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Abstract. This exploratory paper presents some preliminary results on the use of fullﬁeld deformation measurements on low density polymeric foams to identify the evolution
of Poisson’s ratio with compressive strain. Two types of foams were tested: a standard
low density polyurethane foam and an auxetic foam manufactured from a similar precursor. 2D digital image correlation was used to measure the strain ﬁeld at the specimens
surfaces. Then, Poisson’s ratios were identiﬁed using a dedicated inverse method called
the Virtual Fields Method (VFM) and the results compared with the standard approaches.
The results illustrate the advantages of the VFM compared to the standard procedure. It
was also found that for the standard foam, very strong localization eﬀects resulted in biased Poisson’s ratio evaluation. It was shown that this could be corrected by taking into
account these localization eﬀects thanks to the full-ﬁeld information.

1 Introduction
Low density polymeric foams are widely used in applications that require good low energy absorption
capabilities, such as in packaging for instance. However, the determination of their mechanical properties is made diﬃcult because of their hyperelastic behaviour and strong localization eﬀects caused by
the local collapse of cells in compression. The scientiﬁc literature still only provides few attempts at
using full-ﬁeld measurements on such foams. Some recent studies can be found but the measurements
are often only used as qualitative observations of localization [1, 2] or at best to validate ﬁnite element
simulations [3]. It is also interesting to note that the progress in X-ray tomography has enabled several
researchers to digitize the 3D structure of foam specimens. This can be used to build up a fully realistic
3D ﬁnite element model [4,5] but more recently, ﬁrst attempts at producing deformation maps have
been released, either using 2D correlation on slices of 3D maps [6] or volume image correlation [7].
Poisson’s ratio is an important property for foams, as detailed, for instance, in [8, 9]. For low density
polymeric foams, Poisson’s ratio strongly varies with the strain level. The objective of the present paper is to provide some initial ideas and results on how full-ﬁeld measurements can be coupled to an
inverse identiﬁcation procedure to identify Poisson’s ratio of such low density polymeric foams. 2D
digital image correlation will enable to measure the in-plane displacement ﬁeld and the Virtual Fields
Method (VFM, [10]) will be used to identify the material parameters.

2 The Virtual Fields Method
2.1 Overview

The Virtual Fields Method (VFM) is a dedicated tool to process full-ﬁeld measurements in order to
extract mechanical constitutive parameters of materials. The method relies on the principle of virtual
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work that can be written as:
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where σ is the actual stress tensor,   is the virtual strain tensor, T is the distribution of applied loading
acting on S f , u is the virtual displacement, f is the distribution of volume forces acting on V, ρ is the
mass per unit volume, γ the acceleration, ’.’ stands for the scalar product between two vectors and ’:’
stands for the contracted product between two second order tensors. An important feature is the fact
that the above equation is veriﬁed for any kinematically admissible virtual ﬁeld (u∗ ,  ∗ ). In the present
case (static loading), the right-hand side term will be neglected (no inertial eﬀects) and the volume
forces (gravity) will be neglected too. The idea of the VFM is to substitute the stress tensor in Eq. 1
using the constitutive equation. In the case of linear isotropic elasticity, homogeneous material, and
within the hypothesis of small deformations, this can be written as:
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−Q xx [ε x ε∗x + εy ε∗y + ε s ε∗s ]dV − Q xy [ε x ε∗y + ε x ε∗y − ε s ε∗s ]dV +
T.u dS = 0
(2)
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The Virtual Fields Method has been applied to a number of situations within the last decade. A review
article gives more details about the method [10].

2.2 Application of the VFM to the determination of Poisson’s ratio in large deformations

The foams studied in this paper exhibit hyper-elastic behaviour, i.e. they can reach very large deformations and revert back to their initial shape after release of the load. The deﬁnition of Poisson’s ratio for
this situation requires some speciﬁc attention, particularly for such highly non-linear materials where
Poisson’s ratio is highly dependent on the strain level [11,9]. The problem was nicely addressed in [8]
where the notion of Poisson’s function is introduced as:
ν=−

Δεy
Δε x

(3)

in a uniaxial test in the x direction, where Δεy and Δε x are the strain increments between two load
steps. It is equivalent to a tangent Poisson’s ratio at a given deformation state. The same approach is
employed here. Because Poisson’s ratio is the ratio between Q xy and Q xx , it is not necessary to measure
a force to identify it. Indeed, if a virtual ﬁeld is selected so that it is zero over the specimen’s boundary
where the loads are introduced, then the last term vanishes and Eq. 2 becomes:
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−Q xx [ε x ε x + εy εy + ε s ε s ]dV − Q xy [ε x ε∗y + ε x ε∗y − ε s ε∗s ]dV = 0
(4)
2
2
V
V
By selecting a virtual ﬁeld that will ensure that the second term is not zero, then Poisson’s ratio is
easily given by:

[ε x ε∗x + εy ε∗y + 12 ε s ε∗s ]dV
Q xy
ν=
(5)
= − V
Q xx
[ε ε∗ + ε x ε∗y − 12 ε s ε∗s ]dV
V x y
Since only surface measurements are available here, it is assumed that the strains are constant through
the specimen thickness and the integrals can be integrated on z and the thickness cancels out in the
fraction of Eq. 5. In practice, the integrals are approximated by discrete sums, for instance:
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where p is the number of measurement points and si the surface associated to the strain value at point
i. Since in the present case, the grid of measurement points is regular, the discrete sum above becomes:
p
p

S  ∗ i i
∗ i i i
(ε x ) ε x s =
(ε ) ε = S ε∗x ε x
p i=1 x x
i=1

(7)

where ε∗x ε x indicates the spatial averaging of function ε∗x ε x . Therefore, the integrals in Eq. 5 can be
seen as weighted averages of the actual strains and Poisson’s ratio can be rewritten as:
ν=−

ε x ε∗x + εy ε∗y + 12 ε s ε∗s
ε x ε∗y + εy ε∗x − 12 ε s ε∗s

(8)

3 Test on the auxetic foam
3.1 Specimen manufacturing

The specimen tested in this study is a square section cylinder of dimensions 20 × 20 × 85 mm. The pristine material used to fabricate it was conventional white coloured open-cell PU based foam supplied by
SM Upholstery Ltd, Cardiﬀ, UK, with a density of 24 kg.m−3 . A rectangular sample of 140×30×30 mm
was obtained using a vertical metal cutting band saw. The sample was then converted into auxetic phase
following a process similar to the one illustrated in [12,13], however with a diﬀerent mould geometry.
More details can be found in [14].
3.2 Longitudinal compression
3.2.1 Experimental description

The ﬁrst test that was performed consisted in a compression along the axis of the specimen. This was
undertaken through the use of a standard clamp. Since only Poisson’s ratio was sought here, no load
cell was used. The CCD camera used here is a 12-bit 4000 by 2672 pixels camera. The specimen
was loaded in 24 stages where pictures of the deformed specimen were taken. Some of these images
can be seen on Fig. 1. The area of interest was selected on the undeformed image as shown on this
ﬁgure. It consisted of 2855 by 914 pixels. Since the specimen width is 20 mm, it gives a pixel size of
about 22 μm. The image correlation was performed using the Correli software presented in [15], based
on a fast Fourier transform algorithm. Because the specimen natural colour was yellowish, it did not
provide enough contrast to perform good quality measurements and because of the very low stiﬀness of
the foam, any type of paint would constrain the surface deformation. Therefore, the specimen surface
was lightly brushed with a black felt pen to provide a greyish surface that proved much better for the
correlation. A subset of 64 x 64 pixels with a shift of 8 pixels was selected here. Because of the very
large deformations occurring in the foam, the correlation algorithm is programmed in an incremental
way. Image n is correlated with image n-1 and the deformations are cumulated in the undeformed
conﬁguration. Details of this procedure can be found in [15]. From the 24 displacement maps obtained
from image correlation, the strains were calculated using a local smoothing/diﬀerentiation approach
known as ’diﬀuse approximation’, with a radius of 8 measurement points. The complete procedure is
detailed in [16].
3.2.2 Poisson’s ratio identiﬁcation

The ﬁrst approach to the identiﬁcation of Poisson’s ratio uses the common assumption of uniform
uniaxial stress ﬁeld. Therefore, Poisson’s ratio, denoted in this case νuni is given as:
νuni (x, y) = −

εy (x, y)
ε x (x, y)
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(a) Specimen at rest

(b) Deformed specimen stage 8

(c) Deformed specimen stage 16

(d) Deformed specimen ﬁnal stage

Fig. 1. Auxetic specimen at rest and in deformed states, longitudinal compression.

where ε x (x, y) is the longitudinal strain component and εy (x, y) the transverse one at the point of
coordinates (x,y). Since strain values are available at a great number of points at the specimen surface,
then an average Poisson’s ratio can be deﬁned as:
νuni = −

εy
εx

(10)

where the upper bar indicates spatial averaging over the specimen surface. This calculation can be
performed at each stage of loading. This corresponds to the values of Poisson’s ratio for increasing
compression levels. Instead of representing this evolution as a function of step number, it is usual
to represent it as a function of the average compressive deformation, H x in the present case. The
evolution of Poisson’s ratio thus calculated is represented in Fig. 2. The evolution is very similar
to that of an equivalent auxetic foam where Poisson’s ratio was measured using CCD images and a
contour detection algorithm [11]. The increase of Poisson’s ratio towards zero describes the gradual
loss of the auxetic eﬀect by closing down of the foam cells. For the Virtual Fields Method approach,
the idea is to deﬁne a virtual ﬁeld that will zero the contribution of the loading forces at the ends of
the specimen (see Section 2). A ﬁrst simple virtual ﬁeld can therefore be deﬁned as:
 ∗
ux = 0
(11)
u∗y = x(x − L)y
The x(x-L) term ensures that the virtual displacements are zero at both specimens edges and the y
term ensures a non zero transverse strain necessary for the identiﬁcation since without it, only the
shear strains would have been involved, which are small in this test for most load steps. The resulting
equation (see Section 2) gives:
νv f 1 = −

x(x − L)εy + (x − L2 )yε s
x(x − L)ε x − (x − L2 )yε s
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Fig. 2. Evolution of Poisson’s ratio with compressive deformation, uniaxial and virtual ﬁelds approach (vf1),
auxetic longitudinal compression.

The results from these calculations are plotted on Fig. 2. They are very similar to that from the uniaxial
approach but signiﬁcant diﬀerences are present, mainly in the early and late stages of loading. For
instance, for the ﬁrst load step, the uniaxial approach very signiﬁcantly underestimates Poisson’s ratio,
with a value of -0.195 whereas the VFM approach yields a value of -0.28. This is caused by some
parasitic shear strain present in the early stages of deformation only. The Virtual Fields Method tackles
this whereas the constant stress approach does not, leading to some biased results.
3.3 Transverse compression
3.3.1 Experimental description

The second test that was performed consisted in a compression transverse to the axis of the specimen,
in order to investigate its possible anisotropy. Two wood plates are used to apply the load. The whole
set-up is ﬁtted in a standard electromechanical testing machine. The camera was the same as that used
for the longitudinal test. An initial correlation window of 64 with a step of 8 led to an array of 73 × 251
measurement points. The test consisted in 13 load steps. Fig. 3 shows the initial undeformed specimen
with the box marking the area of investigation and axes, while the right hand side ﬁgure shows the
ﬁnal stage of deformation. The strains were calculated in the same way as for the longitudinal test,
with a radius of 8.
3.3.2 Poisson’s ratio identiﬁcation

The same virtual ﬁelds have been used as for the longitudinal test. However, here, the situation is
slightly diﬀerent because the active area (see Fig. 3) does not encompass the whole specimen length.
Therefore, zero virtual displacements have to be prescribed over the whole specimen boundary. This
is already the case for the optimized virtual ﬁeld but the manually deﬁned one has to be adapted. Now,
it becomes:
 ∗
u x = y(y − b)x(x − L)
(13)
u∗y = 0
where b is the specimen width (y-direction) and L the length of the active area (x-direction). Apart
from the fact that the virtual ﬁeld now has to bear on u∗x because the load is applied in the y-direction,
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(a) Specimen at rest

(b) Deformed specimen at ﬁnal stage

Fig. 3. Auxetic specimen at rest and in ﬁnal deformed state, transverse compression.

the expression is built-up so that u∗x = 0 for both the x and y boundaries of the active area. The resulting
expression for Poisson’s ratio becomes:
νv f 1 = −

(2x − L)y(y − b)ε x + (y − L2 )x(x − L)ε s
(2x − L)y(y − b)εy − (y − L2 )x(x − L)ε s

(14)

The results for the uniaxial approach, manual and optimized virtual ﬁelds are reported on Fig. 4. The
ﬁrst thing that can be seen on these results is that the magnitude of Poisson’s ratio is much smaller
than for the longitudinal conﬁguration. There is a small auxetic eﬀect at very low strains (here, only
for the ﬁrst loading stage) and then, Poisson’s ratio becomes very close to zero. This suggests that
the auxetic foam is anisotropic. It could be argued that because of this, the whole present approach is
irrelevant because isotropy was assumed. However, with the simple test conﬁguration and virtual ﬁelds
used here, the only problem comes from assuming that the shear modulus depends on Q xx and Q xy in
the previous section. In order to fully investigate this issue, the complete orthotropic set of stiﬀnesses
should be identiﬁed which, to the best knowledge of the author, has never been attempted. This is one
of the perspectives of the present paper that will require more complex tests together with the virtual
ﬁelds methods.
The second observation is that the results are more scattered between the two virtual ﬁelds approach

Fig. 4. Evolution of Poisson’s ratio with compressive transverse deformation, uniaxial approach and manual and
optimized virtual ﬁelds, auxetic transverse compression.
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than for the previous results. The reason for this appears clearly on the strain ﬁeld maps shown in
Fig. 5. Indeed, all ε x maps exhibit a pattern of positive and negative values of transverse strains, which
is consistent throughout the test where areas of positive and negative strains remain the same. For the
virtual ﬁelds approach, spatially weighted averages are used which means that values of Poisson’s ratio
obtained with diﬀerent virtual ﬁelds may be diﬀerent. The physical reason for this strain localization
is not clear. The only certain point is that this is not a noise issue since the strains are rather high and
the pattern is consistent from one load step to the other. Investigations using X-ray tomography would
be useful here to study this eﬀect in more depth. This will be attempted in the future.

(a) εy at load step 1

(b) ε x at load step 1

(c) εy at load step 2

(d) ε x at load step 2

(e) εy at load step 4

(f) ε x at load step 4

(g) εy at load step 9

(h) ε x at load step 9

(i) εy at load step 13

(j) ε x at load step 13

Fig. 5. Longitudinal and transverse strain maps all along the test, auxetic transverse compression.

4 Conclusion and future work
The present study has underlined the potential of full-ﬁeld measurements to investigate the complex
mechanical behaviour of low density polymeric foams. In particular, concerning the determination of
Poisson’s ratio for the auxetic foam, the following conclusions were reached.
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– The standard uniaxial approach has been shown to reach its limits in the case of the presence of
signiﬁcant shear strains.
– The behaviour of the auxetic foam is highly anisotropic as a consequence of its microstructure.
– The behaviour in transverse compression exhibited localized auxetic and non auxetic behaviour
probably related to the local microstructure though this was not investigated in further detail. This
results in a very low average Poisson’s ratio.
It is clear that this area of research is still in its infancy and that the present contribution is really only
a ﬁrst contribution. In particular, the following points will have to be examined in the future.
– More complex tests should be performed to identify a more general constitutive model, in the same
spirit as recent work on rubber [17].
– Some of the present results suggest strong local heterogeneities in Poisson’s ratio (transverse test).
This will have to be investigated by identifying local Poisson’s ratio values and relative these to
relevant microstructural parameters.
– The real challenge lies in full volume deformation measurements based on X-ray tomographic
images and digital volume correlation, following some seminal work reported in [7] for instance.
Such measurements coupled to eﬀective inverse procedures such as the Virtual Fields Method have
the potential to shed a new light on constitutive modeling of hyper-elastic foams.
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