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A B S T R A C T   

Bridging between micromechanics response and macroscopic behavior is at the core of multiscale investigations 
in heterogeneous materials. As such, quantitative characterization of the transitional length scales that correlate 
micro and macroscale behaviors is of great importance. Experimental characterization of the so-called transi
tional length scales in foams and other cellular structures is extremely scarce. The present work reports on an 
experimental-statistical approach proposed to quantify the micro-to-macro transition length scale in polymeric 
foams. The approach proposed in this work uses full-field strain distributions measured by digital image cor
relation (DIC) at two scales as input. The physical dimensions of the transition length scale are identified by 
implementing a statistical algorithm based on spatial averaging of the local strain data obtained from DIC. 
Interestingly, the transition between micro and macroscale deformation is found to be a function of material 
density but independent of global strain and stresses applied. The present results provide direct validations to 
representative volume element (RVE) size in cellular solids determined by computational methods.   

1. Introduction 

Foams are an essential class of engineering materials that have found 
many applications in various fields, from packaging to automotive and 
from sports and recreation to aerospace industries (Gibson and Ashby, 
1999). The widespread application of foams in the aforementioned areas 
is directly associated with the tailorability of their physical, thermal, and 
mechanical properties achievable through microstructural modifica
tions. Like other classes of engineering materials, the microstructural 
attributes in foams play pivotal roles in governing their macroscopic 
behavior (Saha et al., 2005). Consequently, revealing the correlations 
between the microstructure and macroscale properties of foams has 
been an exciting research topic for decades. 

Correlating the mechanical behavior of foams at micro and macro
scopic scales requires a systematic characterization at the two length 
scales. Therefore, it is imperative first to define the physical dimensions 
that separate the two length scales. As such, identifying the transitional 
length scale between micro and macroscopic behavior in foams is of 
crucial significance (Jung et al., 2019). From computational modeling 
and micromechanics perspectives, it is at the so-called transitional 
length scales (also referred to as mesoscale (Bici et al., 2017; Sun et al., 

2017)) that the homogenization of the microscopic response will lead to 
a meaningful macroscopic behavior (Settgast et al., 2020; Hardenacke 
and Hohe, 2009). From a material characterization standpoint, the 
physical dimensions of a foam test piece must be larger than the tran
sitional length scale so that the measured response of the test piece is 
representative of the macroscopic behavior (Tekoglu et al., 2011; Zhang 
et al., 2019; Koohbor et al., 2020a). 

Considering the significance of composite materials in practice, the 
nature, geometric characteristics, and physical dimensions of the micro- 
macro transitional length scale have been investigated in various classes 
of heterogeneous materials using different approaches. Most recent 
research works conducted in this area have been focused on the char
acterization of the transitional length scales in various types of com
posites. As such, several computational and experimental approaches 
have been established to characterize the effects of reinforcement type, 
loading conditions, internal damage, etc., on the physical dimensions of 
the transitional length scale in composites (Koohbor et al., 2017; Swa
minathan et al., 2006; Firooz et al., 2019; Tian et al., 2015). Regardless 
of the method of characterization (computational, analytical, or exper
imental), it has been common to quantify the physical dimensions of the 
transitional length scale in terms of the number of inclusions in 
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heterogeneous materials. For instance, the transitional length scale at 
which the homogenization of microscale behavior leads to the macro
scopic mechanical response in fiber composites has been reported as 2D 
domains that contains at least 50 randomly oriented fiber cross-sections 
(Swaminathan et al., 2006). Model predictions suggest that the transi
tional length scale in fiber composites can be enlarged by 2–3 times 
when internal damage is introduced to the microstructure (Swamina
than and Ghosh, 2006). The micro-macro transitional length scale, 
sometimes interchangeably used as the material’s representative volume 
element (RVE), has been studied in other classes of materials as well (e. 
g., in metals and alloys (Efstathiou et al., 2010; Ravindran et al., 2017; 
Vieira et al., 2021)). RVE sizes identified for polycrystalline metallic 
samples range from domains that encompass 27 to ~700 grains (Rav
indran et al., 2017). 

Accurate quantification of the physical length scale at which the 
mechanical behavior of a foam deviates from micromechanics to 
macroscopic response is also of great significance, as is the case in other 
classes of engineering materials. This characteristic length scale is 
especially important in multiscale characterization and high-fidelity 
modeling of foams (Marvi-Mashhadi et al., 2020; Shrimali et al., 2020; 
Ghazi et al., 2019). Despite its importance, research studies that aim to 
identify micro-to-macroscale transition length scale in foams are scarce 
and mostly limited to pure computational studies with no experimental 
verifications (Alsayednoor and Harrison, 2016; Alsayednoor et al., 2013; 
Brun et al., 2009; Cho et al., 2017; Iasiello et al., 2019; Doskar and 
Novak, 2016; Kanaun and Tkachenko, 2007). Furthermore, the results 
obtained from these modeling works are scattered and inconclusive 
when compared with the few experimental works available (Brun et al., 
2009). For example, modeling analyses conducted by Alsayednoor et al. 
(2013) on 2D periodic cellular structures with controlled levels of cell 
shape irregularities suggest that the RVE must contain >2400 cells for a 
completely strain-independent response. On the other hand, experi
mental findings by Brun et al. (2009) suggest RVE sizes that are 
approximately 2 orders of magnitude smaller than those predicted by 
numerical modeling. 

Recent advancements in experimental strain measurements by digi
tal image correlation (DIC) have made it possible to investigate the 
multiscale deformation response of heterogeneous materials in various 
loadings conditions (Koohbor et al., 2018a, 2018b; Tracy et al., 2015). 
These analyses include but are not limited to micromechanics and fail
ure characterization in fiber composites and rigid foams in quasi-static 
and dynamic loading conditions. When combined with statistical ana
lyses, DIC has also shown promising potential in identifying the 
micro-to-macro transition length scale in heterogeneous materials 
(Koohbor et al., 2017, 2018c; Mehdikhani et al., 2020). In light of all 
preceding background, the present work is focused on the introduction 
and implementation of a combined experimental-statistical approach 
that is utilized to characterize the transitional length scale in polymeric 
foams. The proposed approach is based on a statistical algorithm that 
compares the measured strain values at micro and macro scales. The 
convergence between the global (macro) and local microscopic strain 
fields averaged over a precisely defined 2D domain is used as a quan
titative metric for the so-called transitional length scale. The potentials 
of the approach discussed in this work in the area of polymeric foams 
have not been fully explored yet, despite the validation of its accuracy 
for the case of fiber composites and crystalline metals (Koohbor et al., 
2017; Ravindran et al., 2017). Therefore, the present study investigates 
the multiscale mechanics of polymeric foams with a specific focus on 
determining the physical dimensions that separate micro and macro
scopic deformation behaviors. The specific questions that the present 
study will address are: (1) How can experimental strain measurements at 
various length scales be correlated? (2) How can multiscale full-field 
strain measurements be used to separate macroscopic with micro/
mesoscale behaviors? (3) How can such multiscale measurements be 
used to identify RVE lengths scale in foams? (4) How does RVE size in 
foams vary with density? 

2. Materials and methods 

2.1. Materials and sample preparation 

Elastomeric polyurea foams with nominal densities of 100 and 214 
kg m−3 were utilized in this work (Youssef and Reed, 2021). The se
lection of polyurea foam is based on two symbiotic motivations. First, 
polyurea has been systematically studied over the past two decades, 
showing superior impact mitigation, chemical and moisture resistance, 
and mechanical properties (Youssef and Whitten, 2017; Youssef et al., 
2018). Second, the foam inherited the intrinsic characteristics of bulk 
polyurea while exhibiting a unique response due to its semi-closed cell 
structure and tailorable properties. The cell structure and macroscopic 
mechanical response of the polyurea foams were characterized in recent 
studies (Reed et al., 2019; Youssef et al., 2020; Do et al., 2019; Youssef 
et al., 2021). As illustrated in Fig. 1, the microstructure of the examined 
foams consists of spherical cells with average cell diameters (d) of 302.3 
± 91.3 and 148.9 ± 70.4 μm for the low and high density foams, 
respectively, which were found to be in good agreement with those 
previously reported (Reed et al., 2019; Youssef et al., 2020; Do et al., 
2020). The cellular characteristics of the higher density foam are 
exemplified by average cell size, roughly half of that of the low-density 
counterpart. However, the cell size variability in the high-density foam 
is significantly higher than the low-density foam samples used in this 
work. It is also worth noting that a close examination and analysis of 
SEM micrographs demonstrates the hierarchical structure of these foams 
with perforations randomly distributed on the surface of each spherical 
unit cell. Another striking feature of polyurea foams discussed here is the 
nucleation and deposition of microspheres on the inner surface of the 
unit cell, regardless of the density, which is attributed to the violent 
mixing process (Youssef and Reed, 2021). Do et al. (2020) quantified the 
percent perforation in low-density and high-density foams, resulting in 
~40 % difference in the perforated surface area while being direction
ally unbiased. The reinforcing polyurea microspheres were found to 
have minimal results on the macroscale and microscale deformations, 
not influencing the deformation state, as discussed later. 

Cubic samples of 20 × 20 × 20 mm dimensions were punched out 
from larger foam slabs using a hydraulic press. The punching process 
was selected over razor blade cutting to produce a consistent surface 
finish with straight edges suitable for the DIC investigation utilized 
herein. During the sample extraction, the sample punching using the 
hydraulic press was done at moderate ram speeds to avoid barreling or 
the hour-glass effect. It is important to note that the hot wire method was 
avoided to prevent sealing the cells shut due to the thermoset nature of 
polyurea. The above sample dimensions were selected to ensure that the 
cubic test pieces would contain at least 130,000 cells. This number is 
roughly 50 times higher than those reported in (Alsayednoor and Har
rison, 2016) for the number of cells required to eliminate the sample size 
effect in generic cellular structures. Due to the near-perfect spherical 
shape of the cells in each foam, it was assumed that the mechanical 
response of the foams is isotropic (Youssef et al., 2021). 

2.2. Mechanical testing and multiscale DIC 

DIC was used to characterize strain fields developed on the surface of 
the foam samples at two length scales. For macroscale DIC measure
ments, the natural surface features (cell geometry and solid cell walls) 
on the camera-facing surface of the sample were used for subset tracking 
and strain field determination (Felten et al., 2020; Koumlis and Lam
berson, 2019). The surface of interest was also coated with a thin layer of 
black paint to increase the contrast and improve the image correlation 
quality at the macroscale. Fig. 2a shows the front surface of the foam 
samples used for macroscale DIC. The combination of the black paint 
and the natural cellular features of the sample was sufficient for DIC 
measurements at the macroscopic scale. 
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Foam samples were subjected to uniaxial compressive loads applied 
at a rate of 1 mm min−1, equivalent to a nominal strain rate of 8 × 10−4 

s−1. The applied compressive force was measured at a rate of 1 Hz. 
During loading, images were captured from the front surface of the 
sample at a rate of 1 Hz. Images were recorded using a 5 megapixel 
monochromatic camera equipped with a 50 mm lens. Loading and im
aging continued until the foam samples reached global densification 
strains. Images captured during testing were analyzed in the image 
correlation software Vic-2D (Correlated Solutions, Inc.) using subset and 
step sizes of 1.12 mm (29 pixels) and 0.27 mm (7 pixels), respectively. 
Strain fields were determined using a virtual strain gauge (strain filter ×
step size) of 1.35 mm for macroscale strain mapping. The strain noise 
floor associated with the utilized image correlation parameters was 
determined as 23 × 10−4 using the approach detailed in (Koohbor et al., 
2016, 2017). DIC results were validated by comparing the engineering 
strain values measured by macroscale DIC and the compression platen 
displacements. 

Strain fields were also measured at micro/mesoscales using the same 

approach but through independent measurements. For small-scale 
measurements, the same sample dimensions (i.e., 20 × 20 × 20 mm) 
were utilized; however, image acquisition was conducted at signifi
cantly smaller areas of interest. For this purpose, the camera was 
equipped with high magnification lenses that enabled imaging at areas 
of interest as small as 5000 × 4000 μm2. The random distribution of cells 
provided enough contrast for successful image correlation analyses at 
small scales (see Fig. 2b). For micro/mesoscale measurements, the 
subset and step sizes of 207 μm (29 pixels) and 50 μm (7 pixels) were 
used. The virtual strain gauge size used at small scales was determined to 
be 250 μm. The utilized virtual strain gauge size was small enough to 
enable strain measurements at dimensions on the cell size order in the 
examined materials. The strain noise floor for small-scale DIC was 
determined to be 45 × 10−4. Image acquisition in small-scale mea
surements was halted at the onset of local densification. More discus
sions on the local densification behavior of the samples are provided in 
the forthcoming sections. 

Fig. 1. SEM micrographs of the examined polyurea foams with (a) 100 and (b) 214 kg m−3 nominal densities. A cell size histogram for each density variation is 
shown below its micrograph. The histograms show the cell size variation of the SEM images shown in (a) and (b). 

Fig. 2. DIC areas of interest for (a) macroscale and (b) micro/mesoscale strain measurements. Corresponding subset sizes are shown by overlaid yellow squares in 
each case. Grayscale images are from the low-density samples. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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2.3. Definition of deformation metrics 

Before embarking on reporting and discussing the results, defining 
the metrics used in multiscale deformation characterizations is neces
sary. Fig. 3 shows the schematic representation of various strain metrics 
used in the present study. The global mechanical behavior of the foam 
samples was investigated using the definitions of engineering (nominal) 
stress and strain. Engineering stress, S, is defined simply as the 
compressive load, P, divided by the original cross-sectional area of the 
foam test piece. Engineering strain, e, is expressed as the ratio between 
the change of sample height, Δl, and the original height, l0. Engineering 
strain indicates the average nominal strain over the sample height and; 
thus, it does not carry local deformation data developed due to material 
heterogeneity. 

Two additional strain metrics were also introduced and utilized to 
correlate the deformation behavior at the macro and micro/mesoscale. 
Denoted by εmacro, true strains applied at macroscale were defined as the 
average of all local axial strain components measured over the entire 
area of interest at macroscales. The number of data points used to 
evaluate this parameter depends on the DIC data density, which is a 
function of the area of interest (i.e., 20 × 20 mm2 as shown in Fig. 2a), 
the subset, and step sizes. The last strain metric used to evaluate the 
strain development at smaller length scales is denoted by εmicro. This 
parameter is the arithmetic average of all local strain data that falls 
inside an R × R averaging box. Therefore, εmicro is a function of the 
averaging box size. The concept of box averaging is discussed in Sec. 3.1. 

3. Characterization of micro-to-macro transition scale 

3.1. Box-averaging approach 

The micro-to-macro transition scale in this work refers to a planar 
domain, wherein the homogenization of microscale strains will be equal 
to the macroscale strain. In that sense, the transition length scale can be 
regarded as the RVE size as well. A box-averaging approach was 
implemented to determine the physical size of the planar domain. 
Similar box-averaging techniques have been used in previous studies to 
characterize the RVE size in various material systems (Koohbor et al., 
2017; Mehdikhani et al., 2020; Youssef et al., 2021). The schematic 
representation of the box-averaging process is shown in Fig. 4. In this 
approach, full-field strain maps at small scales are first determined by 
DIC. The numerical values of the local strain data are then imported into 
a MATLAB® script as 2D arrays. The number of data points and the 
physical dimensions of the DIC maps are also known and used as inputs. 
A virtual R × R μm2 square box is then placed at the center of the 2D 
local strain array. Next, the arithmetic average of all local strain data 
that fall inside this box is calculated. The box-averaged strain, εmicro, is 

then compared with εmacro. The quantitative comparison between the 
two metrics for given box size, R, is established by using Equation (1): 

δ(R) =
εmacro − εmicro(R)

εmacro
× 100 (1)  

wherein, δ(R) is a unitless parameter used to quantify the convergence of 
macroscale and averaged microscale strains. The size of the averaging 
box is incrementally enlarged, and the above process is repeated until 
the convergence criterion is satisfied. To be consistent with previous 
studies, the convergence criterion in the present study was chosen as |δ|

≤ 2.5% (Koohbor et al., 2017; Swaminathan et al., 2006; Brun et al., 
2009; Ren and Zheng, 2002). The averaging box size that satisfies the 
convergence criterion is identified as the micro-to-macro transition 
length scale for a given engineering strain. The same process is iterated 
at different strains and for the two different foam densities. Note that the 
choice of a squared averaging box in this work was solely due to the 
convenience in the development of the computer code. Since all char
acterizations discussed herein are based on a spatial averaging 
approach, we are convinced that the shape of the averaging box will 
have a minimal effect on the results. 

3.2. Validating location-independence of box-averaging approach 

The transition length identification process, described in Sec. 3.1, 
must be independent of the initial location of the averaging box (Swa
minathan et al., 2006). Therefore, five different starting points were 
considered to confirm the location-independence of the box averaging 
approach. As shown in Fig. 5, the initial locations of the smallest aver
aging box were selected to be at the center (CTR), upper left (UL), upper 
right (UR), lower left (LL), and lower right (LR) of the strain measure
ment area. The process outlines in Sec. 3.1. was then implemented for 
each box location. It should be noted that the smallest box size in each 
case is equal to the spacing between two adjacent data points in the 
small scale DIC analyses. This spacing is equal to the step (subset shift) 
size, i.e., 50 μm. The size of the largest averaging box was determined by 
the vertical dimension of the micro/meso DIC area of interest, which 
was 4000 μm. 

4. Results and discussions 

4.1. Macroscale behavior and global densification 

Macroscopic mechanical behaviors of the foams were studied in 
quasi-static compression. Fig. 6 shows the stress-strain curves obtained 
for each density variation of polyurea foam at a strain rate of 8 × 10−4 

s−1. Stress-strain behaviors of the foam samples in this work are typical 
of other elastomeric foams, wherein an initial linear trend in the small 
deformation region changes into nonlinear hardening behavior at larger 

Fig. 3. Schematic representation of various strain metrics used in this work. 
Engineering strain is defined as e = Δl/l0. εmacro is defined as the average of 
local axial strain components inside the red box. εmicro is defined as the average 
of all local axial strain data inside a smaller R × R averaging box highlighted by 
green color. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 

Fig. 4. Schematic representation of the box averaging algorithm used to 
identify the transitional length scale in the examined foams: (a) A cubic foam 
sample subjected to axial compression that leads to a macroscopic strain, εmacro. 
(b) The progressive increase of the averaging box in which the homogenization 
of local strains is performed. (c) Convergence between macroscopic and box- 
averaged microscale strains enables the identification of the transition 
length scale. 
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strains. The nonlinear behavior is due to a reversible densification effect 
which stems from gradual buckling and collapse of the cell structure in 
response to the applied compressive load. The slopes of the linear re
gions of the curves were quantified as 1.54 MPa and 2.31 MPa for the 
low and high density foams, respectively. The stress and strain limits of 
the linear regions were determined using a 0.2 % offset method 
(Koohbor et al., 2020b). Accordingly, the onsets of nonlinear elastic 
response for the low and high density foams were measured to be 19.5 
kPa and 35.7 kPa, respectively. Nominal strains corresponding to these 
stress levels were ~0.015 for both samples. 

Global densification strain for each sample was characterized as the 

strain magnitude at which maximum efficiency is obtained. The effi
ciency parameter, η, is defined as the ratio between the strain energy 
absorbed by the foam at a certain strain and the stress at the same strain 
level, i.e., 

η(e) =

∫ e
0 S.de
S(e)

(2) 

Consistent with previous studies (Uddin et al., 2020), global densi
fication for both samples were found to occur at engineering strains of 
ca. 0.47. 

4.2. Micro and macroscale strain fields 

Fig. 7 shows the evolution of axial strain fields (εyy) at macro and 
microscales at various stress and strain levels for the low-density vari
ation of the foam. The heterogeneous strain distribution in both cases 
originates from the non-uniform deformation and collapse of cells in the 
microstructure, manifested by the development of banded strain pat
terns. The intensity of the strain heterogeneity is more pronounced in 
the small-scale measurements. The higher degrees of strain heteroge
neity at smaller length scales are exemplified by the narrow regions of 
high strain bands that form inside and span laterally across the DIC area 
of interest. It is interesting to note that although global (macro) densi
fication in the examined foams occurs at nominal (engineering) strains 
of ~0.47, the formation of the highly compressed bands revealed at 
small scales indicates that the densification process in foam samples is 
gradual and initiates locally at strains significantly smaller than those 
associated with global densification. A similar general response was 
observed for the high-density foam as well. 

While general similarities between the deformation responses of the 
samples were observed, the degree of small-scale strain heterogeneity 
was found to be different for the two foam densities. Fig. 8 shows the 
distribution of local strain at microscales extracted along the vertical 
axis of the DIC area of interest. In both foam samples, the local strain 
response shows a pseudo-periodic pattern. The degree of oscillations is 
more consistent for the low density foam (Fig. 8a). Besides, the range of 
local strains variation (i.e., Δεmicro = εmax

micro − εmin
micro) is higher for the high 

density foam. For example, considering the data presented in Fig. 8, the 
range of local strain variation (at an engineering strain of e = 0.092) for 
the low and high density foams is calculated as 0.34 and 0.45, respec
tively. The larger cell size variability in the higher density foam sample 
(see Fig. 1) is likely associated with this behavior. 

Tracking the evolution of the Poisson’s ratio in elastomeric foams 
was previously reported as a metric that enables the characterization of 
various deformation stages (Koohbor et al., 2020b). As such, the Pois
son’s ratios of the foam samples in the present study were measured 
using the in-plane strain fields obtained from macroscale DIC. The 
Poisson’s ratio of each density variation of the foam was measured as the 
numerical derivative of the lateral, εxx, with respect to the axial, εyy, 
strain components. Fig. 9 shows the evolution of Poisson’s ratio of the 

Fig. 5. Schematic of the initial box locations used for validating location in
dependence of the box averaging approach. The initial box location in each case 
is marked by uppercase letters, CTR (center), UL (upper left), UR (upper right), 
LL (lower left), LR (lower right). The arrows indicate the continuous enlarge
ment of the averaging box from its initial location until it covers the entire area 
of interest. 

Fig. 6. Engineering stress-strain response of the examined foams in compres
sion. Compression tests were performed at a nominal strain rate of 8 × 10−4 s−1. 

Fig. 7. Distribution of axial strain fields at (a) macro and (b) micro/meso DIC 
areas of interest at various engineering strain, e, and stress, S, levels for the low 
density foam. Compressive load is applied vertically. 
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foam samples with engineering strain. In both foam cases, the Poisson’s 
ratio is found to decrease rapidly as the global strain is increased. Upon 
passing e = 0.015 (i.e., the onset of nonlinear deformation), the varia
tion of the Poisson’s ratio reaches a plateau. In the nonlinear deforma
tion region, the Poisson’s ratios of the foam samples remain nearly 
constant and at ~0.1. At larger deformations, the Poisson’s ratio tends to 
increase slowly but steadily in the higher density foam while slightly 
decreasing in the low-density samples. Upon passing through the global 
densification strain, both curves show a rapid increase, resulting from a 
complete collapse of the cells in the foam. At strains beyond global 
densification, the mechanical deformation of the foam resembles that of 
nonporous, bulk elastomeric solid subjected to large deformations. 
Considering the strain patterns and Poisson’s ratio evolution, it is 
evident that the deformation behavior of the examined foams varies 
most significantly over an engineering strain range of e = 0 to ~0.15. 
Besides, the relatively low Poisson’s ratios over this strain range (espe
cially at e > 0.015) limit the out-of-plane motion, leading to a more 
accurate assessment of the full-field deformation response using 2D DIC 
(Sutton et al., 2008). Therefore, the transition length scale character
ization and the relevant box averaging approaches will be investigated 
in this range. 

4.3. Correlating micro and macroscale deformations 

Fig. 10 shows the variation of box-averaged strains with respect to 
the box size at different nominal strain values for the low-density foam. 

The curves shown in this figure are obtained using the CTR averaging 
box (see Fig. 5). At smaller R values, the box-averaged strains show high 
amplitude fluctuations around the corresponding macroscopic strains. 
The oscillations in εmicrodecay as the size of the averaging box increases. 
The two strain metrics, εmicro and εmacro, converge as the averaging box 
size increases above ca. 3500 μm. The differences between the values of 
engineering and macroscopic strain metrics in Fig. 10 stem from (1) the 
basic definitions (i.e., logarithmic and simple fraction) of the two met
rics that lead to larger divergence at higher strains, and (2) the signifi
cant contribution of the local strain heterogeneities that are included in 
the macroscopic strain metric but not in the engineering strain. 

The data shown in Fig. 10 can be used as input to Equation (1) to 
enable a quantitative determination of the micro-to-macro transition 
scale. However, before doing so, the location-independence of the box 
averaging approach must be validated. This validation is shown in 
Fig. 11, wherein the variation of box-averaged strains versus box size is 
shown for various initial box locations described in Sec. 3.2. The trends 
indicate large oscillations, due to strain localization at the cell level, at 
small box sizes that tend to decay at larger box sizes, leading to 
convergence at R > 3500 μm. 

After confirming the location-independence of the box-averaging 
approach, it is now possible to establish a quantitative correlation be
tween small-scale and macroscale deformation behaviors in the exam
ined foams. To this purpose, the variation of the convergence parameter, 
δ, was plotted against the box size in various strains and for both foam 
samples. As illustrated in Fig. 12, δ-R curves for both foam densities 
show consistent overall trends. In both samples, the curves show high 

Fig. 8. Variation of local (micro) strain for (a) low density and (b) high density foam samples at an engineering strain of e = 0.092. Local strain data are plotted with 
respect to normalized vertical coordinates, y, shown in (c). 

Fig. 9. Evolution of the Poisson’s ratio of the foam samples with engineering 
strain. Nominal strains associated with the onset of non-linear elastic and global 
densification are marked by dashed lines. 

Fig. 10. Variation of box-averaged strain, εmicro, with respect to box size, R, at 
various engineering strains for the lower density foam. Dashed lines represent 
εmacro. Data obtained from the low density foam. 
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amplitude variations at small box sizes. The oscillations quickly decay at 
larger R values. The convergence criterion (i.e., |δ| ≤ 2.5%) is met at R 
> 3500 μm and R > 2800 μm for the low and high density foams, 
respectively, in part due to the difference in the cell size. 

The R sizes at which the convergence criterion was met were iden
tified for both foam densities at different global engineering strain 
magnitudes and different initial box locations (see Fig. 5). Here, RT 
denotes the R sizes that satisfied the convergence criterion, where the 
value RT is a measure for the micro-to-macro transition length scale. 
Fig. 13 shows the variation of this parameter at different global strains 
and for both foam densities. The scatter bars in this figure represent the 

variability of identified RT values for different initial box locations. 
Compared with the low-density foam, the RT values variability is 
generally higher for the high-density samples. This behavior may be 
related to the higher degree of local strain heterogeneity, which is, in 
turn, associated with the larger cell size variability in the higher density 
foam (see Fig. 8). Nonetheless, the RT values variability decreases at 
larger strains for both foam densities, consistent with previous experi
mental works and relates to high noise to strain ratios at small strain 
conditions (Koohbor et al., 2017). Furthermore, the average values of 
the identified transition length scales are independent of strain, at least 
over a strain (e) range of 0.03–0.12. The strain independence of the 

Fig. 11. Variation of box-averaged strains (εmicro) versus box size for different initial box locations. Data obtained from the low density foam. Vertical dashed lines 
mark the R = 3500 μm threshold. 

Fig. 12. Convergence parameter, δ, plotted against averaging box size, R, at various engineering strains for (a) low density, and (c) high density foam samples. Insets 
marked by (b) and (d) are the close-up view of the graph showing the region where the convergence criterion is satisfied (unshaded). 
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transition length scales is in agreement with the fundamental definition 
of the RVE by Hill (1963), which states that the RVE size must be 
“effectively independent of the surface values of traction and displace
ment.” Therefore, it is reasonable to assume that the transition length 
scales identified herein can be used as a measure for the RVE size of the 
examined foams. However, it must be emphasized that because 2D DIC 
measurements were used as the basis for the analyses in this work, the 
transition length scales can be thought of as representative surface ele
ments (RSE) and not volumetric elements (Efstathiou et al., 2010). 
While there still exists no universal approach to correlate RSE and RVE, 
the isotropic mechanical behavior of the examined foams that originates 
from the symmetry and randomness of the materials’ cell structure al
lows us to assume that the transition length scales reported here are 
equivalent to the RVE size of the foams. 

4.4. Effects of density and cell size 

Correlations between the transitional length scale, RT, and the cell 
size/number can be established for different foam densities. To do so, 
the average number of cells per unit length, Nc, for each foam density is 
determined first. This quantity has been characterized for each foam by 
averaging at least ten independent measurements performed using 
straight lines oriented at arbitrary angles applied on the SEM micro
graphs shown in Fig. 1 (Gibson and Ashby, 1999). The Nc values were 
3.45 ± 0.68 and 6.31 ± 1.40 cells per 1000 μm for the low and high 
density foams, respectively. Comparing RT and Nc values for each foam 
density, the number of cells per axis required to represent macroscale 
response is 13.02 ± 2.54 and 19.28 ± 4.28 for the low and high density 
foams, respectively. Finally, translating these values into the 
three-dimensional space, it is concluded that the smallest volume 
element to represent the macroscopic response of the material must 
contain at least 3700 and 13,000 cells for the low density and high 
density foam samples, respectively. It is interesting to note that the ratio 
between minimum cell numbers reported here is not directly propor
tional to the ratio of the foams’ densities. While it is expected that the 
foam density (which is directly correlated with the solid fraction in the 
foam) will have a significant effect on the RVE size of a material, we also 
believe that the larger cell size variability is a major contributing factor 
in the large variations in the identified RVE dimensions. As discussed in 
the previous sections (see Fig. 8), the higher degrees of cell size vari
ability in the high density foam may be directly related to the more 

significant strain heterogeneity in this sample. 
Another noteworthy observation in the present work is that the 

identified RVE sizes fall between those characterized by Brun et al. 
(2009) for fluid flow properties and those in Alsayednoor et al. (2013) 
evaluated numerically for 2D hexagonal geometries. Unlike these pre
vious studies, the analyses presented in the current work were based on 
pure experimental measurements and, thus, contain the inherent sour
ces of heterogeneity in the material as well as the deformation fields. The 
latter may be the primary source of discrepancy between the RVE sizes 
identified in this work and those determined previously by numerical 
analyses. In particular, studies in which RVE size determination is 
conducted by modulus measurement (e.g., Kanit et al., 2003; Swami
nathan et al., 2006) often do not incorporate the stochastic nature of 
deformation heterogeneity due to material/geometric inconsistencies. 
Therefore, such modulus-based RVE size determination approaches tend 
to underestimate the RVE sizes in highly heterogeneous structures. The 
inclusion of such inherent deformation heterogeneities in the present 
work can be considered a unique contribution in the field of multiscale 
characterization of porous structures. Besides, from an application 
standpoint, the findings of the present work can provide practical 
guidelines to experimental studies that are sensitive to sample size (e.g., 
impact loading of foam and other porous structures wherein the devel
oped inertia stresses are directly proportional to sample size (Song et al., 
2019; Koohbor et al., 2020a)). Moreover, the outcomes of this research 
can be beneficial for studies that utilize spatial strain averaging for 
characterizing the constitutive response of foams and other cellular 
structure (e.g., parameter identification studies by virtual fields method 
(Wang et al., 2016)). 

5. Conclusions 

A multiscale full-field strain measurement approach was proposed to 
identify the length scale at which a transition from micro to macroscale 
mechanics occurs in polymeric foams. The implemented methodology 
was based on correlating macroscopic strain fields with those developed 
at micro/mesoscales facilitated by a statistical approach. The statistical 
approach used the spatial averaging of local strain data within 2D 
squared domains referred to as an averaging box. The strain and density 
dependence of the box averaging approach were investigated. The an
alyses suggest that the utilized statistical approach makes it possible to 
correlate experimentally measured strain fields at various length scales. 
More importantly, such multiscale characterization techniques can be 
utilized to separate the length scales at which macro and micro
mechanics behaviors begin to diverge. The scales at which such diver
gence occurs sets the micro-to-macro transitional length scale and can be 
regarded as a measure for the RVE dimensions of the material. The latter 
was further studied by validating the strain-independence of the box 
averaging approach. Finally, the transitional length scales were found to 
be density-dependent but independent of the global strain in polymeric 
foams. The density-dependence was correlated with the average size and 
number of the cells in the examined foams. 
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