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This work analyses shear moduli of conventional and auxetic open-cell polymer foams. Shear moduli are i)
measured directly and ii) calculated by applying elasticity theory for isotropic solid materials, using Young’s
moduli and Poisson’s ratios from compression tests. Zero and negative Poisson’s ratio foams are fabricated from
conventional foams using a thermo-mechanical process. Fabricated and conventional foams are compression
tested in three orthogonal directions, up to densification at ~60% compression, with full-field strain measure-
ments obtained using Digital Image Correlation. Compression testing is followed by shear testing. The measured
shear moduli vary from 16+7 kPa for negative Poisson’s ratio foams to 38+2 kPa for zero Poisson’s ratio foams,
with conventional foams in between with a mean value of 3248 kPa. The calculated shear moduli are typically
lower than the measured values. The results suggest that the application of elasticity theory to calculate the low
strain shear modulus of open-cell foam from Young’s modulus and Poisson’s ratio measured in compression tests

is appropriate if the foam is isotropic.

1. Introduction

The shear modulus G of an elastic, isotropic bulk material depends on
Young’s modulus E and Poisson’s ratio v (Timoshenko and Goodier,
1970):

E
G= 2(1+v) )

According to Equation (1), shear modulus increases with Young’s
modulus, or as Poisson’s ratio decreases. Indeed, Equation (1) indicates
that shear modulus tends to infinity as Poisson’s ratio tends to —1.

There has been little work applying Equation (1) to cellular foams.
The shear moduli of foams with positive Poisson’s ratios were calculated
using analytical modelling (Zhu et al., 1997), and rheology for high
compression levels (Andersson et al., 2008). A negative Poisson’s ratio
(NPR) close to —1 was inferred from Equation (1) over a limited strain
range, from Young’s and shear moduli, and supported by images of the
foam showing re-entrant cellular structure during compression tests
(Andersson et al., 2008). Andersson and colleagues did not actually
measure Poisson’s ratio and recognised that Equation (1) does not ac-
count for anisotropy, also seen in the microscopic images of the foam. As
such, the use of Equation (1) to calculate Poisson’s ratio from the

* Corresponding author.
E-mail address: n.novak@um.si (N. Novak).

https://doi.org/10.1016/j.mechmat.2021.103818

Young’s and shear moduli of the foam may have been erroneous
(Andersson et al., 2008).

Materials exhibiting NPR are called auxetic materials (Evans et al.,
1991; Kelkar et al., 2020; Kolken and Zadpoor, 2017; Lurie et al., 2018).
Auxetic materials expand laterally under tension and shrink laterally
under compression, and can include foams (Chan and Evans, 1997;
Lakes, 1987), honeycombs (Brighenti et al., 2016) and additively man-
ufactured structures (Li et al., 2017; Shepherd et al., 2020). Auxetic
open-cell foam is typically thermo-mechanically fabricated by heating
and then cooling conventional foam while imposing volumetric
compression (Chan and Evans, 1997; Lakes, 1987), although softening
agents such as carbon dioxide (Li and Zeng, 2016) or solvents (Grima
et al., 2009) can substitute for heat. The magnitude of NPR achieved
with thermo-mechanical fabrications depends on both the applied
volumetric compression and heat exposure (Duncan et al., 2019). By
applying a high temperature or long heating time in the processing
window for a thermo-mechanical fabrication, it is possible to make
foams with a Poisson’s ratio close to zero (Chan and Evans, 1998;
Duncan et al., 2019), herein referred to as ZPR. Studies on indentation
testing of auxetic open-cell foams have varied heating conditions and
volumetric compression to make samples with a range of Poisson’s ra-
tios, but of similar size and density (Chan and Evans, 1998).
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Studies have compared analytical and finite element model pre-
dictions to experimental test results for auxetic cellular structures (Jin
et al., 2019; Lira et al., 2009). How cellular structure influences the
shear modulus of auxetic foams has also been reported (Cheng et al.,
2018). This work compares shear modulus obtained by experimental
measurement and calculation according to Equation (1), for auxetic and
conventional open-cell foam. The work examines the validity of esti-
mating shear modulus using compression testing and digital image
correlation (DIC), without the need for shear testing. Samples are typi-
cally fixed to the test rig during shear testing (Novak et al., 2020),
meaning they become damaged and cannot be reused, such as for testing
in other orientations.

2. Experimental methods
2.1. Geometry and fabrication of samples

Two sets of foam samples were fabricated based on previous work
with the same open-cell polyurethane (PU) foam (PUR30 FR, supplied
by Custom Foams) (Duncan et al., 2019). Foam cuboids (32 x 32 x 96
mm) were compressed into aluminium moulds with isotropic volumetric
compression ratios (VCRs, original/final volume) of three or five, then
heated in an oven for 20 min at 180 or 160 °C, respectively. These
conditions were selected to give foams with a range of Poisson’s ratio
and stiffness. Unconverted foam samples were cut with a utility knife
(Stanley) to similar size as the fabricated samples, for comparative
testing. Direction 1 (Fig. 1) corresponds to the cell rise direction (Gibson
and Ashby, 1997), which was positioned across the mould (parallel to
the 32 mm dimension) and is illustrated in Fig. 1 with a hexagon.

2.2. Compression and shear testing

Quasi-static compression (Fig. 2a) and shear tests (Fig. 2b) were
carried out using a Tinius Olsen H10KT testing machine. Compression
plates (compression testing) and a flat-faced rig (shear testing) with a
250 N load cell were used, following an ISO standard (ISO, 20114:2011 -
Mechanical testing of metals - ductility testing - compression test for porous
and cellular metals, 2011). A preload of 0.5 N was applied to ensure
contact between the sample and compression plates. The loading rate
was 50 mm/min, resulting in strain rates between 0.017 s~ and 0.024
s1, depending on the size of the sample. Samples were compressed to
~60% engineering strain in each loading direction and left to recover for
about an hour before retesting in a different orientation.

The shear-loading device consisted of two stiff parallel plates,
attached to the samples with epoxy resin, Fig. 2b. The parallel plates
were much stiffer than the foam and were not seen to bend nor deflect
during testing. Eight unconverted (UC), six ZPR and nine NPR samples
were tested, Table 1. UC and NPR samples were tested to failure in each
of the three orthogonal directions, while ZPR samples were tested only
in two orthogonal directions (direction 1 and 2). As the linear
displacement of the shear plates increased, the device imparted both
shear deformation and axial tension. Almost pure shear with negligible
tension (< 0.1%) was achieved until the linear displacement of the shear
plates reached 5% of sample size (i.e. less than 5% applied shear strain).
Tension began to increase rapidly after 5% shear strain (Fig. 2c), as
calculated from the displayed equations concerning the original sample
dimension and plate displacement. As such, pure shear could not be
assumed above 5% applied shear strain (Fig. 2c).

2.3. Full-field strain measurement
Two-dimensional DIC (GOM Correlate, 2019)" was applied to mea-

sure incremental transverse and axial strains during compression tests,

! https://www.gom.com/3d-software/gom-correlate.html.
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which were used to obtain Poisson’s ratio (Allen et al., 2017; Duncan
et al., 2019; Phillips et al., 2018). Images for DIC were captured with an
HD SONY HDR-SR8 video camera (2848 x 2136 resolution, 25 Hz). A
surface component (shown on Fig. 3a—c) with facet sizes of ~25 px,
matching against the previous stage and “More Points” options selected,
was defined across the central third of each sample (Fig. 2a). Mean in-
cremental strains were calculated across the surface component, which
did not include regions close to the compression plates, to avoid contact
and boundary effects.

2.4. Analysis

Poisson’s ratio, Young’s modulus and shear modulus were obtained
for all samples in each orientation. These elastic constants were obtained
from the gradient of a straight line fitted over the initial linear elastic
region of the lateral strain vs axial strain data (Poisson’s ratio, corre-
sponding to negative of gradient), stress vs strain data (Young’s
modulus) and shear stress vs shear strain data (shear modulus), corre-
sponding to 0-2.5% compression or 0-1% shear strain. Mean and
standard deviation (S.D.) values were calculated for a set of samples for
each orientation. Coefficients of variation (S.D./Mean) in each orienta-
tion were below 20%. Pooled standard deviations between orientations
were calculated from standard deviations in each tested orientation,
according to (Stelman, (2018)):

SD.=\/S.D}+ SD3+ SD3 @

A Bland - Altman plot (Bland and Altman, 2003) was used to
compare the bias (mean difference) and limits of agreement (p = 0.95,
1.96 x standard deviations) between measured and calculated shear
moduli for the three groups of samples.

3. Results of experimental testing

All experimental results are given as mean values. Specimen di-
mensions and masses are listed in Table 1. The UC foams were ~30%
larger in all three directions and ~40% lighter than the ZPR and NPR
foams, Table 1.

3.1. Compression testing

DIC images of transverse strain (direction 3) on the surface of UC,
ZPR and NPR foam at different levels of applied compression in direction
1 are shown in Fig. 3. The mean transverse vs axial strain relationships
are shown in Fig. 4. The mean transverse strains were calculated at
incrementally increasing axial strains of ~0.01%.

The transverse strain on the face of the UC foam increased at a
relatively constant rate until about 5-10% compression, then remained
almost constant to 30% compression (Fig. 3a). The ZPR foam (Fig. 3b)
expanded transversely towards the edges of the face and contracted
transversely towards the centre. The NPR foam sample (Fig. 3c) showed
almost even transverse contraction, with some variation across the face
at 30% compression. The UC foam exhibited positive Poisson’s ratio
transverse expansion (Fig. 4). The ZPR foam exhibited low transverse
strain, due to its expanding edges and contracting centre (Figs. 3a and
4). The NPR foam exhibited quasi-linear NPR transverse contraction
(Fig. 4).

The Poisson’s ratio (i.e. relationship between the transverse and
axial strain) of all foams was not constant at higher strain (above 3% in
the case of loading in direction 1 and above 8% in the case of loading in
direction 2 and 3, Fig. 4). The non-linearity in transverse vs axial strain
relations at higher strain was most pronounced for the UC foam (Fig. 4).
The strain dependency of Poisson’s ratio at higher strains is noted in the
literature for isotropic elastic materials (Beatty and Stalnaker, 1986),
and also for conventional and auxetic foams (Duncan et al., 2021; Li
et al., 2016).
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Fig. 1. Analysed samples (from left to right: NPR, ZPR and original unconverted foam). The red hexagon shows the elongated cell rise direction in the 1-2 plane
(before conversion). The longest foam dimension in the mould was in direction 2. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 2. a) Compression test set up, showing DIC surface component in green, b) shear test set up (red vertical arrow indicates the direction of loading, reference
sample dimension labelled), c) tensile (¢;) and pure shear (y,) strain vs applied (y,) strain, and equations used to calculate each from sample and device orientations
and displacements (d is displacement, [, is original width (e.g. 25 mm in (b)). Displayed sample in (a) and (b) is UC foam. (For interpretation of the references to

colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Dimensions, volume, mass and density of samples.

Specimen

Sample Nr. Mean length (S.D.) [mm] Volume [em®] Mass [g] Density [kg/m3]
Dir. 1 Dir. 2 Dir. 3
ucC 8 29 (0.4) 26 (0.5) 27 (0.9) 21 0.6 (0.03) 28
ZPR 6 22 (0.6) 21 (0.5) 21 (0.3) 10 1.0 (0.13) 98
NPR 9 23 (1.7) 21 (0.8) 21 (0.6) 10 1.0 (0.05) 97

Mean compressive stress vs strain relationships of all tests for UC,
ZPR and NPR foams are shown in Fig. 5. Mean engineering stress was
calculated at incrementally increasing axial strain of ~0.05%. The UC
foam had the typical stress vs strain response (Fig. 5a) of hexagonal
honeycomb-like cellular materials in loading direction 1 (aligned with
the cell rise direction); a quasi-linear region until 3% strain, then a
transition zone followed by a compressive stress plateau after ~5%
strain (Gibson and Ashby, 1997). The plateau region started later in the

other two directions, at about 8% strain (Fig. 5a). The stress vs strain
responses in directions 2 and 3 were similar to each other, while di-
rection 1 had a steeper gradient at low strains; consistent with the
elongated cell rise typical of open-cell foam (Duncan et al., 2017; Gibson
and Ashby, 1997; Lakes, 1987). The ZPR and NPR foam (Fig. 5b and c)
had quasi-linear stress vs strain relationships. These stress vs strain re-
lationships were almost isotropic for the ZPR foam (Fig. 5b), whereas for
the NPR foam the gradient was steeper in direction 1 than in directions 2
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Fig. 3. DIC countour plots of transverse strain (direction 3) for UC foam (a), ZPR foam (b) and NPR foam (c) at 5%, 10%, 20% and 30% applied compression in

direction 1.
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Fig. 4. Mean transverse vs axial strain plots for loading in direction 1 (a), direction 2 (b) and direction 3 (c). The linear trend lines (dashed red lines) represent the
method used to obtain the initial, low strain Poisson’s ratio. Legend in (b) applies to (a) and (c). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

and 3. loading direction and j denotes the transverse strain direction.

The measured Poisson’s ratio and Young’s modulus values (mean The compressive Poisson’s ratios were almost isotropic for the ZPR
and S.D. across all samples) for all orientations and mean values (and S. and NPR foams, and orthotropic for the UC foam (Table 2). The Young’s
D., Equation (2)) up to 2.5% compression are shown in Tables 2 and 3, moduli of UC foams were similar in loading directions 2 and 3, and the
respectively. Poisson’s ratio values are written as vjj, where i denotes the Young’s modulus was over twice these values in direction 1 (Table 3).
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Fig. 5. Mean compressive stress vs strain relationships for UC (a), ZPR (b) and NPR (c) foams. The linear trend lines (dashed red lines) represent the region used to
obtain a constant, low strain Young’s modulus. Legend in (b) applies to (a) and (c). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

Table 2
Poisson’s ratio values up to 2.5% compression (mean and S.D. across all sam-
ples), and the mean and S.D. (Equation (2)) Poisson’s ratios for all orientations.

Specimen V13 Vo1 VUzo Mean v

uc 0.6 (0.2) 0.3 (0.1) 0.3 (0.1) 0.4 (0.2)

ZPR 0.0 (0.1) 0.0 (0.1) 0.0 (0.1) 0.0 (0.1)

NPR —-0.2 (0.1) —0.2(0.1) —0.3(0.2) —0.3(0.2)
Table 3

Young’s moduli up to 2.5% compression (mean and S.D. across all samples), and
the mean and S.D. (Equation (2)) Young’s moduli for all orientations.

Specimen E; [kPa] E, [kPa] E3 [kPa] Mean [kPa]
uc 76 (17) 28 (4) 26 (5) 43 (18)
ZPR 50 (8) 58 (14) 66 (15) 58 (22)
NPR 40 (10) 25 (5) 24 (5) 30 (12)

27 mm

21 mm
)]

-~
1

The ZPR foam deformed almost isotropically. The NPR foams exhibited
orthotropic behaviour, with Young’s modulus in direction 1 almost
twice the Young’s moduli in directions 2 and 3.

3.2. Shear testing

Shear deformation of UC, ZPR and NPR foam samples is shown in
Fig. 6. Pure shear was only achieved at small applied deformations
(<5% applied shear, causing <0.1% tension, Fig. 2c). As the applied
deformation increased, the combination of shear, tension and a positive
Poisson’s ratio gave the UC foam a concave shape (Fig. 6a). The ZPR
foams had a slightly convex shape during coupled shear and tensile
loading (Fig. 6b), indicating NPR in tension. Slight expansion in tension
was consistent with previous tests of similar ZPR foam, where tensile
Poisson’s ratios were slightly negative (0 to —0.1), and compressive
values were close to zero (Duncan et al., 2019). The convex shape was
clearest in the NPR foam samples (Fig. 6¢).

Mean shear stress vs applied shear strain of UC, ZPR and NPR foam
samples is shown in Fig. 7. Mean shear stress values were calculated at
incrementally increasing axial shear strains of ~0.05%.

The shear stress vs strain relationships, and hence the shear moduli,

i
21 mm

.

Fig. 6. Deformation of UC (a), ZPR (b) and NPR (c) foam samples under shear loading in direction 1, at 0%, ~40% and ~80% applied shear strain. Transverse
dimensions were set to original sample widths (labelled) and maintained throughout the test.
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Fig. 7. Mean shear stress vs applied shear strain of UC (a), ZPR (b) and NPR (c) foam samples. The linear trend lines (dashed red lines) represent the region used to
obtain an initial, low strain shear modulus. Legend in (b) applies to (a) and (c). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

of the UC foam were similar in all three loading directions (Fig. 7a). The
shear stiffness of the ZPR foam in direction 1 (Gs1) was higher (steeper
gradient) than the shear stiffness in the direction 2 (G12), Fig. 7b. For the
NPR foam, the shear stress vs strain relationships in directions 1 and 2
(Gs1 and Gi3) were similar, with lower stiffness (gradient) in direction 3
(G23) at strains above 2% (Fig. 7c). The corresponding measured shear
moduli for all foam samples (Table 4) were determined by fitting
straight lines to shear stress vs strain relationships up to 1% applied
shear (Fig. 7).

4. Comparison of calculated and measured shear moduli

In Table 4, the measured shear modulus Gy, values were compared to
calculated shear modulus G, values from Equation (1), using Poisson’s
ratio (Table 2) and Young’s modulus (Table 3). Shear modulus values
are written as Gjj, where i denotes the transverse direction (i.e. between
plates), and j denotes the loading direction (Fig. 2b).

The ZPR foams had the highest measured Gy, and calculated G. shear
moduli (Table 4). The NPR foams had the lowest measured G, values,
whereas the lowest calculated G, values were found for the UC foams.
Differences between the measured and calculated values were observed,
particularly for the orthotropic UC samples, although these decreased
when a mean was taken between directions (Table 4).

The Bland-Altman plot shows that the mean measured shear modulus
of UC samples was 13 kPa higher than when calculated from compres-
sion tests (Fig. 8). The mean measured shear moduli for both ZPR and
NPR samples were 3 kPa higher than the calculated values. Despite the
larger bias for the UC samples, the limits of agreement were narrower,
between 3 and 23 kPa, than the —15 to 21 kPa and —13 to 19 kPa limits
of agreement for the ZPR and NPR samples, respectively.

5. Discussion
Bias between measured and calculated shear moduli was highest for

Table 4

Comparison of mean measured G, and mean calculated G, shear moduli (and S.
D. for each sample and all orientations, with pooled S.D. calculated according to
Equation (2)).

G31 Gia Go3 Mean
Specmen 6. Gm G Gm G Gm G
ucC 36 23 29 11 31 10 32 15
@ ® o o 0 @ ® @
ZPR 38 26 27 29 - 35 33 30
@ an » o a) @ Qe
NPR 27 26 25 15 16 17 23 20
® a2 ® & @ @ an  as

the orthotropic UC foam (13 + 10 kPa). The more isotropic ZPR (3 + 18
kPa) and NPR (3 + 16 kPa) foams had less consistent but less bias values
(Fig. 8). With elongated cell rise direction generally removed during
thermo-mechanical conversions, which apply uniform compression
(Chan and Evans, 1997; Duncan et al., 2019; Lakes, 1987), anisotropy in
Poisson’s ratio (Table 2), Young’s modulus (Table 3) and shear modulus
was reduced. Using a mean Poisson’s ratio, Young’s modulus and shear
modulus across the three loading directions may have contributed to the
differences observed in measured and calculated values for the UC foam
(Fig. 8).

A broad range of Poisson’s ratios (mean of —0.3 to 0.4, Table 2) and
Young’s moduli (mean of 30-58 kPa, Table 3) were obtained, as ex-
pected following similar thermo-mechanical conversions of open-cell
foam (Chan and Evans, 1998; Duncan et al., 2019). As observed in
previous work (Cheng et al., 2018), the low strain shear modulus
(Table 4) of the UC foam (32 kPa, Table 4) was higher than for the NPR
foam (23 kPa, Table 4), mainly due to the auxetic foam’s lower Young’s
modulus (Fig. 5, Table 3). The shear moduli (10-38 kPa, Table 4) of the
foams were lower than those reported previously (30-60 kPa (Cheng
et al., 2018)) for higher strain rates (of 0.05-2.5 s™1) than applied here
(0.01-0.025 s~ ). The ZPR foam with higher Young’s modulus had the
highest mean measured shear modulus (33 kPa, Table 4).

Uncertainty in the measurement of foam shear modulus, with the
coefficient of variation at almost 50% of measured values and 75% of
calculated values (Table 4), hindered comparisons with calculated
values. As such, this work highlights challenges in measuring and
calculating the shear modulus of open-cell foam. Compression testing
allowed each sample to be characterised in different orientations, but
this was not possible with shear testing, where samples were glued to
plates. High levels of applied shear (>5%) also imparted tension in the
samples (Fig. 2c). For a better comparison of measured and calculated
shear moduli over a wider strain range, further work could use a shear
test rig capable of applying pure shear over a wider strain range. Such
work could benefit from applying DIC to measure full-field strain during
shear tests.

6. Conclusions

In this study, we analysed the shear moduli of conventional, zero
Poisson’s ratio and auxetic open-cell foams, obtained by experimental
measurements and calculated from compressive Young’s moduli and
Poisson’s ratios. The measured shear moduli varied between ~16 kPa
for negative Poisson’s ratio foams and 38 kPa for zero Poisson’s ratio
foams, with conventional foams in between at ~32 kPa. The mean
values of measured shear moduli tended to be higher (23 kPa-33 kPa)
than those calculated by applying elasticity theory (10-30 kPa). The
measured and calculated values of shear modulus were compared using
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Fig. 8. Bland-Altman plot showing levels of agreement between measured shear moduli and those calculated by equation (1) for UC (a), ZPR (b) and NPR

(c) samples.

Bland-Altman limits of agreement. The bias for the conventional foam
was +13 kPa, with limits of agreement (p = 0.95) between 3 and 23 kPa.
A bias of +3 kPa was obtained for both the zero and negative Poisson’s
ratio foam samples, with limits of agreement between —15 and 21 kPa
and —13 and 19 kPa, respectively. These results suggest that using
compression tests to calculate shear modulus, from Young’s modulus
and Poisson’s ratio, is inappropriate for many conventional open-cell
foams, which are anisotropic due to elongated cells in the rise direc-
tion. It is possible to estimate the shear modulus of isotropic auxetic
foams from compression test data, as equal uniaxial compression applied
during fabrication can remove anisotropy from cell rise direction.
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