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Toughness of Confined Auxetic Foams

Adrianos E. F. Athanasiadis, Oliver Duncan, Michal K. Budzik, and Marcelo A. Dias*

1. Introduction

Auxetic materials contract (or expand) in
the direction perpendicular to an applied
compressive (or tensile) load, thereby
exhibiting a somewhat counterintuitive
negative Poisson’s ratio. In mechanical
metamaterials such as auxetic foam, this
negative Poisson’s ratio emerges as a
larger-scale structural response, after care-
ful manipulations of the small-scale con-
stituents.[1] Auxetic foams were first
made during the late 1980s[2,3] and have
since been widely fabricated and tested.[4–9]

Often considered within the broader class
of mechanical metamaterials and lattice
materials,[10] auxetic materials open excit-
ing possibilities in various fields. Namely,
applications of auxetics include impact pro-
tection, sports equipment, medical devices,
aerospace, and construction.[9,11,12] Across
these sectors, auxetic materials are trans-
forming the way we approach design, dam-
age mitigation, and overall performance.

Here we focus on unique mechanical
properties of auxetic materials, namely
their ability to maximize volumetric strain
and minimize deviatoric (shear) strain.[4]

This function can potentially reduce the concentration of stress
at the tips of propagating cracks, thereby decreasing the likeli-
hood of material failure. Deviatoric strain is known to enhance
stress concentrations that drive crack propagation.[13] Given these
conceptual advantages of auxetic materials, it is noteworthy that
the detailed characterization of crack tip propagation in auxetic
foams has not been extensively studied.

The tendency of auxetic foams to undergo volumetric rather
than deviatoric deformation makes them ideal for applications
requiring high resilience and durability under extreme loads.
Beyond mechanical performance, auxetic materials have also
been explored as proof-of-concept platforms for adhesive bond-
ing scenarios,[14] where recent studies suggest that thick
and architected bondlines offer distinct advantages.[15–17]

Specifically, these engineered bondlines facilitate improved
stress distribution within sandwich cores over extended regions
compared to conventional adhesives,[15] holding promise for
transformative applications in aerofoil and wind turbine blade
design.[18,19] These developments build on a growing under-
standing of cellular solid fracture and failure mechanisms,[20]

including the formation of metamaterial failure maps.
Notably, certain confined architected materials exhibit enhanced
toughness when subjected to loads exceeding crack onset, dem-
onstrating a potential for mitigating fracture propagation.[16]
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Auxetic (negative Poisson’s ratio) materials offer benefits such as impact miti-
gation, thermal insulation, vibration damping, and reduced deviatoric/shear
strain—a key measure of material failure risk. However, the fracture mechanics
of auxetic materials remain largely unexplored. This study investigates damage
initiation and propagation in confined re-entrant foam structures exhibiting
auxetic behavior. These structures are fabricated by thermo-mechanical trans-
formation of pristine polyurethane foams. The confined foam is especially
relevant for mechanical joints and bonding, illustrating practical advantages.
Experimental mechanical characterization, combined with Ogden’s hyperelastic
formulation, underpins the analysis of the confined foam within a fracture
mechanics framework, further supported by a traction-separation law. A one-
dimensional semi-analytical model, integrating beam theory and experimental
material properties, predicts fracture processes under a double cantilever beam
configuration. The model shows a very good agreement with experimental
results, with confidence intervals ranging from 67% to 83%. The fracture
toughness of the auxetic foams is reliably quantified, revealing the influence of
the microstructural conversion process and a 50% improvement over conven-
tional foams. This work transforms conventional foams by leveraging auxetic
behavior for superior mechanical performance and provides a comprehensive
investigation into their fracture mechanisms, offering critical insights for
designing next-generation mechanical joints and bonding technology.
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Despite these promising advancements, current confined
architected systems tend to exhibit stiffness-driven failure,
undergoing either brittle or elastoplastic fracture. This behavior
is largely dictated by their most used fabrication method, additive
manufacturing, which imposes constraints on material proper-
ties and structural integrity. Additionally, the scalability of archi-
tected bondlines remains a challenge due to size limitations and
extended production times.[21,22] These constraints not only hin-
der widespread adoption but also complicate fracture characteri-
zation, as reliable crack growth measurements necessitate long
and uniform samples.[23,24] Consequently, the full potential of
architected bondlines in enhancing structural toughness and lon-
gevity has yet to be fully realized.

In this study, we use auxetic foams to demonstrate how the
bulk volume of thick adhesive bondline systems can be substi-
tuted,[15,16,25,26] to overcome the limitations of established, and
current state-of-the-art, manufacturing techniques. Auxetic
foams are manufactured using the established thermomechan-
ical process, capable of producing large, anisotropic samples, that
are relatively homogenous at the mesoscale, following
Figure 1.[27–31] The foams are then characterized under the
Ogden hyperelastic material model[32] (Figure 1b) that serves
as a basis to formulate a custom nonlinear cohesive zone
law.[33–35] Thereafter, we fabricate double cantilever beam
(DCB) specimens by bonding the produced foam to acrylic
beams that we test in mode I fracture loading (Figure 1d).

The DCB configuration is a standardized testing setup for induc-
ing mode I fracture loads in confined systems. The main advan-
tage of the DCB configuration is the ability to control the length
of the fracture process zone[15,17] through the dimensions of the
system. The shape and length of the process zone for linear elas-
tic materials have been studied extensively, and the existing ana-
lytical models for the DCB configuration can yield very accurate
results regarding the stress distribution close to the crack tips,
that are proportional to the beams local deflection. However,
such models are limited to small strains and displacements
and linear materials. We develop a custom 1-dimensional
numerical model utilizing a Euler–Bernoulli beam on elastic
foundation (Winkler) assumptions[36,37] for comparing our
experimental results (Figure 1c). A very good agreement with
the experimental results is displayed.

The accuracy of our model allows us to estimate the strain
energy release rate during the damage propagation. Hence,
we use a framework from fracture of composite materials and
delamination to calculate the critical strain energy release rate
for the converted foams, namely expressing the strain energy
release rate as a function of the crack length[38,39] (Figure 1e).
We show, on an Ashby plot, that these auxetic foams are superior
to currently available materials.[40] The biaxial tensile state,
caused by the negative Poisson ratio of the foam and evidenced
by digital image correlation, restricted the development of the
propagating crack.

Figure 1. Schematic diagram illustrating the sequential steps undertaken in this study: a) the foam conversion framework; b) material characterization via
uniaxial tensile testing; c) application of a one-dimensional double cantilever beam (DCB) model to simulate decohesion; d) estimation of the foam’s
fracture toughness; and e) validation of the model through Mode I fracture experiments.
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2. Constitutive Modeling of Foams and
Damage Law

2.1. Material Model

To accurately capture mechanics of the auxetic foams, we employ
the Ogden hyperelastic model, which is well suited for materials
undergoing large deformations. This model allows us to describe
the highly nonlinear stress–strain response of auxetic foams and
provides robust analytical tools to then later describe their dam-
age phenomenology. By integrating this model within the context
of fracture mechanics and complementing it with a decohesion
model, we aim to develop a comprehensive understanding of the
material’s performance in mechanical joints and bonding
scenarios.

All produced foams display a hyperelastic response, and the
methodology implemented here is adapted from Ciambella
et al.[32] This approach is based on the assumptions that dissipa-
tive effects during quasi-static deformations are negligible, and
that the macroscopic response of the foam is not overly affected
by transverse/biaxial deformation, due to the small Poisson’s
ratio (as is also the case for similar foam in ref. [32]). A relation-
ship between the transverse strain to the loading direction, ε1,
and the strain in the direction of the load, ε3, is defined as follows

ε1 ε3ð Þ ¼ � νaε3
1þ πν2aε

2
3ð Þq � νbε3 (1)

where q ¼ 1=2þ πνaεIð Þ�2=2 is an exponent that relates to the
transition zone between two asymptotic extremes. The strain
εI is defining the transition point, and νa and νb are fitting param-
eters defining the bounds for the material’s Poisson’s ratio,
which vary with applied deformation. Therefore, Equation (1)
gives rise to the Poisson’s ratio in the 3, 1ð Þ-direction (with
the first index denoting the loading direction and the second
index denoting the transverse direction)

ν31 ε3ð Þ ∶¼ � ε1
ε3

¼ νa
1þ π2ν2aε

2
3ð Þq þ νb (2)

Specifically, two limits are presented: i) when ε3 ! 0, then the
apparent Poisson’s ratio of the material is ν31 ! νa þ νb; ii)
whereas when ε3 ≫ εI, then the apparent Poisson’s ratio of
the material is ν31 ! νb. Furthermore, the stress–strain relation-
ship for the material model reads as follows

σ3 ε3ð Þ ¼
Xn
i¼1

μi
1þ ε3

1þ ε3ð Þαi � 1þ ε1 ε3ð Þð Þαi½ � (3)

where μi and αi are fitting parameters related to the shear modu-
lus of the system. In this study, we choose n ¼ 2, μ1 > 0, and
μ2 < 0, which means that α1 > 0 and α2 < 0. These choices sat-
isfy the constraint μiαi > 0. The effective shear modulus of the
system can be estimated as 2μ ¼ P

n μiαi.
The fitting material parameters are chosen through a two-

objective least square optimization scheme. By defining the
two absolute errors for stress–strain response and Poisson’s
ratio, as in

ϕi ¼ jσi3 � σ̂i3j, and ψ i ¼ jεi1 � ε̂i1j (4)

with the quantities under the hat referring to the experimental
values. Therefore, the objective function is given by

F ¼ μi, αi, νi, εIð Þ ¼
X
j

ϕ2
j þ

X
j

ψ2
j (5)

where the sum is performed over the experimental data points.
The problem is subject to the following constraints: μiαi > 0,
�1 ≤ νa < 0 < νb < 1=2, and εI þ 1 > 0. These are set through
the bounds of the parameters.

2.2. Decohesion Model

The DCB test is a widely used method for evaluating the fracture
toughness of materials, particularly in bonded joints and com-
posite structures. By applying the DCB setup to auxetic foams,
we can gain insights into their unique deformation characteris-
tics and crack propagation mechanisms. To accurately model the
decohesion process, we employ the Euler–Bernoulli beam theory
on a nonlinear elastic foundation. This approach allows us to cap-
ture the complex interactions between the beam and the auxetic
foam core, providing a comprehensive framework for analysing
the material’s response under loading conditions. In the follow-
ing, we detail the mathematical formulation and how we extract
the numerical solution of the decohesion model, which is crucial
for predicting the performance of auxetic foams in applications.

Therefore, let us begin by stating the Euler–Bernoulli beam
theory on a nonlinear elastic foundation:[17,36]

B
d4w x1ð Þ
dx41

þH x1 � að Þσ ε3ð Þ ¼ 0 (6)

where B ≈ Eh3=12 is the bending rigidity (with E as the beam’s
Young’s modulus and h its thickness), w x1ð Þ is the deflection
function, H x � að Þ is the Heaviside step function, and a is
the initial crack length. Here, the nonlinearity stems from
Ogden’s hyperelastic constitutive model of the foundation,
following Equation (3), and we provide their representation in
both plane stress and plane strain forms, respectively, as follows

σ ε3ð Þ ¼

8>>><
>>>:

σ3 ε3ð Þ
1� ν231 ε3ð Þ , for plane stress

σ3 ε3ð Þ 1� ν31 ε3ð Þ½ �
1þ ν31 ε3ð Þ½ � 1� 2ν31 ε3ð Þ½ � , for plane strain

(7)

where the reaction stress applied from the core material to the
beam. The strain ε3 wð Þ ¼ 2w x1ð Þ=c is the local strain of the core
material expressed through the deflection function, and c is
the thickness of the core. Due to the nonlinearity of the stress
function, the boundary value problem of eq:bvp1 is solved
numerically with the following decomposition into a first-order
system of four equations as

d
dx1

w x1ð Þ
φ x1ð Þ
M x1ð Þ
Q x1ð Þ

2
6664

3
7775 ¼

φ x1ð Þ
12 Eh3ð Þ�1M x1ð Þ

Q x1ð Þ
�H x1 � að Þσ ε3ð Þ

2
6664

3
7775 (8)
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where φ x1ð Þ, M x1ð Þ, and Q x1ð Þ are the rotation, moment, and
shear force functions of the beam, respectively. The system of
eq:bvp_sys is solved with the bvp5c function in MATLAB. The
boundary conditions at x1 ¼ 0 are w 0ð Þ ¼ δ and M 0ð Þ ¼ 0 to
ensure displacement controlled and moment-free conditions
at the loaded end of the beam. At the other end of the beam,
x1 ¼ aþ Lc, we assume moment and shear force are zero.
Hence, we demand M aþ Lcð Þ ¼ 0 and Q aþ Lcð Þ ¼ 0, where
Lc is the length of the bonded part of the beam. The reaction force
at the loaded end is retrieved by evaluating the shear force at that
point, i.e., F ¼ Q 0ð Þ.

3. Results and Discussion

3.1. Material Characterization

The converted foams are characterized and modelled according
to Ogden’s hyperelastic model, which has been formulated in
sec:Ogden. Transverse and longitudinal strain measurements
are performed using digital image correlation (DIC) in order
to formulate a Poisson’s ratio function relationship (Figure 2a).
The calculated shear modulus of the pristine foam is significantly
higher than that of the converted foams, while an increase in
the conversion temperature results to higher shear moduli as

Figure 2. Measured foam material properties. a) Transverse strain ε1 contours of a specimen, representing what is obtained via digital image correlation
(DIC). b) Measured shear modulus, showing that converted foams have an order of magnitude lower tensile shear modulus compared to the pristine
foam. c) Transitional strain measure εI, which indicates that denser foams (with lower conversion ratios) maintain their auxetic behavior over larger
strains. d) Effective Poisson’s ratio at small strains, where all converted foams exhibit moderate auxetic behavior. e) Effective Poisson’s ratio at large
strains, showing that converted foams display a significantly higher Poisson’s ratio than the pristine foam under high strain values. f–h) Stress–strain
curves for representative foam types, with both experimental data and the corresponding adapted material models. i–k) Transverse–longitudinal strain
curves for the same foam types. Here, panels (f,i) correspond to the pristine foam; panels (g,j) to foam converted at 160 °C for linear compression ratios
LCR3 ¼ 33% (yielding a relative density ρ ¼ 2.39); and panels (h,k) to foam converted at 200 °C for LCR3 ¼ 33% (yielding ρ ¼ 2.79). The y-axis scales are
identical across panels (f–h) and (i–k).
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displayed in Figure 2b. All converted foams have auxetic behavior
in the low longitudinal strain regimes (<50%) Figure 2d.

Since the foams were compressed only in the x3 direction
during conversion, they exhibit auxetic behavior specifically in
the directions corresponding to Poisson’s ratios ν31 and ν32.
Under small deformations, the stiffness of uniaxially compressed
auxetic foams in x3 is much lower than x1 or x2, which remains
similar to that of the unconverted foam.[28] As such, according to
the symmetric compliance condition (E3ν13 ¼ E1ν31), Poisson’s
ratio ν31 and ν32 are relatively low.

[13] When loaded past the tran-
sitional strain value (εI), measured as per Figure 2c, samples are
no longer auxetic and exhibit positive (true) Poisson’s ratios
between 0.2 and 0.3 (Figure 2e). In Figure 2f–h, the stress–strain
response of selected specimens is presented. The proposed semi-
analytical model accurately captures the mechanics in the revers-
ible regimes, with the elastic limit identified as the point where
tensile force reduction occurs due to local yielding. Furthermore,
we assume that the behavior past the recoverable regime follows
a linear hardening profile accounting for plasticity, and a steeper
linear softening regime when damage occurs. That completes the
list of elements needed to implement a Cohesive Zone Model
(CZM).[33–35]

In Figure 2i–k, the relationship between transverse (ε1) and
longitudinal strain (ε3) is presented for the same sample.
Their mechanical behavior is also well captured during the

reversible regimes. Beyond the yield point, we assume a constant
Poisson’s ratio that is given by the value of νb. Taking
the Normalized Root Mean Square Error (NRMSE) between
the Ogden model predictions and the experimental data,
1� NRMSE, gives confidence bounds of 88% for the stress-
strain data and 82% for the axial vs transverse strain data.
Hence, this semi-analytical model can form a basis for evaluating
damage phenomena when such materials are used in confined
systems.

3.2. Fracture Toughness

In this section, we experimentally examine the DCB configura-
tions and fracture toughness of the materials. Once again, strains
and beam deflections were measured using DIC and then com-
pared to the results of the semi-analytical model (Figure 3a–c). In
Figure 3d–f, the load response curve for pristine foam is shown,
where experimental data are compared to results of the model.
The load response curves for pristine and selected converted
foams demonstrate the accuracy of the proposed one-
dimensional model (Figure 3d–f ). A very good agreement is
observed between the experimental results and the one-
dimensional model, with NRMSE between predicted and mea-
sured curves yielding confidence intervals between 67% and

Figure 3. Double cantilever beam (DCB) experiments designed to evaluate decohesion and damage propagation in foam materials. a–c) Specimen
geometry and normal strain distribution measured at the core during loading, captured using digital image correlation (DIC). d–f ) Load–response curves
comparing experimental data with predictions from the semi-analytical decohesion and damage propagation model. Panels (a,d) pertain to the pristine
foam; panels (b,e) to foam converted at 160 °C for LCR3 ¼ 33% (yielding ρ ¼ 2.39); and panels (c,f ) to foam converted at 200 °C for LCR3 ¼ 33%
(yielding ρ ¼ 2.79).
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83%, regardless of the choice of plane stress or plane strain.
Moreover, the model displays exceptional accuracy before crack
onset and efficiently captures the change of slope corresponding
to the fracture process zone transitioning from the response
displayed in Ogden model to a linear damage type hardening.

The strain energy release rate in mode I loading (GI) of the
auxetic foam can be calculated by recalling[38,39]

GI ¼
Eh3

8� 31=3
wjx1¼0

� �
2=3 d3w

dx31

�����
x1¼0

0
@

1
A

4=3

(9)

where E, h, and w x1ð Þ are, respectively, the Young’s modulus,
thickness, and deflection curve of the adherent. In this context,
the deflection curve must be of at least C3 continuity. The critical
value of the strain energy release rate is calculated as the maxi-
mum value of GI Figure 4 and is generally higher than other
foams, including other auxetic foams from ref. [41]. Herein,
we observe a stark toughening of the material during the conver-
sion process at 160 °C. However, the foams converted at 200 °C

were less tough than the pristine foams. Similar PU foams have
been frequently shown, through thermogravimetric analysis,
differential scanning calorimetry, and infrared spectroscopy, to
degrade at 200 °C.[9,42–45] Following similar thermomechanical
conversions, this degradation also coincides with the increase
in foam stiffness and reduction in observed magnitude of
Poisson’s ratio, which is observed in Figure 2. Therefore, it is
likely that the reduction in toughness under the higher conver-
sion temperatures is caused by similar degradation of the intrin-
sic polymer, making these trends consistent with previous work.
As such, auxetic foams provide new design capabilities, by simul-
taneously increasing toughness while maintaining a low density.

4. Conclusions

This study has demonstrated the superior toughness of auxetic
foams compared to their conventional counterparts, highlighting
their potential use in challenging applications. The strain energy
release rate, calculated as a function of crack length, enabled the

Figure 4. Ashby-type chart comparing the critical strain energy release rate, GIc , in Mode I, for various foam types. The data were extracted from the
fracture toughness KIc and converted toGIc using the relationGIc ¼ K2

Ic=E. The chart displays results from the present study (1.24–1.43Nmm�1 for foams
converted at 160 °C and 0.72–1.10 Nmm�1 for foams converted at 200 °C) along with literature values from ref. [41] (1.4–2.1 Nmm�1), which represent
the only available data of this kind to the authors’ knowledge. The stock (pristine) foam exhibited a toughness of 1.00Nmm�1 in this study (compared
to 0.8Nmm�1 in ref. [41]). Notably, conversion to an auxetic structure leads to an increase in toughness, surpassing the range typical of open-cell
polyurethane foams. Chart adapted from Granta Selector.r2.[46]
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determination of the fracture toughness of the foams, showing
an increase of up to 50% over conventional foams.

Our investigation made use of the Ogden hyperelastic model
to define a nonlinear traction-separation law, which successfully
captured the mechanical behavior of the foams. This semi-
analytical model, integrated into a one-dimensional numerical
framework using Euler–Bernoulli beam theory and a nonlinear
elastic foundation, accurately simulates the mode I fracture phe-
nomenology in the DCB configuration. The model’s predictions
of load responses and deflection curves during both loading
and fracture showed excellent agreement with experimental data,
validating its performance before crack onset and during crack
initiation. This reliability ensures the model’s applicability for
practical uses and further studies.

Additionally, we provided a detailed experimental methodol-
ogy of foam behavior during fracture loading, which is critical
for material design. Our accurate representation of the complex
mechanics of auxetic foams enables precise design of materials
for specific applications.

In summary, auxetic foams showed up to 50% higher strain
energy release rates than conventional foams. These new find-
ings offer new insights into the fracture mechanics of auxetic
materials and pave the way for their optimized design in struc-
tural applications. We also present a computationally efficient
semi-analytical model, which is robust for estimating mode I
fracture toughness of nonlinear confined systems, benchmarked
against the auxetic and conventional foams. This novel frame-
work paves the way for future advancements in material design
and fracture analysis across a range of applications, from bio-
medical devices to impact-resistant structures. The modeling
approach simplifies the analysis of complex fracture mechanics,
making it computationally efficient while retaining accuracy.

5. Experimental Section

Foam Conversion: During the conversion process, the foam is heated
above glass transition temperature in a prestressed state, to cause
through-thickness micro-buckling. When cooled back to room tempera-
ture, the foams lock in their buckled, re-entrant cellular structure. The con-
verted foams are then measured and inspected using scanning electron
microscopy to establish an understanding of the small scale morphology
of the converted foams compared to the pristine foam.

Pristine 30 PPI reticulated poly-urethane foam was supplied by RGH
Rubber and plastics. The density of the pristine foam was 30 kgm�3,
and the foam cell rise was in the x3 direction. The initial dimensions of
each foam block were 150� 150� 32mm (x1, x2, x3). Each piece of foam
was placed between two 5mm aluminium sheets, then compressed in
the x3 direction with linear compression ratios of 50%, 33%, and 25%,
respectively. Thereafter, each set was heated at 160 and 200 °C in a
Carbolite PF60 oven for 30min, then left to cool (while maintaining
compression) in the open oven overnight. Finally, each set of converted
foam was left stress free for 24 h, to recover nonresidual deformation, with
final dimensions recorded to determine the foam density. Based on the
thickness recovery, we can measure the initial compression and final com-
pression ratios. Subsequently, the final density of the converted foam is
estimated. Post conversion, the foam was observed in a HITACHI
TM4000Plus Scanning Electron Microscope at 50� and 150� magnifica-
tion in order to qualitatively characterize the effects of conversion.

Converted Foam Morphology: Measurements suggest that converted
foams heated to 160 °C exhibit significant thickness recovery (ranging from
7% to 14%) once the supporting frame is removed, as expected.[42] For
foams heated at 200 °C, however, the observed recovery was less than
measurement error.

Scanning electron microscopy was applied to foam sections, which
were cut using a pristine utility knife blade (Stanley), without any applied
coating. The pristine foam Figure 5b exhibits uniform cells with a slight cell
rise in the x3 direction while being orthotropic in the x1, x2 plane. The cell
span is of the order of 0.63mm for pristine foam, while in the case of
converted auxetic foams, the cell span is smaller, with little change in
the x1 and x2 directions, while shrinking by 40–59% in x3, following the

Figure 5. Morphology of the produced foams, as revealed by scanning electron microscopy (SEM). Images are presented at 50� and 150� magni-
fications. a) Pristine foam. b–d) Foams converted at 160 °C with LCR3 of 50, 33, and 25%, respectively. e,f ) Foams converted at 200 °C for LCR3 values
of 50% and 33%, respectively. All images share a common coordinate system and include a scale bar representing 1mm.
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compression ratios applied. The specific values of linear compression
ratios (LCR3), final compression ratios (FCR3), density (ρ), relative density
(ρ ¼ 30kg=m3ð Þ�1ρ), and unit cell length in x3 (l3) are displayed in
Table 1. Due to the conversion conditions, the converted foams are re-
entrant only in the x3 direction and orthotropic in the x1, x2 plane as
well.[30]

Uniaxial Testing: In DCB testing, the foam specimens’ core is bonded
between two acrylic beams, as shown in Figure 1; the beam ends were
clamped in hinged, moment-free aluminum grips. A mode I opening
was imposed by vertically separating the grips in a universal tensile testing
machine, while a camera recorded displacements in the sample with a DIC
technique (shown in Figure 3). Three approximately 10mm� 10mm�
10mm cubes were cut from each fabricated foam using a fresh utility blade
(Stanley) in order to setup uniaxial tension-compression specimens. The
cubic samples were then bonded to acrylic end blocks with Araldite 2-part
(fast dry) epoxy resin and mounted into the universal tensile machine
(Tinius Olsen, H50KS, with a 1 kN load cell). We performed one cycle
of cyclic tension-compression experiments for two specimens of each fab-
ricated foam at a deformation rate of 12mmmin�1 test speed. The third
specimen was tested to failure under tension. The transverse and longi-
tudinal strains were obtained by full-field strain measurement using digital
image correlation (VIC2D). Images were obtained with a Phantom Miro,
R111 camera and a Nikon, AF Nikkor 24–85mm lens, with 85mm optical
zoom and resolution set to 1280� 800 pixels at 24 fps.

Testing of Confined Specimens: To fabricate DCB specimens, three
samples of each type of foam were cut using a fresh utility blade
(Stanley), into rectangles with dimensions: 150mm� 10mm� 10mm
(x1, x2, x3). These were bonded to two acrylic sheets (PMMA) with thick-
ness 2mm, using 2-part epoxy resin (Araldite, Rapid). The bonding sur-
faces of the acrylic sheets were treated with grain 80 abrasive paper and
cleaned with 74%methylated spirit. A thin film of adhesive was applied, to
avoid adhesion of cell ribs within the bulk of the sample. A mass of 500 g
was used to support the system while curing. Lastly, rectangular end
blocks with cylindrical holes were bonded as above, and a pre-crack
was cut with the utility blade.

To test the confined DCB configurations, we mount the specimen into
the universal testing machine using aluminum pinned grips. In that way
we are able to apply a vertical force and vertical displacement with minimal
friction and without inducing rotation. Three DCB tests were undertaken
on separate samples of each type of foam, at 60mmmin�1 and with a
preload between 0.24 and 0.5 N. Image acquisition for use with DIC
was performed with the same equipment as for the uniaxial tests. The lab-
oratory temperature and humidity conditions were 20–25 °C and 40–60%,
respectively.
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