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Abstract

Hyperelastic foams are an ideal class of impact mitigating materials in applications where more than a single impact load-
ing event may exist. However, methods and protocols used to characterize impact tolerance in hyperelastic foams subjected
to multiple impact conditions are limited and provide insufficient information about the impact load-bearing efficacy of the
material. In this work, we present a comprehensive experimental approach that allows for investigating the dynamic behav-
ior and impact tolerance of a novel elastomeric polyurea foam. The proposed approach includes conventional experimental
techniques, e.g., impact force analyses, supplemented by full-field strain measurements and the evaluation of strain-dependent
Poisson’s ratio of the foam as additional metrics that enable a detailed study of the evolution of the macroscopic dynamic
behavior of the foam in response to multiple impacts with variable impact energies. The experimental measurements are
coupled with mesoscale finite element analyses and post-deformation microstructural observations. Results obtained herein
indicate the possibility of internal damage formation as the primary source of the slight decrease in impact mitigation effi-
cacy. Specifically, the highly stretched polyurea cell walls in the foam are identified as the source of microscopic, permanent
damage. Despite the significant damage developed during the multi-impact loading, the foam retains an effective level of
overall impact energy mitigation capacity.
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Introduction

The persistent challenges of developing effective impact
mitigating structures can be resolved using elastomeric
foams, potentially sustaining single and multiple impact
loadings [1-3]. Cellular solids have been proven effective
in such dynamic loading scenarios in different applications,
ranging from packaging and sports gears, irrespective of the
attributes of microcellular structure, whether it is random
foams (scholastic) or ordered honeycombs (lattice) [4, 5].
Impact mitigating structures (e.g., protective paddings used
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in sports gears) undergo several low-velocity impacts during
relatively short durations (i.e., game time). Therefore, they
must consistently perform at the same or comparable protec-
tive levels with high efficacy by withstanding the incoming
force pulses and absorbing the impact energy. The challenge
resides in damage accumulation in the bulk material and the
microcellular structures, which is exaggerated in rigid foams
but can be wholly circumvented in their elastomeric counter-
parts. The former is suitable for single impact scenarios and
has been integrated broadly into the shipping and packaging
industry [2]. The scientific and technological potential of the
elastomeric foams serves as the motivation for the research
leading to this report.

A prime example of elastomeric foams is the emergent
polyurea foam, recently reported to inherit some of the
superior mechanical properties of its base material. Polyu-
rea, a thermoset elastomer, exhibits superior engineering
attributes, chiefly the shock and impact tolerance, mak-
ing it an ideal material candidate for several civilian and
military applications over several decades of strain rates
[6-9]. Of specific interest is the cryogenic glass transition
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temperature, indicating polyurea is well within the rubbery
regime at ambient temperatures with significant extensi-
bility, providing large strain energy potential [10]. Several
studies investigated the thermomechanical behavior by
measuring the acoustic and dynamic responses as a func-
tion of temperature, demonstrating the interdependence of
the creep strain and the moduli on changes in temperature
[11, 12]. The addition of microcellular structure to polyurea
(i.e., foamed polyurea) resulted in hyper-viscoelastic elasto-
meric stochastic solid capable of effectively sustaining low-
velocity impacts without incurring severe permanent dam-
age. Two research groups independently foamed polyurea
using drastically different methods in the recent literature.
Ramirez et al. [13—15] used a heat-activated chemical foam-
ing agent to achieve several densities, ranging from ~ 100
to 300 kg/m>. Alternatively, Reed et al. [16, 17] reported
a self-foaming process relying on the intrinsic reaction
between isocyanate and water, resulting in large entrapped
volumes of carbon dioxide gases when violently mixing the
constituents. The heat-free version of polyurea foam (i.e.,
after Reed et al.) was cured and dehydrated at room tem-
perature before being submitted to quasi-static and dynamic
loadings [16, 18]. The density of the second polyurea foam
version was limited compared to their heat-foamed coun-
terparts, suggesting a manufacturing challenge for ultralow
density elastomeric polyurea foam; a topic of future research
due to its practical importance. It is worth noting that the
novelty of polyurea foam reported by Reed et al. stems from
the hierarchal microstructure and self-reinforcement with
polyurea microspheres nucleating during the mixing pro-
cess via precipitation polymerization [19]. The outcomes
culminated in targeting the mitigation of two biomechanical
impact scenarios, including football helmets [18, 20] and
density-graded orthotics [21].

In their seminal work on polymeric cellular solids, Ashby
and Gibson cataloged the ideal and realistic mechanistic
response of rigid and elastomeric foams [1], including the
potential mechanisms leading to plastic failure. Gener-
ally, the quasi-static stress—strain behavior of microcellu-
lar polymers is exploited for the mechanical characteristics
of the foam, including elastic, plateau, and densification
regions, to forecast the dynamic behavior [1, 22, 23]. The
initial elastic region is associated with limited and revers-
ible deformation, resulting in the instantaneous stiffness of
the foam as the interplay between the mechanical proper-
ties of the base material (entrapped in the cell edges and
walls) and the geometrical attributes of the cellular struc-
ture [1]. The plateau region, bounded between the outset
of the elastic region and onset of the terminal densification
region, defines the energy-absorbing ability of foams, where
extended plateau (i.e., large deformation at nearly constant
stress) implies higher energy absorption abilities. Finally,
the densification region is where the interplay between the
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base material and deformed cellular structure dominates
the response, resulting in maximum efficiency. The latter,
being a dynamic property, was shown to forecast using the
results of the quasi-static response with a certain degree of
certainty [24-26]. That is, the quasi-static predictions are
not a substitute for dynamic testing, as discussed in [27],
where other time-dependent phenomena take precedence,
including viscoelasticity, inertial effects, and working fluid
contributions. In the plateau and densification regions, sev-
eral deformation mechanisms are activated to contribute to
the overall efficacy of the foam, including elastic and plastic
buckling of cell edges and walls, elastic and plastic kink-
ing of the cell walls, yielding, and plastic deformation of
the base material. These damage mechanisms collectively
limit the utility of rigid foams in repetitive impact loadings.
However, their effects can be demoted in elastomeric foams,
marking them an ideal engineering material candidate for
such common low-velocity impact scenarios (e.g., walking,
running, or other sports events).

As mentioned above, emergent polyurea foams have
undergone extensive experimental quasi-static and dynamic
investigations with strain rates ranging from ~0.05 s~ ! to
>200s~![16, 28]. It was reported that the hierarchical, self-
reinforced microcellular structure of polyurea foams plays
a vital role in their mechanical performance irrespective of
the strain rate. Regardless of the density, polyurea foams,
similar to those investigated herein, exemplified multifaceted
microcellular structures, consisting of large spherical unit
cells with ~4.5-7.6% perforations due to the self-limiting
chemical reaction [16], surrounded by closed spherical cells.
Such microstructure lends polyurea foams into the conven-
tional classification (i.e., mechanical response with positive
Poisson’s ratio); however, recent work by the authors dem-
onstrated that impact low-density polyurea samples could
result in mild auxetic conversion due to plastic deforma-
tion [29]. This is remarkable since such impact-converted
auxetic polyurea foams persisted in effectively mitigating
low-velocity impacts, even after several impacts with dif-
ferent energies [29]. While it was stipulated that the local-
ized plastic deformation might play a role in the conver-
sion phenomena, the interrelationship between the plastic
deformation and the nearly auxetic conversion was neither
investigated nor revealed; hence, the focus of the research
leading to this paper.

The objective of this paper is to characterize the dynamic
behavior and impact tolerance of a novel polyurea foam sub-
jected to multiple impacts with controlled impact energies.
Specifically, the foam samples are subjected to a sequential,
multi-level impact scenario with an ascending-descending
impact energy input. The impact tolerance behavior of the
foam is examined by tracking various metrics, including the
evolution of load-bearing and Poisson’s ratio. Experimen-
tal studies are supplemented by a multiscale finite element
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analysis that allows for studying local damage evolution in
the impacted foam test piece. The outcomes of this work
point to the possibility of impact-induced cellular-scale
damage, potentially affecting the impact tolerance of the
examined foam.

Materials and Methods
Sample Preparation

Low-density, elastomeric polyurea foam (with a nominal
density of 110 kg/m?) was utilized in this work due to its
pronounced hyperelastic behavior. Polyurea foam slabs were
prepared based on the recipe detailed in Refs. [16, 17, 19] by
violently mixing an amine (oligomeric diamine, Versalink
P1000, AirProduct Inc.), isocyanate (modified Methylene
Diphenyl Diisocyanate, Isonate 143 L, DOW Industrial),
and deionized water. Upon curing and dehydration, cubic
samples with a nominal 18 mm edge size were punched
out of the slabs. These sample dimensions were selected to
ensure that the extracted specimens are sufficiently large to
represent the macroscale mechanical response of the foam
[30]. The microstructural characteristics of the foam were
examined using a scanning electron microscope (SEM, FEI,
Quanta 450), where Fig. 1 shows a representative SEM
micrograph from an unloaded sample. The average cell size
and cell wall thickness of the investigated polyurea foam
samples were characterized using image analysis of the
SEM micrographs. The cell wall thickness distribution was
determined using an image-based approach (performed in

Fig.1 SEM micrograph of the examined low-density polyurea foam,
showing the microcellular size distribution of 302.3 +91.3 pm and its
ubiquitous spherical attribute

open-source software ImageJ) in which the size of a straight
line that connects each cell exterior to its nearest neighbors
is measured first. Next, the same approach is applied to
a randomly selected large collection of cells in the SEM
micrographs. The measured values are then processed to find
the mean (average size) and standard deviation (size vari-
ability) of the parameter of interest, i.e., cell wall thickness.
Accordingly, the average cell size and cell wall thickness
were determined as 302.3+91.3 pm and 82.9 +28.1 pm,
respectively, which are in good agreement with previous
results [30]. The significantly high coefficient of variation
(standard deviation-to-mean ratio) in the cell wall thickness
indicates the highly nonuniform distribution of cell wall
thickness, which is reflected in the visual, qualitative evalu-
ation of the SEM image in Fig. 1. The geometrical attributes
of the microcellular structure were used as input to the finite
element analyses discussed in the forthcoming sections.

The compressive stress—strain response of the foam under
quasi-static loading conditions was examined for reference.
For quasi-static characterizations, foam samples were tested
under a constant compression rate of 5 mm/min (equivalent
to a 4.6x 1072 s~! nominal strain rate). Stress—strain and
Poisson’s ratio evolution of the foam under quasi-static con-
ditions were extracted based on the experimental protocols
described later.

Impact Testing and Force Measurement

The extracted foam cubes were subjected to multiple low-
velocity impacts with controlled impact energy input based
on the drop height, i.e., controlling the potential energy.
Seven consecutive direct impacts were exerted on each
foam sample using a 723 g flat impactor dropped from spe-
cific heights (Fig. 2). Accordingly, the impact energies of
1.77, 3.55, 5.32, and 7.09 J were determined for the drop
heights of 250, 500, 750, and 1000 mm, respectively, repre-
senting impact velocities ranging between 2.2 and 4.2 m/s.
The drop weight experiment and the calculation of input
energy reported in [18] were modified and adopted herein to
accommodate the repetitive loading scenarios. As shown in
Fig. 2a, the impact scenarios were designed in an ascending-
descending manner to analyze the impact energy-dependent
mechanical response of the foam, as discussed in the forth-
coming sections. Notably, a four-minute rest time was con-
stituted between the successive impact events to allow for
strain recovery in the sample, storing images captured dur-
ing the impact test, and adjusting the drop weight to the next
position. The transmitted force-time histories were recorded
using a sensor located at the bottom of the foam sample
(Fig. 2a) as part of the drop tower setup. Data reproducibility
in the impact tests was confirmed by conducting the same
impact scenario on multiple foam samples. Due to the sam-
ple-to-sample microstructural variations, the exact values of
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Fig.2 a Schematic representation of the multiple impact loading conditions applied on the foam sample. b A close-up view of the foam sample
showing its camera-facing speckled surface used for digital image correlation

the measured quantities of interest varied, while the trends
(discussed in later sections) were confirmed repeatable.

High-Speed Photography and Image Correlation

The impact force measurements were supplemented by an
image-based quantitative analysis of the sample deformation
by digital image correlation (DIC). To this end, a high-speed
camera (Photron FASTCAM SAI1.1) was used to capture
images from the front surface of the sample at an image
acquisition rate of 40,000 fps. For DIC purposes, the surface
of interest, i.e., the front surface, must be coated with high
contrast and random pattern. However, due to the large and
repeated impact deformation conditions applied, a conven-
tional spray paint coating of the front surface of the sample
was not practical. Instead, the porous surface features of the
foam samples (e.g., Fig. 1) were used as a natural speckle
pattern for DIC analyses [31]. To further improve the image
contrast, the natural light-yellow surface color of the sample
was lightly coated with a thin layer of alcohol-based black
paint, leaving the surfaces of the open cells to serve as the
speckle pattern effectively. The DIC area of interest in the
sample is shown in Fig. 2b.

Images acquired by the high-speed camera were analyzed
in the commercial digital image correlation software Vic-
2D (Correlated Solutions, Inc., SC, USA) with subset and
step sizes of 23 pixels (6.08 mm) and 8 pixels (2.12 mm),
respectively. An incremental correlation approach was used
to enable full correlation at large deformation conditions.
The in-plane strain fields were calculated using a Gaussian
filter with a window size of 5 data points applied to the raw
displacement fields. The step and strain filter sizes utilized
in this work made it possible to measure full-field strain
with a virtual strain gauge size of 10.6 mm (calculated as
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the product of step size X strain filter), which is roughly
triple the representative volume element (RVE) size of the
examined foam [30]. In-plane strain components, ¢,, and

€y, Were used to determine the Poisson’s ratio. Accord-
ingly, the strain-dependent Poisson’s ratio of the samples
was determined using the instantaneous (tangent) definition
of this parameter, as v = —d €,, /d €,,. The instantaneous
definition of Poisson’s ratio was used over the total (secant)
formulation, as the former has been proven more effective
in capturing the true values of this parameter, especially
for low-density foams and those that tend to show auxetic
response [31].

A similar procedure was followed to identify the strain-
dependent Poisson’s ratio of the foam under quasi-static con-
ditions. The logarithmic (true) definition of strain was used
throughout this report, including for the characterization of
local (micro) and global (macro) deformation behaviors in
both quasi-static and dynamic loading conditions.

Impact Tolerance Metrics

Various metrics were used to characterize the impact toler-
ance of the examined foam material. Comparing the peak
force values recorded in each of the seven successive impact
events was used as the first criterion. The peak force was
used to assess the impact tolerance and the variation of the
load-bearing capacity of the foam. Furthermore, since the
multiple impact scenarios involved hitting the sample at
the same height (i.e., energy level) twice, the change of the
peak force resulting from impacting the foam at the same
energy level is a byproduct metric, implying the effect of
the accumulated damage. For example, the difference in the
peak forces measured from the first and seventh impacts,
i.e., at 1.77 J, indicates the internal damage that might have
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occurred within the cell walls, which might alter the impact
performance of the foam.

The corresponding evolution of the maximum compres-
sive strain developed in the foam (quantified by DIC) was
another metric for the characterization of impact tolerance.
Finally, the strain-dependent Poisson’s ratio of the foam,
resulting from submitting the samples to repetitive impact
events, has been determined and used as a practical metric
for studying the load-bearing behavior of the foam. Poisson’s
ratio was previously used as a primary metric for quantify-
ing the foam materials’ tendency to distort [31, 32]. The
strain-dependent Poisson’s ratio in low-density foams has
been correlated with strain localization and significant local
shear deformation, leading to damage initiation and accu-
mulation over successive loading events [32]. As such, the
evolution of the apparent Poisson’s ratio (deduced from the
full-field deformation of the front surface) was considered a
factor determining the impact-induced damage and impact
tolerance of the examined foam. The aforementioned impact
tolerance criteria were complemented by microscopic imag-
ing of the foam sample after the loading cycle.

Multiscale Finite Element Analysis

Multiscale finite element analysis was conducted to study
the correlations between strain fields developed at macro
and micro scales. An idealized two-dimensional array of
circular cells with dimensions equal to the average cell size
of the examined foam (i.e., 302 pm) in a polyurea matrix
was created as the domain of interest (see Fig. 3a). The spac-
ing between the circular cells in this RVE was designed to
be equal to the average cell wall thickness of the utilized
foam, i.e., 83 pm. Overall dimensions of the RVE model
were chosen as 3.5 X 3.9 mm to ensure that the domain size
is large enough to encompass enough cells to represent the
macroscale behavior of the foam [30]. Material properties
assigned to the solid sections of the model were obtained
for solid polyurea under quasi-static tension (~0.013 s~!
strain rate), as shown in Fig. 3b. The tensile failure strain
(logarithmic) of the examined polyurea was determined
as ~ 1.9. The experimental stress—strain values were fitted
with an Ogden-4th order model for ease of application in
the FE solver. The utility of a quasi-static analysis in lieu of
a dynamic counterpart stems from a twofold rationale. First,
polyurea is well within the rubbery regime when tested at
room temperature under low and moderate strain rates since
its glass transition temperature is nearly — 50 °C. Hence, the
hyperelastic response dominates and eclipses the viscoelas-
tic contributions. Second, the primary objective of develop-
ing this model is to elucidate the geometrical changes in the
idealized unit cells as a function of the magnitude of the
force. Such changes can be considered a sole function of the
latter in light of the mechanical behavior of polyurea within
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Fig.3 a Finite element model representing a simplified RVE of the
polyurea foam examined in this work. The cell diameter and cell-wall
thickness sizes were designed to be equal to the average values of the
two parameters determined experimentally for the actual foam sam-
ples. b Experimental and fitted true stress—strain curves of the base
polyurea used as input to the FE model. Three tests were conducted
to ensure the repeatability of the results

the rubbery regime. In other words, the quasi-static finite
model can elucidate the geometrical changes in the unit cell,
as discussed later, without any loss of generality.

Finite element simulations were performed in the com-
mercial package Abaqus®. The FE model was meshed
with 30,319 CPE4H (4-node bilinear plane strain quad-
rilateral) elements, selected after an iterative mesh sen-
sitivity analysis to identify the mesh size that does not
influence the deformation results. Self-contact interactions
were implemented in the model by assigning an internal
friction coefficient of 0.2 inside the cell walls [33]. Note
that an internal friction coefficient is required to ensure
no mutual penetration between the nodes and elements
of opposing cell walls in a fully compressed foam. Con-
sidering that the FE analysis was used to determine the
local strains developed in cells walls before densification
and complete cell closure (as further discussed in the fol-
lowing), the utilized coefficient of friction is merely for
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numerical convenience. As shown in Fig. 3a, the two ver-
tical and the horizontal bottom edges of the model were
fixed in x- and y-directions, respectively. The near-zero
Poisson’s ratio of the foam (measured experimentally, as
discussed later) was applied to the model by fully con-
straining the lateral displacement of the vertical domain
boundaries. A downward displacement of §=1.8 mm was
applied on the top horizontal boundary of the model to
represent the axial compression imposed during experi-
ments. For simplicity, the rate-dependent response of the
solid polyurea was suppressed in this model. To charac-
terize the correlations between local (micro) and global
(macro) strains, the evolution of local strain fields devel-
oped over cell walls were extracted and compared with the
global strain applied on the model.

Results and Discussion
Quasi-static Mechanical Response

The quasi-static stress—strain response and the correspond-
ing strain-dependent evolution of Poisson’s ratio are plotted
in Fig. 4. The mechanical response of the foam is typical of
those for other elastomeric foams, indicating an initial high
apparent stiffness, followed by a slope change that correlates
with the elastic buckling of the cell walls at microscopic
scales [34]. At global strains of ca. 0.3, another increase in
the slope of the curve is observed. This final change of slope
in the stress—strain response of the foam marks the onset of
global densification, occurring due to the excessive compres-
sion and closure of the cells in the foam [1].

The evolution of the Poisson’s ratio during deforma-
tion was also characterized using the approach presented
in previous publications [19, 28]. As shown in Fig. 4b, the
instantaneous Poisson’s ratio exemplifies an initial high
value of ~0.15. Once the deformation history reaches large
compressive strains, the Poisson’s ratio decreases to a mini-
mum value of ~0.05 achieved at a global compressive strain
of 0.3. The Poisson’s ratio tends to increase following the
onset of global densification. The final increase observed in
the Poisson’s ratio originates from the local closure of the
cells in the foam, leading to a reduction in the foam’s abil-
ity to accommodate the applied deformation through cell
buckling and other micromechanics phenomena. Instead, the
behavior of the compressed, densified foam converges to the
mechanical response of its solid constituent (i.e., polyurea),
where the Poisson’s values reach those of incompressible
solids [35]. Nonetheless, the Poisson’s effect in the exam-
ined foam indicates (1) a strain-dependent behavior and (2)
values close to those of compressible solids (i.e., v = 0), at
least before the onset of global densification.
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due to numerical derivation of the raw stain data obtained from DIC
analyses

Multiscale Strain Analysis

The stress—strain and Poisson’s effect characterized under
quasi-static conditions point to the significance of micro-
mechanics evolutions that govern the macroscale behavior
of the foam. To shed light on some of the more significant
micromechanics developments, a simplified foam model was
used as the input to a finite element analysis (see Fig. 3). Fig-
ure 5a shows snapshots of the deformed FE model extracted
at different global strains. The evolution of the first principal
strain in the vicinity of a single cell (located at the center
of the domain) is also shown in Fig. 5b. The first principal
strain was used as the parameter of interest because it repre-
sents the maximum local tensile strain developed at a point
irrespective of the orientation. Therefore, this parameter can
be used to correlate the maximum tensile local strain, as a
critical metric for the possibility of microscale damage, to
the global compressive strain applied on the foam test piece.

Deformation patterns developed in the RVE show
a uniform compression up to global strains of ~0.03.
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Fig.5 Snapshots extracted from the FE model to show the evolution
of deformation at a RVE and b single cell length scales. The contour
maps in b represent the evolution of first principal strain, as a met-

Interestingly, this global strain falls within the initial high-
slope region of the global stress—strain curve shown earlier
in Fig. 4a. At higher global strains, the buckling of the verti-
cal cell walls is evident at the RVE scale and also from the
asymmetric deformation of the single cell in Fig. 5b. The
cell buckling behavior continues at higher global strains by
developing non-uniform deformation patterns at RVE and
single-cell scales. Besides the well-known buckling-domi-
nated deformation response of the cells illustrated in this fig-
ure, a more interesting observation is the formation of highly
stretched local regions within the cell walls in response to
the applied compressive deformation. To quantify such local
strain anomalies, the variation of the aforementioned local
maximum principal strain has been plotted in Fig. 6 with
respect to the global strains applied on the RVE model.
Note that the global compressive strain has been plotted as
positive values in this figure, and both strain metrics are in
logarithmic (true) values. In addition, the local strains are
extracted from a ‘hot spot’, i.e., a critical region located on
the cell wall near the interior of the cell.

A linear trend approximates the evolution of the local
vs. global strain up to a global strain of ca. 0.05. Then, the
linear trend abruptly changes into a nonlinear correlation
with a significantly higher slope, indicating a sudden shift of
the microscale deformation response from a stable, uniform
compression to an unstable, highly non-uniform buckling
mode. Another significant outcome of this analysis is the
comparison between the numerical values of the local and
global strains. To better reflect on this comparison, a simple
‘strain ratio’ metric has been defined as the ratio between
the local maximum principal strain and the global compres-
sive strain. The evolution of the strain ratio is also shown in
Fig. 6. In line with the local deformation mechanism shift
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Fig.6 Variation of local maximum principal strain (as a measure for
the local tensile strain developed on cell walls) plotted with respect
to global compressive strain. The ‘strain ratio’ parameter as the ratio
between the two strain values is also plotted. Local maximum strain
is extracted from the strain ‘hot spot’ marked on the figure inset

discussed above, the strain ratio shows a sudden increase
upon the initiation of the cell wall buckling mode. Values
greater than 4 are obtained for this metric, indicating the
substantial differences between the local and global strains
in low-density foams subjected to compressive forces. Con-
sistent observations were made by Koohbor et al. [36] in an
experimental study that characterized the local and global
strains in rigid foams subjected to high strain rate loading
conditions. The major difference between the observations
made in the current study and those reported in Koohbor
et al. [36] is the reversible mechanical behavior of the flex-
ible foams examined here, which directly correlates with the
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capability of the base polymer (i.e., polyurea) in the present
study to withstand large tensile deformations.

Before delving into further details and the use of such
strain ratios in dynamic loading conditions, it is worth men-
tioning that the strain ratios identified herein can be utilized
to predict the maximum compressive strains achievable in
polyurea foams before the solid polyurea cell walls start to
fail. Accordingly, assuming (1) a perfectly ordered cell dis-
tribution with uniform circular cells and cell wall sizes and
(2) an invariable strain ratio of 4 that remains valid at large
strain conditions, one could estimate a maximum compres-
sive strain of 1.9/4=0.475 (based on a tensile failure strain
of 1.9 for polyurea and a strain ratio of 4) as the maximum
strain tolerable by the foam before any internal damage. This
estimated strain was used as a guideline to design the impact
conditions applied to the foam samples, as discussed in the
forthcoming sections.

In practice, the assumption of a perfectly ordered cell
structure is not realistic. Instead, the cell structure of polyu-
rea foam, as exemplified by the SEM micrograph (Fig. 1),
contains a variety of cells shapes and sizes with a wide
range of cell wall thicknesses. In such conditions, the prob-
ability of achieving large local strains on thinner cell walls
increases, leading one to assume that the cell scale damage
is even more probable in actual foam structures. Another
noteworthy point is the role of high strain rate conditions.
Assuming that similar strain ratios will hold at high strain
rate loading conditions, due to the strain rate-induced reduc-
tion of the failure strain in polyurea [37, 38], the probabil-
ity of internal damage formation increases. Superimposed
to the latter is the role of internal pressure build-up, espe-
cially for closed or semi-closed cell foams subjected to
high strain impact loadings [28, 39]. The combination of
the two aforementioned factors leads to even higher strain
ratios (as shown by Koohbor et al. [36] for closed-cell rigid
polyurethane foams) and an increased propensity of elasto-
meric foams to internal damage formation when subjected
to impact loading conditions, as discussed in detail in the
forthcoming sections.

Impact Force History

The deformation state generated in the foam is induced by
submitting the samples to repetitive impact loadings at dif-
ferent energies by adjusting the drop height. The force-time
histories of consecutively impacting polyurea foam at differ-
ent energies are reported in Fig. 7, demonstrating the resil-
iency of the foam to repeated impacts. The difference in the
peak force between the first and seventh (both done at 1.77 J)
is merely 80 N, representing a 10% increase after submit-
ting the same foam sample to cumulative impact energy of
ca. 28.3 J. Such difference in the force amplitude increased
when comparing the earlier and later impacts at the same
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Fig. 7 Variation of impact force, recorded at the bottom of the same
impacted foam plug, for seven consecutive impact loadings

energy. For example, the peak force difference for impacting
the foam at 3.55 J was 380 N when comparing force-time
history from the second and sixth impacts. The peak differ-
ence reached a maximum upon impacting the foam at 5.32J
(i.e., third and fifth impacts), reporting an increase of 810 N
or ~22%. The evolution in the difference peak force as the
number of impacts increases is attributed to three underlying
mechanisms. First, the reduction in the impact energy resem-
bled in the impact events after the fourth impact, mirroring
the energy of those before, resulting in submitting the foam
to lower overall forces, allowing the engagement of force
dissipation and time broadening mechanisms discussed pre-
viously. Second, the imposed resting time to accommodate
experimental logistics implies that the last impact was at
least 24 min after the first event, allowing the foam extended
relaxation times. That is, continuous relaxation processes
instigated ongoing recovery as the time elapsed between
the first and last impacts. Finally, the severity of the higher
energy impacts (e.g., 7.09 J impact) induced internal damage
(discussed later), resulting in strain-softening and strength-
ening mechanisms that directly benefited the reported force-
time history. The evidence for the strain-softening, where
the strain for the seventh impact is higher than the initial
impact at the same energy, is reported and discussed in the
next section.

Macroscale Strain Response and Poisson’s Ratio
Evolution

Figure 8 shows the temporal evolution of normal in-plane
strain components, i.e., &, and ¢,,, developed in the foam.

These strain components were calculated as the spatial
average of the strain fields that were extracted from the
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Fig.8 Variation of axial, €y and transverse, €,,, strain components

developed in the foam sample subjected to seven consecutive impact
loadings

high-speed images using DIC [28]. Since the camera was
offline during the 4-min resting period between two suc-
cessive impacts, each DIC analysis was performed while
taking the reference (zero-strain) condition as the first image
captured for each impact event. Nonetheless, the evolution of
the strain components follows similar patterns, i.e., an initial
increase in value, indicative of the loading half-cycle, fol-
lowed by a strain decrease during the unloading phase. How-
ever, the strain components are vastly different in value due
to the compressible nature of the foam, which attributes to
a small Poisson’s ratio. The latter is indicated by the signifi-
cantly smaller transverse strain, €, compared with the axial
strain, €y Although not characterized in detail in this work,
the non-zero strains at the end of each loading event are due
to the viscoelastic nature of the foam that prevents immedi-
ate, full recovery of the foam to its original state [18].

A significant observation in the strain response is the
nearly unchanged maximum axial strains developed in
the foam in response to a quadrupled impact energy, even
though the impacted force exerted on the sample varies
consistently with the impact energy. This maximum com-
pressive strain is close to the theoretical threshold (i.e.,
0.475) determined in “Multiscale Strain Analysis” section.
A comparison between the maximum compressive axial
strains developed in the sample in response to seven suc-
cessive impact events (with 4-min rest periods) is shown
in Fig. 9. The maximum compressive strain during the
first four impact events (i.e., the ascending energy impact
cases) follows an increasing trend, suggesting an apparent
energy-dependent deformation response. Such an increase
mirrors the recorded force evolution shown in Fig. 7. On
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Fig.9 Variation of maximum axial (compressive) strain recorded in
the sample after multiple impact events

the other hand, the maximum strain values do not fol-
low a monotonic pattern during the descending energy
impacts scenarios. In particular, the maximum compres-
sive strain developed in the same sample during the first
and the last impacts show a slight difference, although the
input energy for the two impact cases is equal. The dif-
ference is manifested by a relatively larger development
of maximum compressive strain in the foam. Considering
the same impact energy magnitudes applied during the
Ist and the 7th impact loading, the relatively larger maxi-
mum compressive strain can be an indicator of irrevers-
ible microstructural variations in the sample in response
to repeated impact.

In addition to the strain analysis, the evolution of the
Poisson effect due to multiple impacts was also quantified.
Figure 10a shows the strain-dependent Poisson’s ratio evolv-
ing during successive seven impacts. The general trends
are similar to those obtained for quasi-static conditions
(Fig. 4b), showing a higher value at small strains. At increas-
ing strains, the Poisson’s ratio decreases to a local minimum.
The rise in Poisson’s ratio at strains > 0.25 is related to the
onset of global densification, where the foam tends to behave
like an incompressible solid. A qualitative comparison of the
curves suggests an overall decreasing trend in the Poisson’s
ratio in response to multiple impacts. This decreasing trend
is further analyzed in Fig. 10b by plotting the evolution of
Poisson’s ratio at two representative strains (global strains
of 0.1 and 0.2) and in response to the seven impact events
applied. The Poisson’s ratio values in Fig. 10b show a rapid
decrease, reaching a plateau. The decrease in the Poisson’s
ratio can be related to the foam’s partial loss of resistance
to compressive deformation, which is a consequence of the
microstructural changes discussed next.
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The loss of resistance to compressive deformation is also
elucidated in Fig. 11 by full-field strain maps that show the
distribution of local ¢, fields at a global strain of 0.3, i.e.,
just before the onset of global densification. A qualitative
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2nd |mpact 3 Impact
5 2 =

S22

4t Impact

comparison between the cases with the same impact energy
(e.g., Ist and 7th impacts) clearly shows the evolution of
larger compressive strains and higher degrees of strain het-
erogeneity developed in the impacted foam. The increased
strain heterogeneity indicates the presence of localized
deformation fields (in the form of internal shear bands, not
possible to observe at macroscales) that lead to local damage
formation and a tendency to develop a near auxetic behavior
[32].

Internal Damage

In spite of the flexible nature of the examined foam, the
experimental measurement of peak force, maximum strain,
and Poisson’s ratios collectively point to the possibility of
internal damage formed in the foam in response to the mul-
tiple impacts applied. Evidence for such internal damage
evolution after multiple impacts can be observed in the SEM
micrographs in Fig. 12. This figure shows the microstructure
of the foam plug, illustrated earlier in Fig. 1, after expo-
sure to seven successive impacts. The cell structure of the
impacted foam shows clear differences compared with its
original state. First, the initially spherical cell geometry has
been altered to an elliptical cell geometry that is indicative
of an irreversible residual deformation. As shown by the
two magnified subsets, the cell walls also show evidence for
severe buckling (Fig. 12b). The buckling is also observed on
the exterior of the cells in the form of wrinkles and overfolds
illustrated in a close-up view in Fig. 12c.

In all, despite the nominal hyperelastic nature of the pol-
yurea foam sample used in this work, the multiple impact
loadings applied have caused irreversible microstructural
changes that lead to a partial loss of integrity and impact
load-bearing efficacy of the foam. However, as shown by
several criteria used for evaluating the impact tolerance
of the test piece, the polyurea foam studied herein shows
acceptable performance for applications where multiple
high-intensity impacts are to be exerted on the foam struc-
ture. Last but not least, the evidence for the aforementioned
irreversible microstructural damage seems to saturate after
the first few impacts, giving the foam the ability to retain
its impact loading resistance. While beyond the scope of
the present study, the long-term use and impact tolerance
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-0.04375

Fig. 11 Contour maps showing ¢, strain fields at a global strain of 0.3 in the seven consecutive impact loadings
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Fig. 12 a SEM micrograph of
the foam subjected to seven
impact events, showing evi-
dence of b cell wall buckling
and ¢ wrinkles

efficacy of the examined polyurea foams is an interesting
topic for future research. In general, polyurea foams rep-
resent an ideal material candidate to mitigate single and
repetitive biomechanical impact scenarios (i.e., low-velocity
impacts) in several applications, including orthotics, sports
protective paddings, and helmets. The resilience of this foam
translates into potentially transformative performance to
reduce risks of trauma and concussion.

Summary

A hybrid experimental-modeling approach investigated the
efficacy of a novel hyperelastic polyurea foam subjected to
impact loading conditions. A single polyurea foam plug was
subjected to a multiple-impact scenario wherein the impact
energy was adjusted to follow an ascending-descending
trend, thus subjecting the sample to controlled and repeat-
able impacts. The dynamic behavior and load-bearing
capacity of the foam were characterized using various
experimental measurements. The capability of the foam in
resisting impact deformation was characterized by meas-
uring the impact force and maximum strains developed in
the foam piece. Experimental results demonstrated that the
foam sample partially loses its ability to resist impact load-
ing due to permanent deformation and damage developed
at cellular scales. The internal damage was also associated
with the strain-dependent Poisson’s ratio variation in the
foam. A mesoscale finite element analysis investigated the
variations in macroscopic properties, revealing the possible
micromechanics phenomena, most notably in the form of
highly stretched polyurea cell walls, leading to irreversible
deformation and damage at microscales. Evidence for such
irreversible mechanisms was revealed by SEM imaging of
the post-deformation microstructure. Despite the irreversible

microstructural variations that occurred during the multi-
impact loading of the sample, the examined polyurea foam
was proven effectively capable of retaining its overall impact
load-bearing capacity.
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