponds to the gradual collapse of cell walls
due to buckling and damage [41,42]. Upon reaching the densification
strain (identified by point L3), cell walls start coming into contact
with one another, resulting in a steep stress increase [43]. Increasing
the impact energy from 20 J to 30 J leads to different peak stresses
(points L4 and L5, respectively) because of the increased deformation
and densification of the sample. After reaching the peak, the specimens
are unloaded because of the drop weight rebound, and the residual
4 
deformation increases with increasing 𝐽𝑖 (labelled as U1 for 𝐽𝑖 = 5 J,
U2 for 𝐽𝑖 = 10 J, U3 for 𝐽𝑖 = 20 J, and U4 for 𝐽𝑖 = 30 J).
The microstructural characteristics of the unloaded specimens will be
discussed in Section 4.2.

Representative stress–strain curves of the three foams in the two ma-
terial directions subjected to the different impact energies are reported
in Fig. 4. While RF1 and RF3 present similar responses at every imposed
energy level, the RF2 foam is stiffer (in the linear elastic region) and
less deformable than the other foams. From a qualitative standpoint,
this can be observed from Fig. 4 in which the curves of RF2 lie above
the other ones for a fixed 𝐽𝑖 and the unloading stage is reached at
lower strains. These results agree with the quasi-static compression
curves reported by Lavazza et al. for the same types of foams [21].
These differences can be explained in terms of the porosity of the
three different foams at the microscopic scale (as further discussed in
Section 4.2) [21], related to the apparent density at the macroscopic
level (see Table 1) [9].

To quantify the response within the linear elastic region, the com-
pression modulus (𝐸) and the yield stress (𝜎𝑦) were determined as
described in Section 3.1 for the different impact energies; their values
are reported in Fig. 5. In the case of 𝐽𝑖 = 5 J, it can be observed how
both the 𝐸 and 𝜎𝑦 values for both the rise and transverse directions are
higher for RF2 compared to RF1 and RF3, which present comparable
values. The ANOVA coefficients (see Section 2.5) for 𝐽𝑖 = 5 J, consid-
ering the modulus of all foams and both directions are 𝐹 (5, 24) = 20.75
and 𝑝 = 5.26 × 10−8.

Focusing on 𝐽𝑖 = 5 J, in agreement with previous results [21],
anisotropy of 𝐸 is observed among the rise and transverse directions
in the RF1 (𝐹 (1, 8) = 36.45, 𝑝 = 3.1 × 10−4) and RF3 (𝐹 (1, 8) =
13.54, 𝑝 = 6.22 × 10−3) foams. These results are most likely related to
the elongation of the foam pores along the rise direction during the
foaming reaction (as discussed in Section 4.2). Conversely, RF2 presents
comparable stiffness in both directions (𝐹 (1, 8) = 1.21, 𝑝 = 0.3), possibly
related to more spherical and less directionally-shaped pores. The same
trends are observed for the yield stress for 𝐽𝑖 = 5 J (𝐹 (5, 24) = 108.9,
𝑝 = 1.1 × 10−15), with RF2 presenting the highest value and an isotropic
response (𝐹 (1, 8) = 1.52, 𝑝 = 0.25), followed by RF1 (𝐹 (1, 8) = 12.64,
𝑝 = 7.46 × 10−3) and RF3 (𝐹 (1, 8) = 5.83 and 𝑝 = 0.042), presenting
higher values of 𝜎 in the rise direction.
𝑦
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Fig. 4. Nominal stress–strain (𝜎 − 𝜀) curves (loading and unloading) for the three foams (RF1, RF2, and RF3) in the rise (𝑑𝑟) and transverse (𝑑𝑡) direction, subjected to different
impact energies (𝐽𝑖): (a) 5 J, (b) 10 J, (c) 20 J, and (d) 30 J. The legend is common to all plots.
Fig. 5. Properties of the foams (RF1, RF2, RF3) in the rise (𝑑𝑟) and transverse (𝑑𝑡) direction, subjected to different impact energies (𝐽𝑖): (a) compressive modulus (𝐸), (b) yield
stress (𝜎𝑦). The legend is common to all plots.
Similar trends of 𝐸 and 𝜎𝑦 are observed for all impact energies,
where RF2 presents the highest values and a comparable response
in both material directions, followed by RF1 and RF3, which are
characterised by higher values along 𝑑𝑟 than 𝑑𝑡.

As a consequence of the different imposed impact energies, samples
were subjected to different impact velocities (𝑣) and strain rates (𝜀̇)
as reported in Table 2. The materials’ compressive modulus and yield
strength do not show a clear dependence on the imposed strain rate in
the range investigated. For example, considering RF1 in direction 𝑑𝑡 at
the different 𝐽𝑖, the ANOVA coefficients are 𝐹 (3, 16) = 0.13 and 𝑝 = 0.94
for 𝐸, and 𝐹 (3, 16) = 0.61 and 𝑝 = 0.62 for 𝜎𝑦. This is in agreement
with previous studies that have highlighted how only the increase of
orders of magnitude in the strain rate can lead to an increase of the
5 
yield point [2,8,9], whereas significant variations of the compressive
modulus are observed in very rapid dynamic events (𝜀̇ ≥ 250 s−1) [38].

At large strains, the response in the plateau and densification re-
gions is quantified by metrics like the plateau stress (𝜎𝑝𝑙), densification
strain (𝜀𝑑), peak stress (𝜎𝑝) and peak strain (𝜀𝑝). All these quantities
were determined as described in Section 3.1 and reported as a function
of the impact energy in Fig. 6. Note that the plateau stress and den-
sification strain were determined only for RF1 and RF3 for 𝐽𝑖 = 10 J.
This is because the definition of 𝜀𝑑 (see Eq. (5)) requires the efficiency
to reach a maximum value. Because of the less deformable nature of
RF2, this maximum is reached only for higher impact energy levels (see
Fig. 4). Similarly, for 𝐽 = 5 J, none of the foams reach the densification
𝑖



J. Lavazza et al. International Journal of Impact Engineering 196 (2025) 105156 
Fig. 6. Properties of the foams (RF1, RF2, and RF3) in the rise (𝑑𝑟) and transverse (𝑑𝑡) direction, subjected to different impact energies (𝐽𝑖): (a) plateau stress (𝜎𝑝𝑙), (b) densification
strain (𝜀𝑑 ), (c) peak stress (𝜎𝑝), and (d) peak strain (𝜀𝑝). The legend is common to all plots.
stage. The 𝜎𝑝𝑙 definition (see Eq. (6)) is based on the identification of
the densification strain; therefore, the same considerations apply.

From Fig. 6.(b) it can be observed that RF1 shows comparable
densification strains for both the rise and transverse directions and
that 𝜀𝑑 is not significantly affected by the value of the impact energy
(𝐹 (5, 24) = 2.39 and 𝑝 = 0.067). On the other hand, RF2 and RF3 show
the highest densification strains for 𝐽𝑖 = 20 J (𝐹 (3, 16) = 11.38 and
𝑝 = 3 × 10−4 for RF2; 𝐹 (5, 24) = 6.2 and 𝑝 = 7 × 10−4 for RF3). Similar
trends are observed for the plateau stresses (see Fig. 6.(a)), whose def-
inition depends on the value of 𝜀𝑑 . The plateau stress and densification
strain for all foams present comparable values along the two materials’
directions. The disappearance of mechanical anisotropy at large strains
can be attributed to the porous microstructure of the foams and the
definition of densification strain, that is, the strain at which the cell
walls come into contact [37]. Therefore, the pore elongation and size
are reduced, resulting in a more isotropic response [44]. Furthermore,
RF2 shows a significantly higher value of 𝜎𝑝𝑙 than RF1 and RF3, most
likely related to its higher density. Similarly, the value of 𝜖𝑑 is higher
for RF2 than RF3, although it is statistically comparable to that of RF1
(for 𝐽𝑖 = 20 J, 𝐹 (5, 24) = 10.5 and 𝑝 = 2 × 10−5).

The values of peak stress and peak strain are comparable in the
different material directions at all energy levels (see Fig. 6.(c–d)). Both
𝜎𝑝 and 𝜀𝑝 increase with increasing 𝐽𝑖 for all the foams. For 𝐽𝑖 = 5 J, the
plateau stress identifies the peak stress since full densification is not
reached for this energy level; therefore, RF2 presents a higher 𝜎𝑝 value
than RF1 and RF3. With increasing energy levels, the peak stress of RF2
becomes lower than those of the other two foams. For 𝐽𝑖 = 10 J, the
𝜎𝑝 value of RF1 and RF3 corresponds to the onset of the densification
stage, while RF2 is still in the plateau region. For higher energy levels,
the 𝜎𝑝 value of RF1 and RF3 corresponds to a significant densification
of their structure. In contrast, the extent of the crushing of RF2 is
more limited, as it can be noticed by the trends of 𝜀𝑝 and from the
stress–strain curves reported in Fig. 4.
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Table 3
Specific modulus (𝐸∕𝜌), specific yield stress (𝜎𝑦∕𝜌), and specific plateau stress (𝜎𝑝𝑙∕𝜌)
for the three foams (RF1, RF2, RF3) in the rise (𝑑𝑟) and transverse (𝑑𝑡) direction (𝑑),
at an impact energy (𝐽𝑖) of 30 J.

Foam 𝑑 𝐸∕𝜌, [MPa cm3 g−1] 𝜎𝑦∕𝜌, [MPa cm3 g−1] 𝜎𝑝𝑙∕𝜌, [MPa cm3 g−1]

RF1 𝑑𝑟 146 ± 10.4 7.61 ± 0.56 9.02 ± 1.77
𝑑𝑡 98.6 ± 22.1 5.86 ± 0.73 7.62 ± 0.75

RF2 𝑑𝑟 130 ± 17.2 9.48 ± 1.32 12.1 ± 2.18
𝑑𝑡 125 ± 17.1 9.18 ± 1.24 12.5 ± 1.34

RF3 𝑑𝑟 118 ± 18.7 5.43 ± 0.91 6.31 ± 0.98
𝑑𝑡 57.9 ± 11.9 3.57 ± 0.34 5.16 ± 0.14

The three foams present different apparent densities (𝜌) as a con-
sequence of their different chemical composition (see Table 1). For
this reason, their impact performance can be further compared through
the specific impact properties (i.e., the properties normalised by 𝜌).
In particular, the compressive modulus, yield stress, and plateau stress
do not show statistically significant variations with the impact energy.
In Table 3 the values of specific modulus (𝐸∕𝜌), specific yield stress
(𝜎𝑦∕𝜌), and specific plateau stress (𝜎𝑝𝑙∕𝜌) are reported for 𝐽𝑖 = 30 J. In
particular, the value of specific modulus are comparable for all foams
and directions (𝐹 (5, 24) = 17.1 and 𝑝 = 3.2 × 10−7), with the only
exception of RF3, 𝑑𝑡 which is lower than the others. On the other hand,
the values of 𝜎𝑦∕𝜌 and 𝜎𝑝𝑙∕𝜌 follow those already described in this
section, with RF2 presenting higher values than RF1 and RF3.

3.3. Energy absorption characteristics

The specific energy absorption (𝑆 𝐸 𝐴, see Eq. (2)) is a fundamental
parameter in determining the impact performance of materials, quanti-
fying the kinetic energy absorbed and dissipated. In the case of RPUFs,
the kinetic energy is converted through microstructural mechanisms
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Fig. 7. Specific energy absorption-nominal strain (𝑆 𝐸 𝐴− 𝜀) curves (loading and unloading) for the three foams (RF1, RF2, and RF3) in the rise (𝑑𝑟) and transverse (𝑑𝑡) direction,
subjected to different impact energies (𝐽𝑖): (a) 5 J, (b) 10 J, (c) 20 J, and (d) 30 J. The legend is common to all plots. Note that the scale of (a) and (b) differs from (c) and (d).
such as bending and buckling of cell walls [45]. Representative 𝑆 𝐸 𝐴
curves as a function of nominal strain for the three foams in the two
material directions for the different 𝐽𝑖 are reported in Fig. 7.

The 𝑆 𝐸 𝐴 curves reach higher values and extend to larger strains
with increasing 𝐽𝑖 (as reflected from the 𝜎𝑝 and 𝜀𝑝 values reported in
Fig. 6). The curves of RF1 and RF3 at 𝐽𝑖 = 20 and 30 J present a
peak of 𝑆 𝐸 𝐴 at the peak strain, which rapidly decreases in a span of
approximately 5% strain corresponding to the unloading region, to then
stabilise at a constant value which indicates the complete unloading of
the specimen (see Fig. 7.(c–d)). Furthermore, the loading curves corre-
sponding to RF2 lie above the ones of RF1 and RF3 (see Fig. 7), indi-
cating increased energy absorption capabilities with increasing density
(see Table 1), as already reported in previous studies [9].

The maximum admissible load is generally defined as that at the
end of the plateau region, in correspondence with the densification
strain [46]. For this reason and previous considerations reported in
Section 3.2, the maximum 𝑆 𝐸 𝐴 (in correspondence of 𝜀𝑑) value can
be defined for 𝐽𝑖 = 10, 20 and 30 J for RF1 and RF3, and for 𝐽𝑖 = 20
and 30 J for RF2. The values of 𝑆 𝐸 𝐴 at the densification strain for the
three foams in the two materials directions are summarised in Table 4.
RF2 presents the highest 𝑆 𝐸 𝐴 value for a fixed impact energy, followed
by RF1 and RF3. Furthermore, RF1 presents comparable values for
both directions and all 𝐽𝑖 (from ANOVA, 𝐹 (5, 24) = 1.04, 𝑝 = 0.42).
RF3 presents the highest 𝑆 𝐸 𝐴 for 𝐽𝑖 = 20 J in the rise direction,
whereas all other values are comparable for both directions and all
impact energies (𝐹 (5, 24) = 6.9, 𝑝 = 4 × 10−4). On the other hand, RF2
presents comparable values in the two material directions, but the 𝑆 𝐸 𝐴
is consistently higher for 𝐽𝑖 = 20 J than 𝐽𝑖 = 30 J (𝐹 (3, 16) = 9.18,
𝑝 = 9 × 10−4).

The energy absorption efficiency (𝑈𝑒, see Eq. (3)) is another pa-
rameter introduced to evaluate the energy absorption characteristics
of cellular materials. The efficiency at a certain strain 𝜀̄ represents the
ratio between the energy absorbed by the real foam specimen, com-
pared to an ideal one which transmits the same but constant stress 𝜎̄
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Table 4
Specific energy absorption (𝑆 𝐸 𝐴, all values in J g−1) at the densification strain (𝜖𝑑 )
for the three foams (RF1, RF2, RF3) in the rise (𝑑𝑟) and transverse (𝑑𝑡) direction (𝑑),
for the different impact energies (𝐽𝑖).

Foam 𝑑 𝐽𝑖, [J]

5 10 20 30

RF1 𝑑𝑟 – 4.72 ± 0.79 5.30 ± 0.31 4.91 ± 1.74
𝑑𝑡 – 4.51 ± 0.43 5.11 ± 0.29 4.27 ± 0.4

RF2 𝑑𝑟 – – 7.79 ± 1.22 6.15 ± 0.45
𝑑𝑡 – – 8.46 ± 0.3 6.41 ± 0.93

RF3 𝑑𝑟 – 3.61 ± 0.29 4.17 ± 0.58 3.40 ± 0.25
𝑑𝑡 – 3.05 ± 0.24 3.31 ± 0.47 3.02 ± 0.13

(corresponding to the same strain 𝜀̄) [36]. The efficiency varies between
0 and 1, where the latter identifies an ideal foam. Representative 𝑈𝑒
curves as a function of nominal stress for the three foams in the two
material directions for the different 𝐽𝑖 are reported in Fig. 8.

Of particular interest is the maximum efficiency value, which cor-
responds to the densification strain (see Eq. (5)). A maximum value
can be defined for all examined impact energies. However, it does
not mean the densification strain can be defined for all impact cases,
as discussed in Section 3.2. No significant variations are observed
in maximum 𝑈𝑒 with varying 𝐽𝑖. The main parameter affecting the
position of the peak is the material apparent density, which shifts the
maximum to higher stresses (and lower strain) when 𝜌 is higher, in the
case of RF2 (see Table 1). This result is a consequence of the plateau
stress and densification strain considerations reported in Section 3.2.
The maximum values of 𝑈𝑒 for the three foams in the two materials
directions are summarised in Table 5.

Whilst RF1 and RF3 show consistent results across the different
impact energies, RF2 presents an increase in the maximum efficiency
with increasing 𝐽 because the material does not reach the densification
𝑖



J. Lavazza et al. International Journal of Impact Engineering 196 (2025) 105156 
Fig. 8. Efficiency-nominal stress (𝑈𝑒 − 𝜎) curves (loading) for the three foams (RF1, RF2, and RF3) in the rise (𝑑𝑟) and transverse (𝑑𝑡) direction, subjected to different impact
energies (𝐽𝑖): (a) 5 J, (b) 10 J, (c) 20 J, (d) 30 J. The legend is common to all plots.
Table 5
Maximum energy absorption efficiency (𝑈𝑒, all values in %) for the three foams (RF1,
RF2, RF3) in the rise (𝑑𝑟) and transverse (𝑑𝑡) direction (𝑑), for the different impact
energies (𝐽𝑖).

Foam 𝑑 𝐽𝑖, [J]

5 10 20 30

RF1 𝑑𝑟 44.4 ± 2.84 43.8 ± 1.61 43.2 ± 1.38 45.4 ± 3.63
𝑑𝑡 42.5 ± 1.64 39.4 ± 2.03 39.7 ± 1.06 42.0 ± 2.38

RF2 𝑑𝑟 6.40 ± 1.05 28.0 ± 1.59 42.2 ± 3.24 39.7 ± 5.44
𝑑𝑡 15.0 ± 4.66 28.1 ± 4.13 36.3 ± 1.77 38.5 ± 2.87

RF3 𝑑𝑟 45.6 ± 4.56 42.1 ± 1.71 39.1 ± 2.75 45.8 ± 5.6
𝑑𝑡 41.7 ± 3.25 36.0 ± 2.29 38.6 ± 3.18 40.7 ± 3.82

point for lower impact energies. Furthermore, at 𝐽𝑖 = 5 J, RF1 and RF3
do not present the decreasing trend observed after the 𝑈𝑒 maximum.
The maximum efficiency does not correspond to the densification strain
in these cases.

RF1 presents an efficiency of approximately 44% in the rise direc-
tion and 41% in the transverse direction, with negligible variations
with 𝐽𝑖 although the 𝑈𝑒 values in 𝑑𝑡 for 𝐽𝑖 = 10 J and 𝐽𝑖 = 20 J are
marginally lower than the others (from ANOVA, 𝐹 (7, 32) = 4.66 and
𝑝 = 1 × 10−3). Similar trends are observed for RF3 (𝐹 (7, 32) = 4.41 and
𝑝 = 1 × 10−3), and the maximum values are approximately 43% in 𝑑𝑟
and 39% in 𝑑𝑡. As already mentioned, RF2 shows an increasing trend
of efficiency with impact energy (𝐹 (7, 32) = 69.8 and 𝑝 = 1 × 10−17),
ranging from approximately 6% for 𝐽𝑖 = 5 J to 40% for 𝐽𝑖 = 20 J and
𝐽𝑖 = 30 J. Furthermore, the maximum value in the transverse direction
is more than twice that in the rise direction. It should be noted that
the efficiency of the foams under investigation is higher or comparable
than previous works on petroleum-based RPUFs: Xiao et al. reported
values of 44% for quasi-static and 36% for high strain rate (2500 s−1),
highlighting the effect of strain rate on 𝑈 [46]; Xing et al. reported
𝑒
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a maximum value of approximately 35% for quasi-static compression
tests [35].

4. Effect of impact on the foams’ microstructure

4.1. Micro-computed tomography processing and analysis

RPUFs present a multiscale hierarchical structure: in Sections 3.2
and 3.3, the results presented and discussed focused on the macro-
scopic (length scale larger than 1 mm) material response, described in
terms of stress and strain. As already discussed, the RPUFs’ distinctive
mechanical behaviour is a consequence of their cellular structure: at
the microscopic scale (dimensions ranging from 1 μm to 1 mm), the
foams present closed pores containing gasses derived from the foaming
reaction, separated by an interconnected network of polymeric ribs (or
struts). As already observed in Fig. 3, different residual deformations
correspond to different imposed impact energy levels. Analysing the
microstructure of the samples after impact through micro-computed to-
mography (𝜇CT) makes it possible to correlate microscopic parameters
to the macroscopic response.

The 𝜇CT reconstruction and analysis procedure is shown in Fig. A.1
in Appendix A. The scanned volumes were processed via the software
Comet Dragonfly 2022.2.0 (Comet Technologies Canada Inc., Montreal,
Canada). A median filter (square kernel, 3 px in size) was applied to the
original volumes. Sub-volumes 500 × 500 × 500 voxels in size (corre-
sponding to 3 × 3 × 3 mm3) were obtained from the central region of the
original volumes by manual cropping. The sub-volumes were employed
for ease of analysis and reduced computational time. Binary segmenta-
tion was performed by automatic thresholding (using the built-in Otsu
method [47]) to selected levels and obtaining the polymeric ribs and
pore space. Watershed segmentation [48] was employed to identify and
separate the individual pores. The pore radius (𝑅) and sphericity (𝛹 )



J. Lavazza et al.

s

T

w
t

t
w
a
T
s

i
s
F
a
b

a

p
i
i

(
p
t
o
a

e

t

f
d

i
a
c
e

s

o

T

International Journal of Impact Engineering 196 (2025) 105156 
were determined using built-in features of the Dragonfly software. The
pore radius reported in the following discussion is the mean radius,
quantifying the mean distance between the centroid and the pore’s
urface. The sphericity describes how closely a pore approaches the

mathematically ideal sphere [49] and is defined in Eq. (7):

𝛹 =
𝜋

1
3
(

6𝑉𝑝
)
2
3

𝐴𝑝
, (7)

where 𝑉𝑝 is the pore volume, and 𝐴𝑝 is the pore surface area. Because
of its definition, 𝛷 varies between 0 (a line) and 1 (a perfect sphere).

he rib space was skeletonised and converted into a sparse graph,
identifying the nodes and connections of the rib network. From the
skeleton and nodes definition, the geometrical tortuosity (𝜏) of the ribs
was defined following Eq. (8):

𝜏 = 𝐶
𝐿
, (8)

where 𝐶 is the length of the curved rib, and 𝐿 is the distance between
two rib ends (i.e., the Euclidean norm) [50]. Finally, the porosity (𝜙)

as calculated as the ratio between the black pixels (corresponding to
he pore space) and the total number of pixels in each sub-volume.

4.2. Microstructure evolution upon impact

The scanned volume of RF1 in the rise direction (𝑑𝑟) subjected
o 𝐽𝑖 = 5 J was divided into eight sub-volumes (called S1 to S8),
hich were not overlapping with one another, to verify the accuracy
nd significance of the measurements performed onto the sub-volumes.
he probability distributions of ribs tortuosity, pore radius, and pore
phericity are reported in Fig. A.2, and the calculated porosity values

are reported in Table A.1 in Appendix A.
The probability distributions for 𝜏, 𝑅, and 𝛹 show similar character-

stics among all analysed sub-volumes, with minor differences related to
ome limited statistical variability of the analysed volume morphology.
urthermore, all sub-volumes show comparable porosity degrees, with
 standard deviation of approximately 0.2% (see Table A.1). It should
e noted that ANOVA (see Section 2.5) could not be applied to statisti-

cally compare the morphological properties since a different number of
measurements was obtained from each sub-volume. Nonetheless, it was
concluded that using sub-volumes 500 × 500 × 500 voxels in size was
 sufficient approximation of the whole volume characteristics while

also reducing the computational times of the analysis. Therefore, for
every testing condition, only one sub-volume obtained from the total
volume’s central region was analysed and is referred to in the following
discussion.

The 𝜇CT sub-volumes for the three foams, in both directions (rise
and transverse), subjected to 𝐽𝑖 = 5, 10, 20, and 30 J are reported in
Fig. 9.(a). The microscopic sub-volumes correspond to the unloading
oints reported in Fig. 3 (labelled U1 to U4). For RF1 and RF3, it
s possible to see that the foam microstructure becomes denser with
ncreasing impact energy and the pores get increasingly crushed. In

fact, for 𝐽𝑖 ≥ 20 J, the materials reach the densification stage of their
response. RF2 shows less significant changes in morphology thanks to
the improved energy absorption characteristics compared to the other
two foams (see Table 4).

The effect of the impact energy on the foam microstructure was
quantified by calculating the microscopic parameters (defined in Sec-
tion 4.1) for each testing condition. Furthermore, untested specimens
𝐽𝑖 = 0 J) were also analysed for reference. All parameters show similar
robability distributions (see Fig. A.2) across all testing conditions:
he sphericity measurements follow normal distributions (coefficient
f determination, 𝑅2 ≈ 0.95) with comparable standard deviations,
nd coefficients of variations (the ratio between standard deviation

and mean) lower than 0.22; therefore, the mean value was taken
as indicative of each condition. The radius distribution follows an
xponential law (𝑅2 ≈ 0.83) and is thus described by its mean value.
9 
On the other hand, the rib tortuosity data do not follow a specific dis-
ribution function, but for consistency, the mean values were taken as

representative. The effect of 𝐽𝑖 on porosity, pore radius, pore sphericity,
and ribs tortuosity is shown in Fig. 9.(b–e).

The values of porosity (𝜙) for the untested samples (𝐽𝑖 = 0 J) for
RF1 and RF3 are quite similar (90.9% and 90.6%, respectively) and
significantly higher than that of RF2 (83.1%). These results agree with
the apparent density measurements reported in Table 1 and previous
results for the same foams [21]. As expected, 𝜙 shows a clear, decreas-
ing trend with increasing impact energy for all specimens: this results
rom the densification process, where the cell ribs are pushed closer
uring crushing.

For 𝐽𝑖 = 0 J, the mean radius of RF1 and RF3 is almost double that
of RF2, supporting the differences in mechanical response reported in
Section 3. On the other hand, RF2 presents a higher sphericity than the
other materials. RF1 and RF3 show a monotonic decreasing pore radius
trend and a monotonic increasing pore sphericity trend. In contrast,
the pore radius and sphericity trends for RF2 appear bi-modal, possibly
indicating the incomplete destruction of the lower-sphericity voids at
𝐽𝑖 = 5 J, which become even less spherical as they are crushed. This
results in an increase in mean radius and a decrease in mean sphericity
for lower impact energies.

Upon compression, the pores become less elongated and approach
a more spherical and isotropic shape, as already observed [44]. This
phenomenon could be preferential to the least spherical (or more elon-
gated) voids, especially those perpendicular to the impact direction.
Nonetheless, the crushing and increased sphericity of the pores results
in the quasi-isotropic macroscopic material response observed at high
strain levels, where negligible differences are observed in material
properties between the two directions (see Fig. 6).

Finally, the rib tortuosity is close to unity for the untested samples,
indicating nearly straight ribs in the foams. As the compression level
increases, more ribs become curved; therefore, the mean value of 𝜏
ncreases accordingly. Similar results were reported by [50] during the
uxetic conversion process of open-cell PU foams, where volumetric
ompression and heat were applied to induce a negative Poisson’s ratio
ffect in the foams [50]. Furthermore, the trend for RF2 shows a less

steep tortuosity trend than RF1 and RF3: this is most likely a result of
the lower porosity degree and the thicker ribs of RF2, which are stiffer
and deform less during compression.

Overall, the dependence of the microscopic parameters on the im-
posed impact energy highlights the hierarchical nature of RPUFs and
the possibility of tuning the mechanical response by means of compo-
ition (and, therefore, microstructure) control.

5. Constitutive model

5.1. Model description

When modelling the impact response of foams, previous studies
ften adopted the Nagy [51] or Sherwood-Frost [52] models to account

for the effects of strain rate, density and temperature. On the other
hand, no significant difference in mechanical behaviour was observed
in the strain rate range studied in this work, and the temperature
effect was not investigated. From the results reported in Section 3,
the main effect of increasing the impact energy was an increase in
energy absorption and peak stress and strain. For these reasons, the
constitutive model employed in this study mainly focuses on a semi-
empirical approach in describing the loading–unloading response of the
investigated materials.

The hyperfoam (or Ogden foam) model was adopted to describe
and predict the macroscopic stress–strain response of the three RPUFs.

he model was initially introduced by Ogden and Hill [53] to describe
the hyperelastic behaviour of elastomers, and has been employed to
reproduce the characteristic response of cellular materials [54–56]. In
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Fig. 9. (a) Micro-computed tomography (𝜇CT) sub-volumes of the three foams (RF1, RF2, and RF3), in the rise (𝑑𝑟) and transverse (𝑑𝑡) directions, subjected to impact energies
(𝐽𝑖) of 5, 10, 20, 𝑎𝑛𝑑30 J. Only the rib networks are shown for clarity (scale common to all figures). Dependence of significant microstructural parameters (mean values) on the
impact energy: (b) porosity (𝜙); (c) pore radius (𝑅); (d) pore sphericity (𝛹 ); and (e) ribs tortuosity (𝜏).
the model, the strain energy function (𝑊 ) is provided in terms of the
three principal stretches 𝜆𝑘 (𝜆𝑘 = 𝜀𝑘 + 1, with 𝑘 = 1, 2, 3), following
Eq. (9):

𝑊
(

𝜆1, 𝜆2, 𝜆3
)

=
𝑁
∑

𝑖=1

2𝜇𝑖
𝛼2𝑖

(

𝜆𝛼𝑖1 + 𝜆𝛼𝑖2 + 𝜆𝛼𝑖3 − 3 + 1
𝛽𝑖

(

𝐽−𝛼𝑖𝛽𝑖 − 1)
)

, (9)

where 𝜇𝑖, 𝛼𝑖, and 𝛽𝑖 are material coefficients, 𝑁 is the number of terms
in the series, and 𝐽 is the volume ratio. In particular, the terms 𝛽𝑖
determine the compressibility degree and are related to the Poisson’s
ratio (𝜈𝑖) as 𝛽𝑖 = 𝜈𝑖∕

(

1 − 2𝜈𝑖
)

. In this study, all compressibility terms are
considered identical (𝛽𝑖 = 𝛽) and a function of the generalised Poisson’s
ratio 𝜈0 (see Eq. (1)).

In the case of uniaxial loading, as in the drop impact tests, it is
possible to show that 𝜆1 = 𝜆 and 𝜆2 = 𝜆3 = 𝜆−𝜈0 [57,58], assuming the
loading direction corresponds to the first principal direction. It follows
that 𝐽 = 𝜆1𝜆2𝜆3 = 𝜆1−2𝜈0 for the uniaxial case. The nominal stress is
therefore determined from Eq. (10):

𝜎 =
𝜕 𝑊 (𝜆)
𝜕 𝜆 = 2

𝜆

𝑁
∑

𝑖=1

𝜇𝑖
𝛼𝑖

(𝜆𝛼𝑖 − 𝜆−𝛼𝑖𝜈0 ) . (10)
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Note that the model parameters are related to the initial shear
modulus (𝐺) and initial volumetric modulus (𝐾) through Eq. (11):

𝐺 =
𝑁
∑

𝑖=1
𝜇𝑖, 𝐾 = 2

𝑁
∑

𝑖=1
𝜇𝑖

( 1
3
+ 𝛽𝑖

)

. (11)

The hyperfoam model is suitable for predicting the loading curve
of foams. On the other hand, unloading is not predicted as no damage
is assumed throughout the deformation process. Ogden and Roxburgh
proposed a phenomenological model to account for stress softening and
hysteresis during the cyclic loading of filled elastomers [59]. A damage
variable 𝜂 is introduced, which affects the strain function as reported
in Eq. (12):

𝑊̄ (𝜆, 𝜂) = 𝜂 𝑊 (𝜆) +𝛷(𝜂), (12)

where 𝛷(𝜂) is a continuous damage function. The damage parameter
proposed takes the form reported in Eq. (13):

𝜂 = 1 − 1
𝑟
𝑒𝑟𝑓

(

𝑊𝑚𝑎𝑥 −𝑊
𝑚

)

, (13)

where 𝑟, 𝑚 are fitting parameters, 𝑊𝑚𝑎𝑥 is the maximum value of 𝑊
along the loading path, and 𝑒𝑟𝑓 () is the error function. In this case, the
fitting parameters do not have a physical significance. Notice that 𝑊
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Fig. 10. Hyperfoam model calibration based on data for RF1, in the rise direction 𝑑𝑟, subjected to an impact energy (𝐽𝑖) of 30 J. (a) Comparison of experimental data and predicted
response for different model orders (𝑁) with indication of the coefficient of determination (𝑅2). (b) Standardised residuals (𝑒) plots for different model orders.
Table 6
Summary of the constitutive model (𝑁 = 5) parameters (𝜇𝑖, 𝛼𝑖, 𝑟 and 𝑚) and the measured generalised Poisson’s ratio (𝜈0) for the three foams (RF1, RF2, RF3) in the rise (𝑑𝑟) and
transverse (𝑑𝑡) direction (𝑑). Values of 𝜇𝑖 and 𝑚 are in [MPa]; 𝜈0, 𝛼𝑖, and 𝑟 are dimensionless.

Foam 𝑑 𝜈0 𝜇1 𝛼1 𝜇2 𝛼2 𝜇3 𝛼3 𝜇4 𝛼4 𝜇5 𝛼5 𝑟 𝑚

RF1 𝑑𝑟 0.31 −3.749 6.328 7.609 −12.29 1.757 11.06 0.251 15.52 −0.81 14.14 1.031 0.063
𝑑𝑡 0.14 −1.045 11.29 2.87 8.909 6.084 −6.421 −4.479 3.785 0.021 16.83 1.057 0.075

RF2 𝑑𝑟 0.28 8.972 −9.244 −5.928 −2.131 10.91 −9.199 2.105 7.456 −4.283 5.969 1.013 0.018
𝑑𝑡 0.18 27.31 −5.623 27.61 −5.604 −18.91 −3.373 0.129 10.26 −22.34 −3.331 1.036 0.029

RF3 𝑑𝑟 0.43 10.56 −13.44 2.774 9.73 −1.687 12.27 0.478 13.75 −6.68 5.734 1.03 0.032
𝑑𝑡 0.17 1.158 6.272 −0.471 8.772 −0.01 11.5 0.046 8.185 0.002 18.65 1.061 0.042
corresponds to the 𝐸 𝐴 defined previously in Eq. (2). During loading,
𝑊 = 𝑊𝑚𝑎𝑥 at every increment, so that 𝜂 = 1 and 𝛷(𝜂 = 1) = 0.
The predicted nominal stress (𝜎̄) is obtained by derivation of Eq. (12),
similarly to Eq. (10).

5.2. Parameters calibration

The constitutive model presented in Section 5.1 was calibrated by
fitting the experimental nominal stress–strain curves through the func-
tion lsqcurvefit in MATLAB, employing a nonlinear least-squares
fitting method based on the Marquardt–Levenberg algorithm [60].
The fitting accuracy of the model was quantified by calculating the
coefficient of determination, 𝑅2, and the standardised residuals, 𝑒
(i.e., the difference between experimental data and model prediction,
normalised by its standard deviation). The generalised Poisson’s ratio
(𝜈0) was identified following the procedure reported in Section 2.4, and
the obtained values are reported in Table 6. Only the average values of
𝜈0 were used for the parameters fitting.

The hyperfoam constants in Eq. (10) were determined from the
loading curve of specimens subjected to 𝐽𝑖 = 30 J; different hyperfoam
orders were compared, ranging from 𝑁 = 1 to 𝑁 = 6. In contrast,
previous studies [54–56] adopted a hyperfoam model with 𝑁 = 3,
which limited the analysis to the linear elastic and plateau regions
of the foams’ behaviour. For 𝑁 ≤ 4, the model fails to capture the
complete stress–strain curves, underestimating the stress in the linear
elastic region as shown in Fig. 10 for RF1 in 𝑑𝑟. It can also be noticed
that for 𝑁 = 5, the model presents the best 𝑅2 and lowest residuals.
The same considerations are also valid for RF2 and RF3.

For these reasons, the model order 𝑁 = 5 was chosen as the
most appropriate for the materials investigated. Finally, the Ogden–
Roxburgh fitting parameters in Eq. (13) were determined from the
unloading region of the curves corresponding to specimens subjected
to 𝐽𝑖 = 30 J. The comparison between experimental data and model
prediction is reported in Fig. 11, and the model parameters are reported
in Table 6.

The model approximates the calibration curves well, with limited
residuals and very high 𝑅2 (ranging from 0.9986 to 0.9994). It can
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Table 7
Coefficient of determination (𝑅2) for the model prediction of the three foams (RF1,
RF2, RF3) in the rise (𝑑𝑟) and transverse (𝑑𝑡) direction (𝑑), subjected to different impact
energies (𝐽𝑖). The values refer to the curves reported in Fig. 12.

Foam 𝑑 𝐽𝑖, [J]

5 10 20 30

RF1 𝑑𝑟 0.8273 0.7954 0.9317 0.9825
𝑑𝑡 0.8649 0.8609 0.8954 0.9824

RF2 𝑑𝑟 0.9794 0.9790 0.9900 0.9876
𝑑𝑡 0.9750 0.9809 0.9567 0.9867

RF3 𝑑𝑟 0.7627 0.7491 0.9765 0.9847
𝑑𝑡 0.8682 0.8738 0.9766 0.9890

be observed that the model consistently overestimates the peak stress.
The hyperfoam constants were only determined from the loading curve.
Therefore, some divergence might be experienced at the endpoint used
for fitting (i.e., the peak stress). Furthermore, the Ogden–Roxburgh
damage parameter 𝜂 correctly describes the calibration curves’ unload-
ing region and residual deformation.

5.3. Model validation

The model was validated by predicting the materials’ response at
lower impact energies (𝐽𝑖 = 5, 10, and 20 J) using the material
constants reported in Table 6, and the results are shown in Fig. 12.
Notice that the curves corresponding to 𝐽𝑖 = 30 J in Fig. 12 are different
from those used for the model calibration (see Fig. 11).

From Fig. 12.(b–e), it can be observed that the model predicts the
response of RF2 with high accuracy in both material directions, as
indicated by the 𝑅2 ≥ 0.96 for all conditions (see Table 7). On the other
hand, the model fails to capture the difference between the curves of
RF1 at 𝐽𝑖 = 20 J and 30 J because the samples reach a similar defor-
mation level but show different peak stresses. The stress for the loading
curves of RF3 is predicted with reasonable accuracy. However, the peak
stress is overestimated for the highest impact energy in the transverse
direction (see Fig. 12.(f)), as already highlighted in Section 5.2. Overall,
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Fig. 11. Comparison between experimental data and model prediction (𝑁 = 5) for the three foams (RF1, RF2, RF3) subjected to an impact energy (𝐽𝑖) of 30 J in the two material
directions: (a) rise (𝑑𝑟), (b) transverse (𝑑𝑡).
Fig. 12. Comparison between experimental data and model prediction (𝑁 = 5) for the three foams (RF1, RF2, RF3) in the rise (𝑑𝑟) and transverse (𝑑𝑡) directions subjected to
different impact energies (𝐽𝑖 = 5, 10, 20, 30 J): (a) RF1, 𝑑𝑟; (b) RF2, 𝑑𝑟; (c) RF3, 𝑑𝑟; (d) RF1, 𝑑𝑡; (e) RF2, 𝑑𝑡; (f) RF3, 𝑑𝑡.
the model describes the loading curves of the three foams at different
impact energies. The accuracy could be improved even further by
considering the dependence of the Poisson’s ratio on the strain level
(as discussed in Section 2.4) instead of a constant, generalised valued
𝜈0. On the other hand, determining the value of 𝜈 over the deformation
range experienced by the foams would be a complex experimental task,
as the optical strain measurement employed in this work is unreliable
for 𝜖 > 50%. On the other hand, the need for ten fitting constants per
material direction is quite limiting for large numerical simulations, as
it comes with a high computational cost. Simpler constitutive models
should be considered in future work. For example, Lu et al. proposed
a constitutive model based on five constants (two of which correspond
to the modulus and yield stress of the material, respectively), which
showed comparable accuracy to the hyperfoam model [61]. Nonethe-
less, both models are phenomenological and cannot be derived from
micro-mechanics but only from fitting the material response.

The prediction accuracy of the unloading region and, especially, of
the residual deformation is less accurate for RF1 and RF3, especially
for 𝐽𝑖 = 5 J and 10 J, resulting in lower coefficients of determination
(see Table 7, the correlation is still acceptable as 𝑅2 ≥ 0.75 in all
conditions). In contrast, the unloading response of RF2 is predicted with
high accuracy, most likely because the calibration curve was limited to
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lower strains compared to RF1 and RF3. Therefore, the damage fitting
parameters (𝑟, 𝑚) can capture the unloading path also for lower impact
energies. The prediction of the residual deformation is a well-known
limitation of the Ogden–Roxburgh damage model [62]. The model
does not explicitly define a residual strain but is limited to describing
the stress-softening behaviour experienced by elastomers during cyclic
loading (i.e., the Mullins effect). The values of 𝑟 and 𝑚 for the curves
reported in Fig. 12 were determined and are reported in Tables B.2
and B.3 in Appendix B. It is evident that neither parameter follows
a clear trend with increasing impact energy. Therefore, determining
a function that accounts for the constants variation with 𝐽𝑖 is quite
challenging. On the other hand, Dorfmann and Ogden proposed an ad-
ditional non-dimensional residual strain variable (related to the energy
level and material shear modulus), which could improve the model
accuracy but would require the determination of two additional fitting
parameters [63].

6. Conclusions

In this work, the low-velocity impact response of three rigid
polyurethane foams (RPUFs) obtained from commercially available
castor oil-based resins has been characterised. In particular, the effect
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Fig. A.1. Micro-computed tomography (𝜇CT) scans processing flowchart.
of different impact energies was investigated. The main findings are
summarised as follows.

• The macroscopic impact response and energy absorption char-
acteristics were characterised via drop weight impact tests. The
results highlight favourable stiffness (compressive modulus rang-
ing from 6 MPa for RF3, 𝑑𝑡 to 26 MPa RF2, 𝑑𝑟) and energy
absorption efficiency (ranging from 40% for RF2 to 45% for RF1
and RF3), making the materials suitable candidates for replacing
petroleum-based foams, as already suggested in Refs. [20,21].

• The microscopic evolution of the foam morphology was investi-
gated through an extensive 𝜇CT campaign. The findings highlight
how the macro and micro scales are interconnected and influence
each other: porosity and pore radius decrease with increasing
impact energy. In contrast, pore sphericity and rib tortuosity show
an increasing trend.

• The macroscopic mechanical response and the effect of impact
energy were described and predicted through a constitutive re-
lationship based on the hyperfoam and Ogden–Roxburgh models.
The model shows a good correlation with experimental data, mak-
ing it suitable for describing the material behaviour at different
impact energies. However, its accuracy could be further improved
by introducing additional parameters describing the effect of the
impact energy on the residual deformation.

The results reported in this work help fill the gap in the available
literature on the low-velocity impact response of bio-based RPUFs.
Furthermore, they highlight the possibility of tuning the foam prop-
erties via composition design and control. By acting on the ratios of
chemical reactants used in the foam preparation, it is possible to control
its microstructure and impact response. Characterising and predicting
the response of bio-based materials in different loading conditions is
a necessary step in proving the feasibility of these novel foams in
replacing standard materials derived from petroleum sources.
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Appendix A. Micro-computed tomography processing and sub-
volumes comparison

Fig. A.1 reports the general procedure for the analysis of the 𝜇CT
volumes, as described in Section 4.1. A median filter was applied to the
original volumes, then cropped into sub-volumes. Binary segmentation
was performed by thresholding to selected levels and obtaining the
polymeric ribs and pore space. Watershed segmentation was employed
to identify and separate the individual pores. The rib space was skele-
tonised and converted into a sparse graph, identifying the nodes and
connections of the rib network. Relevant parameters were determined
according to the details in Section 4.1.

Of particular interest are the sub-volumes (500 × 500 × 500 voxels
in size), which were employed to reduce the computational time of the
analysis. To verify the accuracy and significance of the measurements
performed on the sub-volumes, eight distinct sub-volumes (labelled S1
to S8) were obtained from the scanned volume of a sample of RF1 in
the rise direction (𝑑𝑟) subjected to 𝐽𝑖 = 5 J. The sub-volumes were then
characterised by calculating the parameters reported in Section 4.1: the
distributions of ribs tortuosity (𝜏), pore radius (𝑅), and pore sphericity
(𝛹 ) are reported in Fig. A.2, alongside the sub-volumes. Furthermore,
each sub-volumes’ porosity (𝜙) is reported in Table A.1, with the mean
and global (obtained from the raw volume) values.

Appendix B. Effect of impact energy on the damage parameter

The stress–strain curves obtained at different impact energies (𝐽𝑖)
reported in Fig. 12 were fitted through the model reported in Sec-
tion 5.1. The hyperfoam constants were fixed to the values reported
in Table 6, while the damage parameter constants (𝑟 and 𝑚, defined
in Eq. (13)) were determined for each curve, improving the fitting
accuracy. The values of 𝑟 and 𝑚 at varying 𝐽𝑖 are reported in Tables B.2
and B.3, respectively.

Data availability

All underlying data to support the conclusions are provided within
this paper.
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Table A.1
Porosity (𝜙) of the sub-volumes (S1 to S8) and raw volume (global), obtained from a sample of RF1 in the rise direction (𝑑𝑟) subjected to an
impact energy (𝐽𝑖) of 5 J.

S1 S2 S3 S4 S5 S6 S7 S8 Mean Global

𝜙, [%] 90 89.9 90.1 90 89.5 89.7 89.9 89.7 89.8 + 0.2 89.9
Fig. A.2. Micro-computed tomography (𝜇CT) sub-volume analysis for a sample of RF1, in the rise direction (𝑑𝑟), subjected to an impact energy (𝐽𝑖) of 5 J: (a) sub-volumes (S1 to
S8), only the rib networks are shown for clarity (scale common to all figures). Probability (𝑝) distributions of: (b) ribs tortuosity (𝜏); (c) pore radius (𝑅); (d) pore sphericity (𝛹 ).
Table B.2
Damage parameter (𝜂, defined in Eq. (13)) fitting constant 𝑟 for the three foams (RF1,
RF2, and RF3) in the rise (𝑑𝑟) and transverse (𝑑𝑡) direction (𝑑), subjected to different
impact energies (𝐽𝑖). The values refer to the curves reported in Fig. 12.

Foam 𝑑 𝐽𝑖, [J]

5 10 20 30

RF1 𝑑𝑟 0.958 1.086 1.077 0.991
𝑑𝑡 1.080 0.968 1.095 1.006

RF2 𝑑𝑟 1.082 0.919 0.993 1.005
𝑑𝑡 0.962 0.872 1.045 1.021

RF3 𝑑𝑟 1.024 1.062 1.030 0.995
𝑑𝑡 1.145 1.085 1.107 1.060
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Table B.3
Damage parameter (𝜂, defined in Eq. (13)) fitting constant 𝑚 for the three foams (RF1,
RF2, and RF3) in the rise (𝑑𝑟) and transverse (𝑑𝑡) direction (𝑑), subjected to different
impact energies (𝐽𝑖). The values refer to the curves reported in Fig. 12.

Foam 𝑑 𝐽𝑖, [J]

5 10 20 30

RF1 𝑑𝑟 0.0143 0.0037 0.0095 0.0652
𝑑𝑡 0.0137 0.0004 0.0010 0.0750

RF2 𝑑𝑟 0.0085 0.0228 0.0231 0.0272
𝑑𝑡 0.0284 0.0529 0.0133 0.0390

RF3 𝑑𝑟 0.0062 0.0003 0.0263 0.0664
𝑑𝑡 0.0051 0.0002 0.0122 0.0375
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