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ABSTRACT

We present here a simplified procedure to manufacture auxetic PU foam via a single direction thermo-
forming compression process applied to conventional (pristine) open cell foam samples. The auxetic
foams produced here have a Poisson’s ratio v,; ranging from —1 to 0 in the 1-2 plane and a tangent mod-
ulus Eg;, ranging from 0.2 MPa to 2 MPa. X-ray 1-CT and 3D skeletonization enabled the extraction of the
topological parameters of the pristine and the auxetic foams. The auxetic foam is transverse isotropic
with cell structures exhibiting a re-entrant shape along the thermoforming compression direction 1.
More ribs are also oriented within the transverse plane 2-3, in which the stiffness is larger. Tensile
and compression quasi-static tests have been carried out on samples cut along different directions and
having various thermoforming compression ratios r.. Auxeticity is present in the in 1-2 plane only for
compression ratios between 40% and 80%. Finite Element models for the pristine and auxetic foams have
also been built from the p-CT scanned 3D models. The numerical results show a good agreement with the
experimental data and help explaining the deformation mechanisms of these auxetic foams.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).

* Corresponding author.
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1. Introduction

Auxetic polyurethane (PU) foam is a type of porous metamate-
rial with negative Poisson’s ratio [1,2]. Auxetic foams combine the
advantages of the counter-intuitive auxetic deformation and the

0264-1275/© 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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use of PU foam material, thus leading to multifunctional properties
such as indentation resistance [3], compliant shear [4-6],
improved fracture resistance [7], synclastic behavior [8,9], high
impact [10-14] and vibration [15] energy absorption, together
with shape memory effect [16-21]. Auxetic foams have significant
potential in applications ranging from personal protective equip-
ment [22-25], noise reduction [26-28], cushioning [29], aircraft
seats [30], filtration [31,32], smart materials and sensor applica-
tions [33-36].

However, auxetic PU foams have never been widely used in
commercial applications partially due to their sophisticated and
somehow complex manufacturing procedures. The manufacturing
of auxetic PU foam was first developed by Lakes [37] and then
modified by several other authors [24,38-42]. The classical manu-
facturing process to convert conventional PU foams into auxetic
versions mainly includes a volumetric compression, annealing via
heating, cooling and relaxation [11,42]. Volumetric compression
is used to create the typical re-entrant cell structures of auxetic
materials by buckling the foam ribs under high strain triaxial com-
pression [39,42]. The heating and cooling are designed to thermo-
form the compressed foam by phase transition of the PU material
at high temperature [17], so that the re-entrant cell structures
could be stable after releasing the foam from the compressive
state. Other methods to replace the heating and cooling steps have
also been developed, notably by using compressed carbon dioxide
[43] or solvents [44]. The triaxial volumetric compression process
is usually carried out using special designed moulds involving
lubrication by oil and manually compressing the foam
[11,39,40,42,45], the latter in particular making mass production
difficult. Some of the Authors here have used vacuum bags and
autoclave systems to replace the rigid mould, but this approach
has its own complexities [16,46]. Alderson et al. [47] have however
manufactured thin auxetic foam sheets for sports applications by
uniaxial thermoforming compression and multi-stage heating
and annealing. The maximum reported thickness of those uniaxi-
ally thermoformed auxetic foam sheet is<4 mm. The auxetic foam
sheet is designed to withstand compressive loading along the ther-
moform compression direction. The foam exhibits an auxetic beha-
viour under tension for samples with volumetric compression ratio
between 40% and 60%.

In this work we show the effects of simplifying the triaxial vol-
umetric compression commonly used in thermoforming by apply-
ing a uniaxial compression only and obtaining thick open cell foam
blocks (>100 mm). Auxeticity only along the thermoforming com-
pression direction can be observed in the transverse plane when
under both compressive and tensile loads. Auxetic foams with dif-
ferent thermoforming compression ratio r. have been manufac-
tured and tested to study the effect of this uniaxial volumetric
compression. This methodology has a considerable potential for
the manufacture of large scale samples towards possible future
routes to industrial production.

The mechanical properties of auxetic foam are mainly dictated
by their internal microstructures [11]. In order to obtain the topo-
logical information pertinent to these foams, the most widely used
method is observation by microscope, which can only provide
images on surface layer of the foam sample [44,46-49]. X-ray
micro computed tomography ([t-CT) scanning has also been used
to obtain the internal structure of auxetic foams [33,50-57], but
- to the best of our knowledge - the existing results are mostly
with low spatial resolution (44 pm [52], 20 pm [50]) and some
important topological information such as the distribution of the
orientation of the ribs have not been extracted and compared in
a quantitative manner. In this work we use high resolution
(<1pum) p-CT techniques to obtain the internal structure of our
auxetic PU foam. Three-dimensional skeletonization algorithms
have been successfully used by some researchers to analyze 3D
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models of fiber-filled porous materials, therefore extracting struc-
tural parameters such as the fiber orientation, fiber segment
lengths and number of contact pairs [58-60]. Porous foam materi-
als are mainly made of thin and long ribs and also suitable for the
application of a 3D skeletonization algorithm [61-64], and we have
adopted this specific approach in our work to identify ribs orienta-
tion maps for the pristine and auxetic foams previously applied by
the Authors to porous metal systems made by networks of helix
wires [58].

Theoretical models based on the structural configuration of
auxetic open cell foams are built to help explain the deformation
mechanisms and mechanical properties of those foams. Examples
are the strut-level force model of Warren and Kraynik [65], the
re-entrant unit cell model by Choi et al [66,67] and the semi-
rigid rotating triangle model by Chetcuti et al [68]. Although these
models help researchers to have a deeper understanding about the
mechanical performance of auxetic foams, they are however highly
simplified and often different from the real three-dimensional
microstructures present inside the auxetic foams. On the contrary,
Finite Element (FE) representations based on 3D solid models from
CT scans can better reflect the deformation mechanisms inside
manufactured auxetic foams. However, mechanical FE simulation
works on auxetic foams and based on scans are quite rare in open
literature. McDonald et al. [50] have performed FE simulations for
conventional and auxetic foams under tension, but no compressive
loading was included. Critchley et al. [1] only provided a schematic
Finite Element model representation without further description
or numerical results. In this work we present a series of FE models
related to the mechanical properties of pristine and auxetic foams
based on the p-CT scanned 3D models, showing good agreement
with the experimental results acquired under both tensile and
compressive loading conditions. The fidelity of the FEA simulations
presented here indicates that the baseline modelling could also be
used in future analysis to understand the deformation mechanisms
and the mechanical properties at multiple scales of foams and gen-
eral porous materials.

2. Manufacturing process of the uniaxial thermoformed auxetic
foam

The manufacturing procedure of the uniaxial thermoformed
auxetic foam is illustrated in Fig. 1. The pristine open-cell polyur-
ethane foam is supplied by the SM Upholstery Ltd. The foam has
a density of 27.0 kg/m® and a pore linear density of 1102-1378/
m. Seven pristine foam blocks with size of 120 x 120 x 160 mm
are compressed along the height direction in an open mould down
to 128 mm, 112 mm, 96 mm, 80 mm, 64 mm, 48 mm and 32 mm,
corresponding to compression ratios r. of 20%, 30%, 40%, 50%, 60%,
70% and 80% respectively (Fig. 1a). During compression, the pris-
tine foam is compacted and then released to the needed size so
that the deformation of the foam is more homogeneous throughout
its height.

The compressed foam is then placed in an oven (Carbolite PF
laboratory oven) together with the mould for thermoforming, with
a thermocouple inserted at the center of the foam block to monitor
the internal temperature. The profile of the ambient and inner tem-
peratures is shown in Fig. 1b. The oven temperature is first
increased to 145 °C at a rate of 5 °C/min, and then maintained con-
stant. The temperature inside the foam increases slower than the
ambient temperature due to the thermal insulation of the foam
and tends to plateau when coming closer to the ambient tempera-
ture. The heating procedure is terminated 30 mins after the inner
temperature reaches 135 °C, which is larger than the glass transi-
tion temperature of the foam (114 °C [17]). The foam and mould
are then removed from the oven and cooled at room temperature
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Fig. 1. Preparation of the auxetic foam specimens. Manufacturing procedure (a), temperature profile (b) and orientation of the specimens from the foam block (c).

(~15 °C). The total heating and cooling time of the different foam
blocks with different r. differ slightly because of the thermal insu-
lation effect of foam blocks with different thickness. However, the
time of 30 mins above 135 °C is always maintained the same. After
the thermoforming procedure, auxetic re-entrant cell structures of
the compressed foam appear to be stable and no evident thickness
increase of the foam block is observed within a short time after
removing the mould.

Two types of specimens (Type T and Type C) are cut from each
auxetic foam block. These samples have different sizes and orien-
tations, as well as different compression ratios r. (Fig. 1c). Type T
long rectangle specimens with size of 20 x 10 x 120 mm are used
for tensile tests. Two T2 and one T1 specimens are cut as three par-
allel samples to compare and study the effect of the different width
and depths along the thermoforming and transverse directions.
Three C1 and three C2 specimens with size 30 x 30 x 15 mm
are used for compressive test along the thermoforming compres-
sion direction 1 and the transverse direction 2, respectively.

3. Topological characteristics of the auxetic foam

Scanning electron microscopy images (Hitachi TM3030plus
tabletop microscope) of the pristine and auxetic foams are shown
in Fig. 2. Both the pristine and auxetic foams are reticulated with
membranes present between some neighboring cells. There is an
obvious difference between the structures of the auxetic foam
observed along the compression direction 1 (Fig. 2 (b)-(h)) and
the transverse direction 2 (Fig. 2 (j)-(p)); this indicates the pres-
ence of transverse isotropy due to the manufacturing process.
The microstructures observed along d1 shows a partially original
reticulated structure with kinks along the ribs. The overall config-
uration of the auxetic foam with different r. values along d1 are
quite similar, with more kinks and curved ribs appearing with
increasing compression ratios. The microstructural configuration
along d2 is however more elongated and compressed compared
to the one along d1; the effect of r. on the microstructures
observed along the d2 direction is also much more significant. As
the compression ratio increases, the ribs observed along d2
become more curved and twisted with higher tortuosity, and the
overall porous configurations become denser.

U-CT scanning was conducted on the pristine and auxetic foam
with r. = 30% and 60% using a Zeiss Xradia 160 kVp Versa 510 (Carl
Zeiss Microscopy GmbH, Germany) at 80 kVp peak voltage and 6 W

power, with a source-to-object distance of 16 mm and a source-to-
detector distance of 54 mm. Using the 4x objective with 1x bin-
ning, a voxel resolution of 0.998 pm was achieved. 3201 projection
images were acquired through 360 degrees rotation of the speci-
men with 2 s exposure time. The projection data was reconstructed
using the Zeiss XM Reconstructor software (Carl Zeiss Microscopy
GmbH, Germany) into TXM files, subsequently converted to 16 bit
raw volumes.

The 3D model of the foam is processed and generated from CT
data using the Avizo 2019 software. 3D Median filter was applied
to reduce the noise of the data. The 3D model and three orthogonal
sections of the auxetic foam with r. = 60% are shown in Fig. 3. The
scanned space of the specimen is in a cylinder shape with diameter
of 1.938 mm and height of 1.979 mm. The curved ribs and partial
membranes can be clearly observed in the 3D model. The cross sec-
tions of the ribs in the three sections have a triangle shape, in
agreement with [55]. More cross sections of the ribs appear along
the vertical sections B and C compared with the horizontal section
A; this indicates that more ribs are oriented closer to 2-3 plane, as
also observed in the SEM images (Fig. 2). Partial membranes with a
thickness of ~3 pm are also clearly visible in the figures related to
the three sections.

The 3D models of the pristine and auxetic foams with r. = 30%
and 60% are reconstructed from p-CT are shown in Fig. 4 (a)-(c).
Wrinkles can be observed on the edges of ribs where the mem-
branes are connected. The mechanical properties of different foams
are mainly determined by the configuration of ribs; the existence
of thin membranes can contribute to the stiffness of the foam,
but it will likely not play a dominant role. The membranes of the
different foam specimens are removed from the images using algo-
rithms including binary thresholding segment, erosion and dilation
of 3 voxels in Avizo; this is done to simplify the 3D model for fur-
ther observations, extraction of topological parameters and the
finite element simulations. The processed 3D models of the three
foams are shown in Fig. 4 (d)-(f), while the corresponding vertical
sections cut by plane 1-3 are shown in Fig. 4 (g)-(i). The processed
3D model appears to describe well the overall structure of the orig-
inal 3D model. In Fig. 4 (g)-(i), the black color in the section figures
refers to original model while the blue one represents the pro-
cessed model. The blue color covers the black area in all rib cross
section regions and only ignores the thin membrane regions, show-
ing a good coincidence between processed and original models. In
the 3D models of pristine foam, the pores and cells are slightly
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Fig. 2. SEM images of the pristine foam (a), (i) and auxetic foam with different thermoforming compression ratio r.: along direction 1 (b)-(h) and along direction 2 (j)-(p).

elongated along the direction 1, which is also observed in other
works [48,55]. This is because the open cell PU foams are produced
out of reactors, with the foam cells tending to align along the rise
direction during the foaming process and providing a slight trans-
verse isotropy. In comparison, the cells of the auxetic foam collapse
along the uniaxial thermoform compression direction (d1), with
buckled ribs tending to orient on the 2-3 plane and following
shapes typical of the re-entrant microstructure in auxetic porous
materials [37]. As r. increases, the inner microstructures of the
auxetic foam becomes denser and the tortuosity of the curved ribs
becomes more obvious.

The skeleton models of the different foam specimens are
obtained by extracting the centerline of the ribs from the processed
3D models [58,60] using the custom module provided by the Avizo
software. Compared with the original 3D model, the skeleton
model can provide more quantitative information about the topo-
logical characteristics of the foam. The skeleton models of different
foams are shown in red in Fig. 4 (d)-(f). The skeleton representa-
tions overlap with the processed 3D models (blue color) quite well.
Statistical distributions of the topological characteristics of the
foams are obtained from the skeleton models using a series of
MATLAB codes. Due to the limitation of the skeletonization algo-
rithm, the skeleton models may contain some tiny segments at
places where the rib joints are too large. Tiny segments with length
less than 0.05 mm are therefore ignored when conducting the sta-
tistical calculation.

The probability density functions (PDF) of the length, mean
diameter and tortuosity of the ribs are shown in Fig. 5 (a), (b)
and (c). The calculation of PDF f, is defined as:

fn _ Lrib—n (1)

Liip_anAct

In (1), Lyjp_p, is the sum of length of the ribs with parameters dis-
tributed within the n" interval; L_q is the sum of length of all the
ribs in the skeleton model; A« is the width of parameter interval
for the PDF and the parameter can be rib length, mean diameter
and tortuosity respectively. The tortuosity of the ribs is defined as:

-7 2)

In (2), C is the length of the curved rib and L is the distance
between two ends of the rib [69]. The distributions of the rib length
and its mean diameter are quite similar for different auxetic foam
specimens, which indicates that the thermoforming compression
procedure only curves the ribs without providing significantly
damage or failure to them. Those distributions are also close to
the normal one and mainly concentrate at ~0.3 mm and
0.03 mm respectively. The difference of rib tortuosity between
the different foams is quite evident. The rib tortuosity of pristine
foam is almost equal to 1, i.e. a straight line. As the volumetric
compression ratio increases, more ribs are curved, thus the tortu-
osity of increasing numbers of ribs is larger than 1, compared with
the pristine foam.

The volume fraction of the ribs at each cross section of the spec-
imen is defined as:

_ Arib—n
Pn = Aall—n (3)

In Eq. (3) Aip_n is the area of the ribs at the n® cutting section A
(Fig. 3); Aai_n is the area of the specimen cross section. It is shown
in Fig. 5 (d) that p,, values from different foams are almost constant
along the height direction of the specimen, although those values
tend to fluctuate especially for the pristine foam and the 30% com-
pression ration auxetic foam due to their sparse internal structure
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Fig. 3. Three-dimensional model and sections of the auxetic foam with r. = 60% along the different directions.

and the small CT scan volume. The p,, of pristine foam, 30% and 60%
auxetic foam are around 0.030, 0.041 and 0.069 respectively in
Fig. 5 (d). The measured densities of the 3 types of foams are
27.0, 33.6 and 62.4 kg/m>. The density of the PU solid extracted
from inverse identification is 900 kg/m?, within the wide range
of 500-1220 kg/m> from open literature [70]. The 900 kg/m? is
valid if one assumes that the volume fraction 0.029 of the pristine
foam extracted by CT data is a reliable figure. The resulting volume
fractions of the auxetic foams with r. = 30% and 60% are 0.037 and
0.069, which are close to the results of p, from the CT data.

The rib orientation distribution map [58] describes the orienta-
tion of all ribs inside the foam. To build this map all the line seg-
ments in the foam skeleton model are firstly projected along a
vector g with spatial angle 6, and 0,_3 , which represent the angles
against axis 2 and plane 2-3 (Fig. 6 (a)). The sum of all projected
line segments [, along g is calculated from Eq. (4). By changing
the orientation of the vector g, the projections along all spatial
directions can be obtained and then normalized using Eq. (5).

N
Se=2_ [ 4)
de :Siﬁ (5)

The rib orientation distribution map of the pristine foam and
the 30% and 60% compressed auxetic foams are shown in Fig. 6
(b), (c) and (d). The pristine foam has more ribs oriented along
direction 1, the rise direction of the foam during manufacturing
in reactor, which has also been observed in the previous described
3D model (Fig. 4 (d)). One can also notice a slight anisotropy of the
orientation of the ribs in the 2-3 plane, with a marginally lower
number of ribs distributed along the direction 6, = 130°. In com-
parison, the auxetic foam has more ribs oriented within the 2-3
plane and less ribs along the thermoforming compression direction
1. More ribs in the 2-3 plane are distributed along the direction
0, = 130°, showing anisotropy. This is because the thermoforming
compression direction for manufacturing the auxetic foam is the
lateral direction 2 of the pristine foam (Fig. 4 (d)). Therefore, the
rising direction 1 of the pristine foam is located within the trans-
verse 2-3 plane of the auxetic foam, resulting in the slight aniso-
tropy of the auxetic foam within the same 2-3 plane.

4. Quasi-static experimental tests
4.1. Test rig

The quasi-static test rig for compressive and tensile tests of
the foam specimens is shown in Fig. 7. The tests have been per-
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(i).

formed using a single column tabletop system (Instron, type
3343) with a 1 kN force sensor (Instron, model 2519-105). A
dual-camera video gauge system (iMETRUM Limited, camera type
CAM 13) has been used to measure the strains and Poisson’s
ratios along two orthogonal lateral directions [46]. The Poisson’s
ratio used here is defined as vy, = —¢,/¢&, where & and ¢, are
the nominal strains along the vertical loading and transverse hor-
izontal directions, respectively [46]. The layout of the strain mea-
suring points is shown in Fig. 7 (¢) and (d). Three parallel points
are used for the average of each strain measurement, without
large deviations in most cases. In order to exclude boundary
effects from the results, only the central 50% of the tensile spec-
imen along the uniaxial loading direction has been used here to
measure the strain for the extraction of the modulus and Pois-
son’s ratios. During the compressive test, only the 30% central
part of the specimen has been used to determine the Poisson’s
ratio. This is because the wrinkling and inhomogeneous deforma-
tions in the auxetic foams (Fig. 7 (b)) during compression make
the strain measurements not reliable over large sections. The dis-
placement of the top compression plate is used to estimate the
compressive modulus of the foam, because the buckling of the
ribs under compression may occur near the top and bottom
boundaries of the specimens. This may result in slightly inhomo-
geneous axial deformations [71].

The PU foam material is viscoelastic and the modulus decreases
gradually with the decreasing loading rate till a constant value
[72,73]. In preliminary tests, it is found that the modulus of the
PU foam is almost constant when the loading rate reduces
to ~3 mm/min. The compressive and tensile tests have been there-
fore carried out in displacement control with a loading rate of
2 mm/min, slow enough to approximate a quasi-static testing
regime. A preload of 1 N for the compressive tests and of 0.5 N
for the tensile ones have been applied to obtain a stable initial test-
ing state and avoid sources of potential errors like unparallel top
and bottom surfaces of the specimens (especially during the com-
pressive tests). Due to the Mullins effects in the PU material
[74,75], the first few loops of the quasi-static cyclic loading-un-
loading tests show different mechanical properties. Not until the
4th loop the experimental results start to converge and maintain
stability [46,74]. Five loading-unloading cycles have been there-
fore performed for each specimen, and only the 5th loop has been
used to evaluate the properties of the material. The Mullins effect
also results in residual strains caused by the first 4 loops along
both axial and transverse directions [74,75], which should be elim-
inated when calculating the modulus and Poisson’s ratio. The loss
factor is computed from the hysteretic loops by using equation,
where AW is dissipated energy within one hysteretic loop and U
is the corresponding elastic energy stored in the material [76].
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AW
n= 70 (6)

4.2. Tensile test results

The hysteretic loops associated to tensile loading of the sample
No. 1 for foams with different r. are shown in Fig. 8 (a). There are
three parallel specimens for each type of foam. The two T2 and one
T1 types as described in Fig. 1 (¢) show no large deviations, as illus-
trated by the error bars present in Fig. 8 (b)-(f). This indicates that
the difference of width and depth of the specimen along the ther-
moforming and transverse directions affects only slightly the
mechanical properties of the foams. So only the hysteretic loops
of No.1 sample are given in Fig. 8 (a), without repeating the similar
results from No. 2 and 3 samples. The maximum tensile strain for
all specimens along the d2 direction is 0.2. The residual deforma-
tion of the specimens can be observed after the tensile tests, there-
fore the 5th hysteretic loop always starts from a residual strain and
ends at a nominal strain of 0.2. After shifting the 5th hysteretic
loop to start at the origin of the coordinates, the maximum strains
are reduced to ~0.12. Fig. 8 (a) shows that all hysteretic loops have
a similar shape and the slope of different loading curves mostly
increases with the value of r, although the difference between
auxetic foams with compression ratios ranging from 20% to 60%
is not significant.

The strain-tangent modulus of different foam specimens is
shown in Fig. 8 (b). All curves show similar trends. The tensile tan-
gent modulus E, decreases first with the strain until ~0.01, with a
stable plateau up to ~0.05 strain and a final gentle increase. The

first decrease of E;, at small strains is mainly caused by the behav-
ior of the polyurethane material due to the Mullins effects in cyclic
loading, which has also been observed elsewhere [46]. The final
gentle increase of Ey, after 5% of strain is mainly caused by the
elongation of the cells under tension, which will be discussed fur-
ther in following FEM simulation results (Section 5). The moduli of
the auxetic foams with r. ranging from 20% to 60% cluster together
around 0.5 MPa, higher than the pristine foam but lower than the
70% and 80% auxetic foams. The E,, of the different foams at 0.05
strain are extracted from Fig. 8 (b) and plotted versus r. in Fig. 8
(e). The E¢; modulus increases slightly first, from 0.26 MPa of the
pristine foam to a plateau of ~0.43 MPa with r. ranging from
30% to 60%. The moduli then feature a sharp rise to 1.1 MPa at
. = 80%. The loss factors of the different foams are plotted versus
rc in Fig. 8 (e). The loss factor fluctuates around 0.04, showing no
obvious dependency on the compression ratio. It can also be
observed from Fig. 8 (b) that the error associated to E, rises as
the compression ratio r. increases. This is because that the density
of the auxetic foam increases with the compression ratio r.. More
contacts and interconnections between the ribs are present due
to the uniaxial thermoforming compression when r. increase to
70%-80% (see also Fig. 2 (0) and (p)). The tensile loading can cause
detachment of the intertwined ribs and the breaking of the weaker
cell ribs inside the auxetic foams. Therefore, the auxetic foams with
larger r., and containing more interconnections between inner ribs
show a more obvious instability during tensile loading.

The Poisson’s ratio v,; and v,3 of the different foam specimens
under tension along d2 are shown in Fig. 8 (c) and (d). Both v,
and v,3 increase slightly with strain. v,; declines with r., reaching
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Fig. 7. Test rig of quasi static experiments and the layout of Poisson’s ratio measurement: (a), (c) tensile test and (b), (d) compression test.

negative values when r. > 40%. In comparison, the Poisson’s ratio
v,3 of both pristine and auxetic foams is within 0.2-0.8, showing
no auxeticity. The v,; and v,3 of the different foams at 0.05 strain
are obtained from curves in Fig. 8 (c), (d) and then plotted in
Fig. 8 (f) to show the effect of the volumetric compression ratio

on the Poisson’s ratio. It can be observed that v,; decreases mono-
tonously with r¢, from ~0.5 of the pristine foam to ~0 (r. = 40%),
and then finally around —0.9 (r. = 80%). On contrary, v,3 increases
slightly first, from 0.5 to 0.75 as r. increased to 20% and then gently
decreases to 0.3 for larger r. values. The auxetic phenomenon only
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appears to exist along the thermoforming compression direction
d1 when loaded along the transverse d2 direction, without any
auxeticity along d3. The auxeticity in the 1-2 plane is caused by
the re-entrant cell structures provided by the buckled ribs during
thermoforming, however the convexity of the cell microstructures
in the 2-3 plane is limited, as shown in Figs. 2 and 4. Consequently,
the Poisson’s ratio v,; can reach negative values while v,3 is always
positive. The deformation mechanism will be discussed further in
Section 5 when discussing the FEM simulations.

4.3. Compressive test results

Compressive tests along the d1 and d2 directions were carried
out on the foam samples C1 and C2 (Fig. 1 (c)). The hysteretic loops
of the No. 1 sample of foams with different r. values loaded along
the d1 and d2 directions are shown in Fig. 9 (a) and (b). The max-
imum compressive strain here is 0.1 and only a 0.08 strain remains
after eliminating the residual strain. The slopes of the strain-stress
curves for the 80% compression ratio foam are obviously signifi-
cantly higher than those of other foams along both the d1 and d2
directions, with higher stress along d2. The hysteretic loops of

the auxetic foams with r. ranging from 20% to 70% are all clustered
together, with values lower than those of the pristine foam when
tested along the d1 direction. In contrast, the loops of the auxetic
foams along d2 are all located above those of the pristine foam,
with the slope of the curves obviously increasing with r.. Besides,
the hysteretic loops of the pristine foam along d1 show a bilinear
shape during loading, which is visibly different from that along
the d2 direction.

The tangent modulus derived from the loading curves are illus-
trated in Fig. 9 (c) and (d). The modulus of the 80% auxetic foam is
much larger than the one of the other foams along both the d1 and
d2 directions. The Ey; of each auxetic foam is always higher than its
E¢; counterpart, showing therefore a significant transverse iso-
tropy. The E; of the 70% and 80% auxetic foams decreases first
slightly at small strain ranges (<2%) due to the Mullins effect and
initial slack of the testing rig. The modulus then increases gently
with strain, something which is different from the decline of the
E¢; and E; moduli versus the strain in the other cases. This is
because the compression of auxetic foams with large r. values
along the d1 direction will generate more contacts between the
ribs inside the dense porous configurations, thus resulting in an
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increase of the modulus versus the strain. As for the foams with
small r. values, the resultant low density and sparser inner struc-
tures make the contact between ribs under compression along
the d1 direction less pronounced within small to medium strain
ranges (<10%). When compressed along d2 of all foams or d1 of
foams with low r., the geometry nonlinearity of the bending of
the cell ribs under compressive loading plays the dominant role,
with a resulting decrease in modulus with strain. These deforma-
tion mechanisms will be further analyzed when looking at the
FEM results.

The E; values of the auxetic foams with volumetric compres-
sion ratios ranging from 20% to 70% are always lower than those
of the pristine foam, while the E., values are - on the contrary -
always larger than those of the conventional foam. It can be also
noticed that the E;; modulus of the pristine foam decreases signif-
icantly from 0.28 MPa to 0.07 MPa at 0.04 strain and then slightly
increases to 0.09 MPa, compared with the slow decrease from
0.17 MPa to 0.09 MPa of the E;, modulus. This is because direction
1 is the one associated to the foam rising during manufacturing,
with cells and pores elongated along this direction (Fig. 4 (d)).
The ribs oriented along the d1 direction provide higher stiffness
at small strains under loading along the d1 direction compared
with the d2 one. Those ribs are however easier to buckle at higher
compressive strains, resulting in a significant reduction of the Ey
modulus for the pristine foam.

The Poisson’s ratios vi3 , Vi2 , V23 and v,; of the different foams
versus the compressive strain are shown in Fig. 10 (a)-(d). When
loaded along the thermoform compression direction (d1), the v3
and vy, of the auxetic all keep constant around O for increasing
strains; the vy3 and v;, of pristine foam are however always
around 0.41. When compressed along the transverse direction

10

(d2), the performance of v,3 and v,; are quite different. The v,3
of different foams are always positive, ranging between 0 and 1
according to the volumetric compression ratio and in most cases
decreases gently with the strain. In comparison, the v,; of auxetic
foams with r. values ranging from 30% to 70% are negative and
decrease slowly with the strain. This indicates that the auxetic
foam only exhibits auxeticity in the 1-2 plane with compressive
loading along the d2 direction due to its transverse isotropic
microstructure, similarly to what has been observed during ten-
sile loading. It must be noted that the v,; value of the 80% auxetic
foam under tension is —0.9, compared to the positive 0.5 in com-
pression. A similar phenomenon has also been observed in other
auxetic porous materials with high density [46]. This is because
the widely distributed contacts between interconnected ribs of
high-density auxetic foam prevent the sample from a lateral
shrink under uniaxial compression along the d2 direction, so no
auxeticity is observed. On the contrary, the lateral expansion of
auxetic foams with high r. values and subjected to uniaxial ten-
sion along the direction d2 can reduce the equivalent density
and the number of contacts inside the re-entrant cell structures,
so auxeticity can be here detected.

Besides, the larger scattering of the Poisson’s ratios obtained
under compression along the d2 direction is more evident than
in the case of the PR values obtained from tensile tests along d2,
or compressive tests along d1. This is because the wrinkling and
twisting deformation on the boundaries of the auxetic foam sam-
ples under compression along d2 (Fig. 7 (b)) make the strain mea-
surement by video gauge through the surface points not as reliable
as in the case of the tensile tests. The wrinkling and twisting of the
samples at the boundary also make the deformation of the internal
cells somewhat inhomogeneous.
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The tangent modulus E¢; and E, of the different foams at 0.05 of
compressive strain are shown in Fig. 11 (a). The E, modulus is
always larger than the E;; one for all auxetic foams here consid-
ered. The Ey decreases slightly from 0.07 MPa (r. = 0%) to
0.04 MPa (r. = 50%), and then rise gently to 0.07 MPa (r. = 70%),
with a final jump to 0.34 MPa (1. = 80%). In comparison, the mod-
ulus E increases first from 0.08 MPa (r. = 0%) to 0.17 MPa
(rc = 60%) and then sharply to 0.72 MPa (r. = 80%). The compressive
loss factor 1, is always larger than 7, for all auxetic foams. The loss
factor #, decreases first slowly from 0.054 (r. = 0%) to 0.038
(rc = 50%) and then keeps constant versus r.. The #, keeps constant
at around 0.02 with r. ranging from 20% to 70%, and finally rises to
0.029 as r. increases to 80%.
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The Poisson’s ratio along the different directions of the foams at
0.05 compressive strain are extracted from Fig. 10 and shown in
Fig. 11 (b). The values of vy, and v;3 decline from the 0.41 of the
pristine foam to ~0 for the auxetic foams and is almost constant
with the volumetric compression ratio. In contrast, the effect of
Ic on V1 and v,3 is more significant. The value of v,3 is always pos-
itive, fluctuating between 0.04 and 0.85. The v,; is above 0 when
I < 20%, and then reduces to —0.34 (r. = 30%), following by a pla-
teau of ~—1 (r. ranging from 40% to 70%) and a final sharp increase
to 0.21 (r. = 80%). This indicates that only the auxetic foams with r
ranging from 30% to 70% exhibit auxeticity within in the 1-2 plane
during compression tests.
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Fig. 12. Finite element models of the pristine (a) and the auxetic foam with r. = 60% (b).

5. Finite element simulation of the deformation behavior

Cuboid-shaped 3D models of the pristine and 60% auxetic foams
with sizes of 1.37 x 1.37 x 1.86 mm have been extracted from the

cylinder-shape processed 3D models (Fig. 4 (d) and (f)) and then
meshed using tetrahedral solid elements using Avizo. The FE mod-
els of the pristine and auxetic foams with r. = 60% are shown in
Fig. 12 (a) and (b). The models contain 101,530 nodes and
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275,200 elements (pristine foam) and 308,594 nodes and 858,992
elements for the auxetic type. The boundary conditions applied to
the cuboid FE model form a quadrant representative volume ele-
ment (RVE) model [77,78], as shown in Fig. 12 (a). All nodes on
the three orthogonal surfaces B, D and E are fixed along the perpen-
dicular direction of each surface. All nodes at A, C, E are coupled
with same displacement, vertical to the surface. Perpendicular dis-
placements are applied to the surfaces A, C or E as needed for the
load case and then the total reaction force and transverse displace-
ment can be extracted to calculate the modulus and the Poisson’s
ratio using ANSYS 15.

The modulus of the core PU material is set as 260 MPa, which is
obtained inversely by fitting the FEM to the pristine foam specimen
tests. The modulus of the PU used in this FE model is slightly higher
than the upper range of 10-250 MPa (strain < 20%) in Refs.
[46,72,79,80], because the elimination of the membranes weakens
the stiffness of the FE model compared with the one of the real
foam, and therefore needs to be compensated using a slightly lar-
ger modulus for the PU. The nonlinearity of the PU material can be
here neglected because the maximum strain of the foam specimen
under simulation and experiments are within 10%, far lower than
the linear elasticity limit of the PU material [72,79]. Geometric
nonlinearity and contact between elements and surfaces have been
considered in these FEM simulations. The distribution of ribs inside
the model is quite sparse and the maximum strain applied during
simulation is small (<0.1). During the calculations it has been ver-
ified that almost no contact occurs between ribs inside the material
(see the images of the deformed cells in Fig. 14 and Fig. 15. There-

Materials & Design 211 (2021) 110139

fore, contacts between ribs have been ignored and no contact pair
is built within the FE model.

The comparison between simulated and experimental results of
the pristine and 60% auxetic foam is shown in Fig. 13. The FEM
results coincide well with the experiments. The slopes of the ten-
sile loading curves are always larger than the compressive ones,
while the compressive stresses along the thermoforming direction
d1 are lower than the others (Fig. 13 (a) and (b)). The compressive
strain-stress curves show a slight softening effect with increasing
strain. As mentioned in Section 4, the experimental results in
Fig. 13 are all from the 5th loop of the cyclic loading tests and
the residual strain caused by Mullins effect is eliminated by shift-
ing the strain-stress curves to start at the origin of the graph.
Therefore, the maximum strain in Fig. 13 is ~0.07 for the pristine
foam and ~0.08 for 60% auxetic foam, lower than the applied max-
imum strain of 0.1 in experiment. The residual strain changes the
shape of the foam cells, affecting the accuracy of the FE model
and needs to be considered when commenting the FEM simula-
tions. We have therefore eliminated the initial portions (3% of
strain for the pristine and 2% for the auxetic) of the simulated
strain-stress curves. The remaining parts of the numerical
strain-stress curves are shifted to start at the origin of the graph;
the calculation of the numerical tangent modulus and the Poisson’s
ratios takes also into account the elimination of the residual strain.

Numerical and experimental values for the tangent modulus of
the pristine and 60% auxetic foams are shown in Fig. 13 (c), (d). The
tensile modulus is always larger than the compressive one for the
two types of foams. The tensile modulus gently increases with the
strain, while the compressive modulus decreases in a more notice-
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able way. The variation of the modulus versus the strain is larger in
the case of the auxetic foam than the pristine one. The compressive
modulus along the d1 direction is also much lower than the other
moduli and is almost constant with the strain. The variation of the
modulus versus the strain is similar to the one experimentally
shown by the other auxetic foams (see Figs. 8 and 9).

The effect of the type of loading and strain on the tangent mod-
ulus can be appreciated by looking at the deformation mechanism
of single cells inside the foams (Figs. 14 and 15). The compressive
load on the pristine foam makes the inclined ribs (ribs A and B in
this case) more perpendicular to the loading direction, reducing
the stiffness of the cell structure (Fig. 14 (b) and (c)). In compar-
ison, the tensile load will elongate the cell structure and make
the inclined ribs to orient themselves closer to the loading direc-
tion, enhancing the stiffness of the cell. The curved ribs inside
the cell of the auxetic foam, such as the rib A and B in Fig. 15 (b)
and (c), will twist more severely and provide less stiffness when
compressed along the direction d2. On contrary, the curved ribs
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will be stretched and straightened by the tensile loading, providing
higher stiffness. The different performance of inclined ribs under
compression and tension (see ribs C and D in Fig. 15 (b) and (c))
also affects the stiffness versus strain, similarly to the pristine foam
case. Consequently, the tensile modulus of both pristine and aux-
etic foams is larger than the compressive one and the modulus
increases with the tensile strain rather than the reduction of com-
pressive one. The compressive load on the auxetic foam along the
d1 direction is mostly supported by the weak buckled ribs gener-
ated by the uniaxial thermoform compression, as shown in
Fig. 15 (d). From Fig. 6 it is also evident that in the auxetic foam
more ribs tend to be oriented along the transverse direction d2
than the thermoform compression direction d1. The modulus of
the auxetic foam along d1 is therefore much smaller than along
d2. The different deformation mechanism of the pristine and aux-
etic foam cells under compressive and tensile loads has also been
observed by Chan [48] using a microscope and it also agrees with
the numerical results in this work.
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Numerical and experimental Poisson’s ratios related to the pris-
tine and 60% auxetic foams are shown in Fig. 13 (e) and (f). The ten-
sile Poisson’s ratios are larger than the compressive ones and
increase slightly with the strain, while the compressive ones tend
to gently decrease. Only the v,; values of the auxetic foam are neg-
ative and vy, is always close to 0. In most cases the numerical
results coincide well with the experimental ones, except for the
case of the compressive v,;. The experimental v,; values in com-
pression decline with the strain, while the numerical ones are
almost constant. As discussed in Section 4.3, a likely explanation
is due to the wrinkling and twisting of the auxetic foam on the sur-
faces of the samples when compressed along the d2 direction
(Fig. 7 (b)). Those deformations make the strain measurements
by video gauge through the surface points not as reliable as those
acquired during the tensile tests. Therefore, the error bars associ-
ated to the v,; values acquired during compression are quite large
(Fig. 10 (d)) and the discrepancy between experimental and FEM
results is wide because the surfaces of the foam RVEs are con-
strained to be parallel and the deformation is assumed homoge-
neous during the simulation (Fig. 15 (a)).

The auxeticity is caused by the re-entrant cell structures gen-
erated by thermoform compression procedure. When under
compression along the direction d2, the re-entrant inclined ribs
(ribs C and D in Fig. 15 tend to incline further into the cell
and reduce the size of the cells along d1, therefore exhibiting
auxeticity. In comparison, under tension along d2, the same re-
entrant inclined ribs are stretched and oriented closer to the ten-
sile loading direction, increasing the lateral size of the cell and
therefore behaving as an auxetic material. This type of deforma-
tion cannot be observed in the 2-3 plane, thus no auxetic behav-
ior appears there. When the auxetic foam is compressed along
the direction d1, the buckled ribs are further twisted and rotated
without an obvious change in terms of cell size along the trans-
verse directions. This leads to a zero Poisson’s ratio, as shown in
Fig. 15 (d).

The von Mises strain and strain energy distribution of the pris-
tine and auxetic foams with 0.05 strain deformation under differ-
ent loading conditions are shown in Figs. 14 and 15. The
maximum strain and strain energy of the pristine foam are mostly
distributed adjacent to the rib joints. The maximum strain inside
the pristine foam is ~0.052, very close to the 0.05 strain applied
to the overall foam specimen. In the auxetic foam, the maximum
strain and strain energy are mainly distributed at the ends and
on the kinks of the curved ribs. The maximum von Mises strain
inside the foam cells is around 0.065, when deformation of 0.05
strain is applied along the d2 for the auxetic foam sample. In com-
parison, the maximum strain is only ~0.018 when a global 0.05
strain deformation is applied along d1. This is because the overall
twisting and rotating deformation of buckled ribs when loaded
along d1 facilitate the deformation of the auxetic foam and thus
eases the strain concentration at critical positions and reduces
the stiffness along the d1 direction.

6. Conclusions

A simpler method to manufacture auxetic foam consisting in a
single direction thermoforming compression and using an open
mould has been developed here. The mechanical tests related to
the auxetic foams with different thermoform compression ratios
r. show that the foam samples exhibit auxetic behavior in the 1-2
plane only when the volumetric compression ranges from 40% to
80%, with the Poisson’s ratio v,; ranging from —1 to 0 and tangent
modulus E, from 0.2 MPa to 2 MPa. The auxetic foams obtained
in this work possess good auxetic and stiffness properties compared
to other open cell auxetic PU foams described in scientific literature
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Fig. 16. Poisson’s ratio and Young’s modulus of open-cell auxetic PU foams in
scientific literature. All moduli are calculated at small strains (within 20%).

[46] (Fig. 16). The stiffness of the foams described in this work is
only lower than those previously made by the Authors using com-
plex vacuum bag and autoclave. The topological characteristics of
the auxetic foams have been extracted from a 3D model obtained
by p-CT scan. The scan shows that the auxetic foam has the major-
ity of ribs with mean diameter of 0.03 mm, length of ~ 0.3 mm and
the ribs oriented in transverse plane 2-3. The cell structures exhibit
re-entrant shape along the thermoform compression direction 1.
Finite Element models have been developed based on the p-CT
scanned 3D models and show a good agreement between the
numerical and the experimental results. The FE results show that
the inclined and curved re-entrant ribs inside the auxetic foam
are stretched and straightened by tensile loading but twisted and
bent under compression. The tensile modulus increases with the
strain and is always larger than the compressive modulus (for
strains < 10%). The auxeticity is caused by the deformation of the
curved re-entrant cell structures. In this study we correlate the
mechanical performance of auxetic foam by FE simulation based
on real 3D structures from X-ray p-CT scan, improving our under-
standing of the topological characteristics and internal deformation
mechanisms occurring in auxetic porous materials.

Moreover, this work shows a simpler and cost-effective way to
produce auxetic open cell polyurethane foam with large size, pro-
moting the process of commercialization. The combination of high-
resolution p-CT techniques, three-dimensional skeletonization
algorithms and FE simulation provides a persuasive analysis proce-
dure for deformation mechanism and mechanical properties of
porous materials not limited to foam materials.
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