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A B S T R A C T
Closed-cell ethylene–vinyl acetate (EVA) foams reinforced with particulate fillers can be re-
garded as lightweight cellular polymer composites, widely used in energy-absorbing applications
where compression fatigue resistance and shape recovery are critical. Although particulate fillers
are commonly introduced to enhance mechanical properties, their influence on fatigue behavior
through deformation-induced microstructural changes remains insufficiently understood.
In this study, the effect of biosourced silica content on the compression fatigue behavior of
closed-cell EVA foams is investigated. EVA foams containing 0 to 20 wt.% biosourced silica
particles are manufactured while maintaining practically constant porosity (0.80) and density
(0.18 g cm−3), allowing the intrinsic effect of filler content to be isolated. The mechanical
response under cyclic compression fatigue is correlated with post-deformation microstructural
observations using scanning electron microscopy and X-ray microtomography.
The results show that increasing filler content from 0 to 20 wt.% enhances initial stress levels and
absorbed energies by a factor of ≈ 2, but increases both the dissipation ratio and residual strain
by a factor 1.5 and 2, respectively. These trends are preserved upon cycling, with important
decrease (resp. increase) of stress levels and absorbed energies (resp. dissipation ratio and
residual strains) as the cycle number increases. Cyclic compression induces pronounced filler-
dependent changes in cell wall morphology, including bending, buckling and localized damage
leading to measurable changes in plastic strain accumulation: after cycling and strain recovery,
the compression plastic strain rises from 0 to 0.15 when the filler content varies from 0 to 20
wt.%. These deformation-induced morphological features provide insight into the mechanisms
governing fatigue degradation and reveal a trade-off between mechanical reinforcement and
fatigue durability using 10 wt.% of biosourced silica.
Overall, this work demonstrates that biosourced silica content governs the compression fatigue
performance of EVA-based cellular composites primarily through its influence on the evolution
of deformation-induced cell wall morphology. The present results provide mechanistic under-
standing and practical guidance for the microstructural design of lightweight and durable cellular
composite materials.

1. Introduction
Closed-cell foams made of ethylene–vinyl acetate copolymer (EVA) are extensively employed in energy-absorbing
applications, and in particular in running shoe midsoles, due to their low density, resilience and ability to dissipate
mechanical energy under compressive loading [1, 2, 3, 4, 5, 6]. In such applications, performance often results from
a compromise between lightweight, cushioning efficiency, shape recovery and durability under repeated deformation.
Improving fatigue resistance while maintaining high specific characteristics therefore remains a key challenge in the
design of EVA foams.
Among design strategies, the incorporation of particulate fillers is commonly employed to modify the mechanical
response of the cell wall elastomers such as EVA [7]. Adding fillers is known to reinforce EVA, to modify dissipation,
to influence foaming processes and thus the resulting cellular structure, thereby affecting both initial properties and
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long-term mechanical behavior [8, 9]. For example, Chang et. al [10] recently succeeded in tuning the mechanical
properties of EVA foams by incorporating carbon nanotubes (CNTs): the EVA foam mechanical performances was
improved over thousands of compression cycles, which remains limited compared with the number of cycles such
foams may be subjected to (e.g., around 100,000 - 200,000 cycles for the midsoles of running shoes). Moreover,
it could be interesting to investigate the effects of other nanosized fillers, e.g. with more affordable and accessible
fillers than CNTs. For instance, filling bulk EVA with silica nanofillers is known to improve the EVA mechanical
properties while possibly altering fatigue properties such as the reduction of shape recovery upon cycling, pointing to
a complex interplay between formulation and durability [11, 12]. In this context, biosourced silica nanoparticles, e.g.
derived from rice husk ash (which is an abundantly available and a renewable agricultural by-product derived from
rice milling [13, 14]), have been proposed as relevant sustainable alternatives to conventional manufactured fillers,
offering mechanical reinforcement while reducing environmental impact at reasonable price [15].
In addition, the mechanical response of elastomeric foams is also closely associated with the evolution of their
cellular architecture. While density and average cell size are commonly used descriptors, they provide only a partial
description of the complex involved deformation mechanisms, in particular under long compressive fatigue up to
100,000 - 200,000 cycles [7]. Indeed, compression cycling induces intricate deformation of elastomeric foam cell walls,
for instance inside expanded thermoplastic polyurethane foams [16], including bending/buckling and tearing. These
mechanisms progressively develop during cyclic loading and contribute to irreversible deformation and damage, as also
pointed out in filled EVA foams [1, 17, 18]. Such microstructural changes should therefore be regarded as important
deformation-induced features reflecting the mechanical response at the upper scale. Despite this, most fatigue studies on
filled elastomeric foams primarily rely on macroscopic mechanical indicators. Limited studies focused on quantitative
correlation to post-deformation cellular morphology [1, 17], especially in three dimensions [18] to unravel the link
between the mechanical fatigue properties and the underlying structural damage mechanisms.
Lastly, the literature of filled EVA foams under fatigue being very scarce, in particular with a focus on the filler
content effects, the successful attempts of Chang et. al [10] to improve the CNT-filled EVA foam durability under
dynamic fatigue tests up to 10,000 compression cycles is of considerable interest. However, as the initial microstructure
and density of the foams varied with the carbon nanotube content, identifying whether density, filler content, or
induced foam microstructure that primarily control the properties specified in the foam design requirements remains
complex. As a result, the way filler content alters compression fatigue performances through the evolution of
deformation-induced cellular morphology remains insufficiently documented in particular for EVA foams reinforced
with (biosourced) fillers.
Thus, in this work, EVA foams reinforced with biosourced silica nanoparticles (0–20 wt.%, derived from rice husk
ash) are manufactured at industrial scale while strictly maintaining constant porosity, allowing the intrinsic effect of
filler content to be isolated from porosity-related effects. The mechanical response under short and long-term cyclic
fatigue (up to 200,000 cycles) is investigated and systematically correlated with post-compression microstructural
observations using either scanning electron microscopy and X-ray microtomography. Particular attention is paid to the
evolution of cell wall morphology induced by cyclic compression. Doing so, the objective of this study is to elucidate
how filler content controls the evolution of deformation-induced cellular morphology and how this evolution, in turn,
affects compression fatigue performance and shape recovery in biosourced silica-reinforced EVA foams. By linking
formulation, microstructural evolution and macroscopic response, this work provides mechanistic insight into fatigue-
induced degradation mechanisms and contributes to the rational design of sustainable lightweight EVA foams for
energy-absorbing applications.

2. Materials and methods
2.1. Raw materials and foam processing

The studied ethylene-vinyl acetate copolymer (EVA) formulation consisted in 91 wt.% of EVA (VA content ≈ 22 wt.%
and PE content ≈ 78 wt.%) and 9 wt.% of other additives: blowing agent (azodicarboxamide), blowing agent activator
(zinc oxide), initiator (dicumyl peroxide) and pigment (titanium oxide). This formulation is commonly employed for
running shoe midsoles [6]. Instead of using conventional (in)organic fillers, we used biosourced nanofillers, i.e., rice
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husk ashes under the form of white precipitated amorphous silica [19] with a mean diameter of the particles smaller than
40 nm. Five grades were produced with 0 wt.%, 5 wt.%, 10 wt.%, 15 wt.%, and 20 wt.% of biosourced silica nanofillers.
To process the foams, the EVA blend was first mixed with pigments and nanofillers in a Kneader machine at 125 °C. The
blowing agent, activator and initiator were then added at 105 °C. The mixture was blended in a calendering machine
at 60 °C before entering a pelletizer which produced pellets of typical size ≈ 1 cm. Foams were then obtained using
injection molding with a targeted porosity 𝜙 = 0.8 whatever the considered grade. To conform to this specification
together with the decrease of the melt flow index with the amount of fillers [20], the amount of blowing agent was
adjusted for each grade (e.g., the blowing agent content varying from 5.3 to 6.7 wt.% for the foams with 0 to 20 wt.%
of nanofillers, whereas the amount of initiator was slightly excessive in the basic formula, so none was added). Once
produced, foam slabs (typical dimensions: 1 × 14.7 × 24.5 cm3) were obtained when opening the mold (mold
dimension: 0.6 × 9.2 × 15.3 cm3). We removed (with a slicer) the 2 mm outer surface of the foam slab. The foam slab
density was then determined by measuring both its mass (with a high precision scale, precision: 0.1 mg) and volume
(with a high precision caliper, precision: 0.01 mm). Samples (cylinders with 2 mm diameter and 2 mm height) were
extracted from it and air-conditioned prior to testing, i.e., for compression fatigue and imaging (55% RH and 23 °C).
2.2. Cyclic compression

Foam cylindrical samples were subjected to cyclic compression tests along their vertical axis (further noted 𝐞𝑧) using a
standard electro-mechanical testing machine (Instron n.5994, 10 N load cell). During the tests, the nominal compression
stress 𝜎 and the compression Hencky strain 𝜀 were derived from the measured axial force and displacement of the
cross-head, respectively. Mechanical fatigue tests consisted in 𝑁 = 200, 000 cycles of load-unload compression at
1.25 Hz with a maximum compression strain 𝜀𝑚𝑎𝑥 = 1.6. This cyclic loading roughly corresponds to 400 to 700 km
ran [6, 18]. The test was repeated on three different samples of each grade. As reported previously [6, 18], several
properties were monitored over the 𝑁 cycles of each foam: the maximum stress 𝜎𝑚𝑎𝑥, the absorbed volumetric energy
𝑊𝑎𝑏𝑠 and its maximum value 𝑊 𝑚𝑎𝑥

𝑎𝑏𝑠 during loading, the maximum volumetric dissipated energy per cycle 𝑊 𝑚𝑎𝑥
𝑑𝑖𝑠𝑠 , the

dissipation ratio 𝜂 = 𝑊 𝑚𝑎𝑥
𝑑𝑖𝑠𝑠 ∕𝜋𝑊

𝑚𝑎𝑥
𝑎𝑏𝑠 , the residual strain 𝜀𝑟𝑒𝑠 right after the end of the cyclic tests. The recovery of each

sample was also monitored at 𝑡 = 1 min, 1 h, 24 h, 1 week, 1 month and 3 months after the end of the fatigue test to
assess the recovery Hencky strain 𝜀𝑧𝑧.

2.3. Structural characterization

2D microstructural characterization and chemical analysis – Scanning electron microscopy (SEM; Zeiss Ultra55)
was used to get micrographs of the cross sections (covered by a 10 nm carbon film) of undeformed samples to observe
the cellular structures of the foams and the phase distribution in the cell walls. Similarly, SEM micrographs were
also acquired one month after the cyclic tests to analyze fatigue-induced damage. SEM energy dispersive X-ray (EDX)
mode was also used to get local chemical composition of the foam components, in particular to distinguish the different
mineral fillers.
3D cellular morphology – 3D images of the same samples were obtained using X-ray microtomography before and
one day after fatigue tests as shown in Fig.1a and b, following the procedure described in previous studies [18].
Tomographic acquisitions were performed using a RX Solutions system equipped with a Hamamatsu Photonics source
𝐿𝑎𝐵6 cathode (acceleration voltage: 60 keV, current: 7 𝜇A, frame rate: 1 s−1, projections: 2,400, voxel size: 1 𝜇m3).
Therewith:

• We estimated the mean recovery Hencky strains components 𝜀𝑥𝑥, 𝜀𝑦𝑦, 𝜀𝑧𝑧 as well as the mean recovery
volumetric strain 𝜀𝑣𝑜𝑙 one day after fatigue tests by analyzing the 3D grayscale images with Digital Volume
Correlation (DVC) implemented in the software SPAM [21].

• The 3D images were segmented using Weka plugin of the software Fiji [22, 23]. The resulting binarized images
were then used to estimate key structural descriptors using the Analyze3D and BoneJ plugins of Fiji [24, 25]: the
porosity 𝜙, the mean wall thickness 𝑡, the mean cell size 𝑑 and the foam degree of anisotropy 𝐷𝐴 (for isotropic
porous media 𝐷𝐴 = 0, and for highly aligned porous media 𝐷𝐴 = 1) together with the orthogonal directors
𝐞𝐼 , 𝐞𝐼𝐼 , 𝐞𝐼𝐼𝐼 of this anisotropy.
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• Using the method reported in [18], we also computed (from the 3D segmented images) the number of the foam
closed pores 𝑁𝑝. This metric was used to quantify the formation of fatigue-induced damages in cell walls (tears,
holes), which are directly related to a decrease of 𝑁𝑝.

• Plastic cell wall bending/buckling is also prone to occur during cyclic compression [18, 26]. To our knowledge,
no method had yet been developed to quantify these defects. To address this, we proposed a three steps procedure
using segmented and grayscale images and Fiji : (i) cell labelization, (ii) wall surface detection and (iii) 3D mean
curvature computation. The cell labelization was based on a marching cubes algorithm [24]. The center of inertia
of each labeled cells was then used to start a first coarse wall detection of each cell using a "surfels" generation
and expansion with Limeseg plugin of Fiji [27] (with parameters set as follows: 𝑑0 = 5 to 1, 𝑓pressure = 0.1,
𝑍scale = 1, range in 𝑑0 units = 2, number of iteration steps = -1, and 𝑅𝑒𝑎𝑙𝑋𝑌 𝑃 𝑖𝑥𝑒𝑙𝑆𝑖𝑧𝑒 = 1). Refinements were
made by progressively decreasing the surfel diameter 𝑑0 to improve the accuracy of the surface detection. Once
the surface/wall of each cell was fully detected, the local mean 3D curvature 𝜅3𝐷 was calculated using a least
squares method on the surface (Fig.1c). For each grade, local values of 𝜅3𝐷 were estimated using at least the
surfaces of 100 cells before and after fatigue. The probability density function of 𝜅3𝐷 was then obtained (Fig.1d).
Since each cell initially exhibits both concave and convex surfaces, the initial fraction of convex surfaces 𝐴convex,
defined as the proportion of surface points with 𝜅3𝐷 > 0, was calculated to describe the initial wall shape (Fig.1d).
Moreover, we also computed the difference between the curvature distributions before and after fatigue, noted
as 𝐴diff (Fig.1d). This metric is an indicator of structural change: the higher the 𝐴diff value, the stronger the cell
wall bending/buckling induced after fatigue.

3. Results and discussion

3.1. Initial foam structures

Results reported in Tab. 1, Figs. 2 and 3 give some interesting information about the architectures of foams and the
microstructures of cell walls before mechanical cycling:

• As shown in Tab. 1, the porosity 𝜙 estimated from the 3D images ranges between 0.79 and 0.80 whatever the
considered nanofiller content: the processing route we used indeed conducted to practically constant sample
porosity. It is also interesting to note that whatever the nanofiller content, the foam density 𝜌 lies between
0.17 g cm−3 and 0.18 g cm−3, which is in agreement with typical value of polymeric foams used in athletic
running shoes, i.e., from 𝜌 = 0.09 g cm−3 to 𝜌 = 0.3 g cm−3 [1, 2, 26, 28]. Thus, trends we report and
discuss hereafter about the foam mechanical properties are identical to those we would establish for the specific
mechanical properties in a context of design of lightweight materials.

• Regardless of the nanofiller content, the cellular architectures exhibit very close features, with a mean cell size
𝑑 ≈ 57 𝜇m and a mean wall thickness 𝑡 ≈ 12 𝜇m (Tab. 1). These values are in agreement with those reported
in previous studies for similar foams [6, 18]. However, foams containing nanofillers display a slight increase in
cell size and cell wall thickness. This increase can be explained by the competition between (i) the increase in
nucleation sites as the nanofiller content increases, promoting the decrease in cell size [29], (ii) the rise of the
viscosity material with the nanofiller content [20], together with (iii) an increase in the time between the blowing
and the gelling of the foam [30]. The two last points promoting the cell size increase [20] and are presumably
predominant in the produced nanofilled foams.

• The foam cellular structures also present a small and quasi constant degree of anisotropy 𝐷𝐴 ≈ 0.13, which
proves that the produced cell architectures exhibit a weak transverse isotropy with a minor direction 𝐞𝐼𝐼𝐼 parallel
to the slab thickness and the compression axis 𝐞𝑧 (Tab. 1). Such a low value is probably driven by the injection
molding process we used. It is very different from what was reported for EVA foams processed by compression
molding, which exhibited marked in-plane anisotropy (𝐷𝐴 of 0.4, [18]).

• The inspection of the SEM micrographs (Fig. 2) as well as the acquired 3D images (Fig. 1) proves that the initial
foam architectures mainly display closed cells. Furthermore, as reported in Tab. 1, an increasing number of pores
𝑁𝑝 with the nanofiller content is observed. This trend is difficult to interpret in absolute values because the very
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thin walls that are more present in the foam without or with low nanofillers remain challenging to detect with
the considered spatial resolution.

• Values given in Tab. 1 also show a slight decrease of 𝐴𝑐𝑜𝑛𝑣𝑒𝑥 with the nanofiller content, emphasizing a weak
increase of the cell wall bending induced during the foaming process. This trend is illustrated in the 2D slices
reported on the left side of Fig. 3. Such weak cell wall bendings may be related to possible elastic confinement
stresses induced by the denser skin of the produced slabs during demolding, which conducted in slight buckling
of some cell wall inside the slabs.

• Fine scale SEM observations reported in Fig. 2 show the presence of some micro and nanosized fillers of zinc and
titanium oxides even for the foam without biosourced silica nanofillers. As mentioned in the previous section,
these particles are added in commercial foams used in the running shoes midsoles [1]. In addition, for foams
filled with biosourced particles, the SEM EDX analyses confirmed the incorporation of SiO2 nanoparticles
inside the polymer matrix. Moreover, while increasing the nanofiller content, a small but increasing number
of SiO2 aggregates with average dimension 1-5 𝜇m were observed on the surface of cell walls, emphasizing
some difficulties to properly disperse SiO2 nanoparticles during the mixing step.

3.2. Mechanical properties upon cycling

3.2.1. First cycle

The stress–strain curves reported in Fig. 4a for the first compression cycle resemble most of stress-strain responses of
elastomeric foams [6, 18, 31, 32] with (i) three typical deformation regimes mainly ascribed to the foam architectures
and cell wall deformation modes, (ii) a nice superelastic behavior with limited dissipation ratio (Fig. 4d) and residual
strain (Fig. 4e). These features are correlated to the high elasticity and the limited viscous effects of the EVA, as well
as to the compression of the gas inside the cells and to plastic events such as possible decohesion and slippage at
EVA-fillers interfaces [6].
In addition, the graphs reported in Fig. 4 also emphasize the important effects of the silica nanofiller content on the
mechanics of EVA foams. Indeed, most of mechanical descriptors (i.e., maximum stress, maximum absorbed energy
and dissipation ratio) markedly increase with the nanofiller content (Fig. 4b-d). Astonishingly, the residual strain
remains quite constant below 20 wt.% of nanofillers (𝜀𝑟𝑒𝑠 ≈ 0.07, Fig. 4e). At 20 wt.%, this deformation is, however,
three times higher. Lastly, by following concepts proposed in [32], i.e., a proper cushioning material should maximize
the absorbed energy while minimizing compressive stress upon loading, the graph reported in Fig. 4f proves that the
higher the nanofiller content, the poorer the foam cushioning capability during the first cycle. This is probably due to
the slight difference observed regarding the initial bent cell walls, since a small decrease of 𝐴𝑐𝑜𝑛𝑣𝑒𝑥 is noticed as the
nanofiller content increases (Tab. 1): the less the initial bent shape of cell walls, the higher the energy to buckle them is
required and the higher the cushioning capability. Apart from this effect, the well-known reinforcement effects of the
elastomeric walls with a higher filler content [15] is more likely to be responsible for the observed foam mechanical
properties than the weak structural differences between the samples with and without nanofillers presented in Tab. 1.
3.2.2. Effect of cycling

The graphs plotted in Fig. 5 give the mechanical descriptors 𝜎𝑚𝑎𝑥, 𝑊 𝑚𝑎𝑥
𝑎𝑏𝑠 , 𝜀𝑟𝑒𝑠 and 𝜂 with the cycle number 𝑁 . It

is worth noting that the general trends observed in these graphs are in good agreement with those reported in the
literature for similar elastomeric foams [6, 18] : marked decrease (resp. increase) of 𝜎𝑚𝑎𝑥, 𝑊 𝑚𝑎𝑥

𝑎𝑏𝑠 and 𝜂 (resp. 𝜀𝑟𝑒𝑠),
with simultaneously both a bell-shape evolution of 𝜂 and a sharper increase of 𝜀𝑟𝑒𝑠 close to 𝑁 ≈ 1000 − 5000.
Furthermore, the effects of the nanofiller content is clearly highlighted. Firstly, the trends we emphasized for the
first cycle (Fig. 4) are still preserved, i.e., the higher the nanofiller content, the higher the maximum stress, the
maximum absorbed energy, the residual strain, the dissipation ratio and the lower the cushioning capability, whatever
the considered cycle 𝑁 . Secondly, graphs of Figs. 5a and b show a marked decrease of the mechanical properties
such as 𝜎𝑚𝑎𝑥 and 𝑊 𝑚𝑎𝑥

𝑎𝑏𝑠 with 𝑁 , these tendencies being accompanied by a marked increase in the residual strain 𝜀𝑟𝑒𝑠.
Thirdly, the rate magnitude of the aforementioned trends is higher for higher nanofiller content. These two important
observations are presumably related to cell scale structural damage or plastic deformation (see next subsection), which
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should in turn be linked with possible microscale damage or plastic mechanisms in the cell wall, i.e., in the polymer and
at polymer-nanofillers interfaces. Lastly, at the end of fatigue tests (i.e., for 𝑁 = 200, 000), Fig. 5e shows that cycling
has (i) changed the shapes of energy-stress curves, thus altering the cushioning properties of the whole foams, (ii)
markedly restrained the cushioning differences between silica-filled or unfilled foams. This is related to the important
residual strains: at the cell scale, these huge values should induce an important increase in the residual bent cell walls
after unloading (see next section), which should thus alter possible cell wall buckling and promote cell wall re-bending
upon loading, and therefore cushioning.
3.3. Fatigue-induced plasticity/damage

3.3.1. Foam recovery after fatigue tests

Fig. 6a shows the evolution of the compression residual strain as a function of recovery time after fatigue tests, the
latter being varied from 𝑡 = 1 min to 𝑡 = 3 months. Regardless of the nanofiller content, the residual strain gradually
decreases with time until it reaches a stable plastic strain 𝜀𝑝. Whatever the considered foam, the time to end of recovery
is long and may be ascribed to the viscoelasticity of the EVA coupled with diffusion (resp. flow) of the gas between
the closed (resp. connected) cells [17, 18]. Moreover, the higher the nanofiller content, the higher the recovery rate, so
that after one day the recovery is practically over for foams with 15 wt.% and 20 wt.%, whereas longer time is needed
for lower filler content, around a week.
Fig. 6a also shows that the strain recovery of the foam without silica is complete, i.e., 𝜀𝑝 ≈ 0, illustrating a "good"
viscoelastic behavior. In contrast, the recovery of the deformation of reinforced foams is incomplete (𝜀𝑝 > 0) even
after three months, highlighting the occurrence of fatigue-induced plastic events at lower scales (detailed in section
3.3.2). Notably, the inset of Fig. 6a illustrates a linear increases of the plastic strain with the nanofiller content, with
a noticeable plastic strain of 0.15 for the foams with 15 and 20 wt.% of silica nanofillers. For these two contents,
the results are in line with those obtained from the 3D images and DVC: as evidenced in Fig. 6b, the residual axial
strain 𝜀𝑧𝑧 is close to 𝜀𝑝. Fig. 6b and Fig. 6c also prove that for these two contents, different plastic deformations are
observed: a marked compaction 𝜀𝑣𝑜𝑙 ≈ 0.07 with a moderate lateral expansion 𝜀𝑥𝑥 ≈ 𝜀𝑦𝑦 ≈ −0.025, and a weak
compaction 𝜀𝑣𝑜𝑙 ≈ 0.01 with an important lateral expansions 𝜀𝑥𝑥 ≈ 𝜀𝑦𝑦 ≈ −0.075, for filler contents of 15 wt.%
and 20 wt.%, respectively. For lower filler contents, similar conclusion cannot be drawn straightforwardly from these
graphs in Fig. 6b and Fig. 6c, since after one day their recovery has not ended (see Fig. 6a). Presumably, these samples
should again exhibit a different trend, with a weak compaction 𝜀𝑣𝑜𝑙 (from 0 to 0.06) and practically zero-valued lateral
expansion 𝜀𝑥𝑥 ≈ 𝜀𝑦𝑦 ≈ 0.
3.3.2. Cell wall plasticity/damage

The various 2D or 3D micrographs shown in Fig. 1, Fig. 2 and Fig. 3 clearly illustrate the structural evolution of the
foams before and after compression fatigue and recovery. Whatever the considered nanofiller content, two typical
features are observed in cell walls: (a) some permanent bent zones (Fig. 1a-b, Fig. 3) and (b) the occurrence of
tears/holes (fourth column of Fig. 2). These observations are in line with the literature [17, 18]. The magnitude of these
coupled plastic/damage phenomena highly depends on the silica nanofiller content and is discussed in the following
points thanks to the structural descriptors introduced in the experimental section:

• Fig. 7c illustrates the evolution of 𝐴diff, which gauges the increase of cell wall bending in foams after cycling
and a one day recovery, as a function of the nanofiller content. Obviously, a noticeable increase of 𝐴diff with
the filler content is observed, from ≈ 0.12 to 0.34. The non-zero value obtained without silica nanofillers is in
accordance with the micrographs shown in the first line of Fig. 3, which underlines some rare bent cell walls
after compression. However, bearing in mind that without silica fillers, the sample recovery (i) is not ended after
one day (Fig. 6a), (ii) processes without plasticity (Fig. 6a), these bent zones would probably disappear and 𝐴diffwould presumably tend to 0 after full recovery. Similarly, after full recovery, the 𝐴diff values reported after one
day (Fig. 7c) for 5 and 10 wt.% filler contents would probably reach lower values too.

• It is interesting to notice that fatigue-induced permanent cell wall bending mainly arises perpendicular from the
compression axis, as qualitatively illustrated in the micrographs of Fig. 3. This is quantitatively supported by
the structural analysis. Indeed, combined with the possible lateral plastic expansion of the fatigued samples (for
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15 and 20 wt.% samples, Fig. 6b), fatigue-induced cell wall bending/buckling induces plastic anisotropy of the
foams with (i) a marked increase of 𝐷𝐴 with the silica content (Fig. 7b) and (ii) invariant anisotropy directions,
with a minor direction 𝐞𝐼𝐼𝐼 which remains parallel to the compression axis after fatigue 𝐞𝑧.

• As evidenced in Fig. 7a, the number of closed pores 𝑁𝑝 after fatigue decreases while increasing the nanofiller
content. This decrease is limited for the foam without silica (less than 10 %) whereas a decrease of more than
60 % is observed for a 20 wt.% of nanofiller.

Keeping in mind that the initial foam architecture displays practically identical initial features, the aforementioned
fatigue-induced plastic/damage phenomena, which become more prominent as the filler content is increased, are
probably ascribed to cyclic stress concentrations in the EVA around nanofillers together with the mechanics at the
EVA-fillers interfaces. At the sample scale, these defects mostly explain the decrease in the maximum compression
stress and absorbed energy upon cycling (Fig. 5a-b, [18, 26]). Combined with viscoelastic effects, they also provide
relevant causes of the residual strain growth upon cycling (Fig. 5c). In particular, cell wall tears that alter the macroscale
viscoelasticity of the foams by inducing additional viscous drag forces in between new connected cells [18], would
probably mainly arise around 𝑁 ≈ 1, 000 − 5, 000. This could explain both the sharp increase of the residual shape
𝜀𝑟𝑒𝑠 and the bell shape of the dissipation ratio 𝜂 observed after such a number of cycles.
3.4. Design of filled EVA foams for energy absorption application: the case of running shoes

EVA foams are widely used as lightweight, soft and superelastic architectured materials for packaging, automotive and
sport structures or systems to mention a few application domains. Hence, the design of these foams often involves a
complex trade off between lightweight, absorption and dissipation of mechanical loadings throughout their entire usage
phase. Among the standard design criteria, durability thus becomes another key performance criterion, in particular for
foams subjected to many and repeated loadings. This is typically the case for EVA foams used in running shoe midsoles,
which must be engineered to balance minimal density and optimal cushioning with superior rebound properties and
restrained mechanical aging. The fatigue data we report in this study can provide some helpful information towards
the design of these foams when they are filled with the selected biosourced nanoparticles:

• The foam specific properties are enhanced both initially and throughout fatigue with the nanofiller content,
making the midsole more lightweight.

• Meanwhile, increasing the nanofiller content fastens the degradation kinetics of mechanical properties during
fatigue.

• Although the cushioning properties of filled foams are initially worse than unfilled foams, they become
practically equally effective during fatigue.

• The incorporation of such fillers reduces the rebound properties of the foam, before and after fatigue as nanofilled
foams dissipate more energy during a cycle.

The foam design is also motivated both by the production cost and the environmental footprint. We estimated the cost
and the environmental impacts associated with the incorporation of biosourced silica into the different EVA foams
using a partial life cycle assessment which focuses exclusively on the raw materials and related foams productions.
This approach follows the requirements and recommendations of the standards [33] and the Product Environmental
Footprint (PEF) method [34]. The details of the calculation are given in Appendix A. As illustrated in Fig. 8, both
the cost and the environmental footprint related to the production of the studied EVA foams (and their raw materials)
decrease linearly with the nanofiller content down to 6 % and 21 %, respectively.
Thus, a proper balance in functional properties − lightness, cushioning, rebound and durability − and the industrial
strategic interest − including the cost and the carbon footprint reductions of the foam production − should be achieved
with nanofiller contents around 10 wt.%. Such a choice should allow the design of durable EVA midsoles with (i)
enhanced lightness (≈ 30 − 40 %) while maintaining good cushioning properties with acceptable decrease of rebound
properties (≈ 20 − 30 %), (ii) decreased cost (≈ 2.5 %) as well as carbon footprint (≈ 12 %) of the foam production.
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4. Conclusion

This study examined the influence of biosourced silica content on the compression fatigue behavior of closed-cell
EVA foams, with a specific focus on the microstructural changes induced by cyclic loading. By maintaining constant
porosity across all materials, the intrinsic effect of nanofiller content could be isolated from porosity-related effects.
At the macroscopic scale, increasing filler content resulted in higher initial stiffness, stress levels and absorbed energy
under compression, together with significant changes in fatigue behavior and strain recovery. While low to moderate
filler contents improved resistance to cyclic deformation, higher contents promoted irreversible deformation and
accelerated degradation under long-term cyclic loading, revealing a trade-off between (a) mechanical reinforcement,
(b) cushioning and rebound properties and (c) fatigue durability.
Post-compression microstructural analyses showed that cyclic loading induces pronounced, filler-dependent modi-
fications of cell wall morphology, including bending and localized tears of cell walls. These deformation-induced
morphological features should not be regarded as independent design parameters, but rather as microstructural
signatures of the underlying deformation and damage mechanisms activated during compression fatigue.
Overall, the present results demonstrate that filler content governs the compression fatigue performance of biosourced
silica-reinforced EVA foams primarily through its influence on the evolution of deformation-induced cellular
morphology. By combining controlled formulation, mechanical testing and three-dimensional post-deformation
characterization, this work provides mechanistic insights and practical guidance for selecting filler content in the
design of lightweight and durable energy-absorbing EVA foams.
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A. Appendix − Estimation of the cost and environmental footprint of foam production
The definition of the study goal and scope follows a cradle-to-gate approach, limited to the extraction, processing,
and production of transformed materials, without considering transportation and industrial compounding or any other
manufacturing process, which were deemed non-differentiating for this initial analysis.
The functional unit is one kilogram of masterbatch, enabling a standardized comparison of different incorporation
scenarios. The life cycle inventory relies on generic data exclusively sourced from the EF 3.1 database. The only
exceptions are the data for biosourced silica and DCP which are derived from a semi-specific inventory combining
primary data from one of Decathlon’s suppliers and secondary data from EF 3.1. This modeling undergoes an external
peer review and fully complies with the PEF method.
The impact assessment was conducted using the EF 3.1 method, with a focus on the climate change midpoint indicator
and the endpoint EF single score. The results must be interpreted considering the quality and representativeness of
the inventory data and the exclusion of certain life cycle stages, which may influence the extent of the observed
environmental benefits.
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Table and Figures
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Table 1
Structural descriptors of produced foams filled with increasing amount of silica nanofillers.

Parameters 0 wt.% 5 wt.% 10 wt.% 15 wt.% 20 wt.%
𝜌 (g cm−3) 0.17 ± 0.02 0.17 ± 0.02 0.18 ± 0.02 0.17 ± 0.02 0.18 ± 0.02
𝜙 0.80 ± 0.01 0.79 ± 0.01 0.79 ± 0.01 0.80 ± 0.01 0.79 ± 0.01
𝑑 (𝜇m) 48 ± 23 61 ± 26 59 ± 25 60 ± 26 59 ± 28
𝑡 (𝜇m) 9.3 ± 5.1 12.8 ± 8.4 12.7 ± 7.9 11.8 ± 6.8 11.9 ± 5.9
𝐷𝐴 0.14 0.13 0.13 0.11 0.15
𝑁𝑝 (mm−3) 2261 2695 3114 3100 4036
𝐴𝑐𝑜𝑛𝑣𝑒𝑥 0.66 0.63 0.53 0.53 0.51

Figure 1: (a) 2D grayscale slice and (b) 3D views of the same Region Of Interest (ROI) of sample with 20 wt.% of
nanofillers before (left) and one day after (right) fatigue obtained by X-ray tomography after registration in which the
same cell is framed in white. (c) 3D representation of the cell selected in (a) before (left) and one day after (right) fatigue
and its associated mean curvature map (highly concave surface in red, highly convex surface in green). (d) 3D mean
curvature 𝜅3𝐷 distributions, before and one day after fatigue tests, of 100 cells of the 20 wt.% nanofilled foam, illustrating
the convex area 𝐴𝑐𝑜𝑛𝑣𝑒𝑥 (convex area fraction) and the area of the difference between both distributions 𝐴𝑑𝑖𝑓𝑓 of its cell
walls.
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Figure 2: SEM micrographs of some typical produced foams with 0, 10 and 20 wt.% nanofiller content in the 𝑧𝑥 plane,
showing (i) the presence of SiO2 nanoparticles inside cell wall as well as micro and nano-sized particles and aggregates on
the surface of cell walls, (ii) the morphology of cells and cell walls before (left) and one month after (right) compression
fatigue.
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Figure 3: 2D grayscale 𝑧𝑥 slices (X-ray tomography) of the same ROIs before (left) and one day after (right) compression
fatigue along the 𝑧 direction, for three typical produced foams with 0, 10 and 20 wt.% nanofiller content.
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Figure 4: Mechanical behavior of foams with 0–20 wt.% nanofillers during the first compression cycle (𝑁 = 1) for the
5 studied nanofiller content: (a) stress-strain curves; maximum stress (b) and maximum absorbed volumetric energy (c),
dissipation ratio (d) and residual strain (e) as functions of the nanofiller content; (f) volumetric absorbed energies as
function of the compression stress upon loading. Errors bars stand for the standard deviation.
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Figure 5: Evolutions of (a) the maximum stress 𝜎𝑚𝑎𝑥, (b) the volumetric maximum absorbed energy 𝑊 𝑚𝑎𝑥
𝑎𝑏𝑠 , (c) the residual

strain 𝜀𝑟𝑒𝑠 and (d) the damping loss factor 𝜂 with the number of cycles 𝑁 for the foams with 0–20 wt.% nanofillers during
compression fatigue. The Gray bands illustrate the standard deviation of the measurements. Graph (e) plots the volumetric
absorbed energies as function of the compression stress upon loading at 𝑁 = 200000.
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Figure 6: (a) Evolution of the axial compression residual strain 𝜀𝑟𝑒𝑠 with the recovery time 𝑡 and plastic strain 𝜀𝑝 (after
𝑡 = 1 week of recovery) as a function of nanofiller content (inset). Graphs (b) and (c) gives the components of the Hencky
strain tensors (b) and Hencky volumetric strain (c) in the fatigued samples, as estimated from the 3D images and DVC
after 1 day of recovery time. Errors bars illustrate the standard deviation.
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Figure 7: Evolution of the number of pores 𝑁𝑝 (a) and the degree of anisotropy 𝐷𝐴 (b) before and after (one day of recovery
time) fatigue tests as function of the nanofiller content. Difference 𝐴diff between the 3D mean curvature distributions before
and after (one day of recovery time) fatigue tests as function of the nanofiller content (c).
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Figure 8: Evolution of the cost and environmental footprint of production of the studied EVA foams filled with silica
nanoparticles extracted from rice husk ash.
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