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a b s t r a c t

The use of appropriate leisure, sports and orthotic footwear can help reduce the occurrence of foot prob-
lems, maintain correct gait and provide stability for the individual. The temperature of footwear compo-
nents could play a key role in the development of foot problems in certain circumstances and can also
affect gait and stability too.

For orthotic and sports applications, footwear should be designed to accommodate the effects of tem-
perature to maximise their cushioning and stabilising effect. Materials test data is therefore required for
footwear foams at various temperatures to predict their performance in service and to aid materials
development and product design.

The mechanical properties of eight commonly used elastomeric foams (midsole and insole) have been
obtained from the current study and the effect of temperature quantified under displacement control test
conditions. The foams were subject separately to quasi-static compression and shear force loading under
varying temperature conditions (�10 �C to 40 �C) using a new testing protocol. All material test data were
subject to a least squares fit procedure within the FEA software ABAQUS to determine the coefficients of
the hyperfoam model used to describe the foams behaviour at different temperature, a validation exer-
cise for these coefficients has been performed. Further numerical methods were employed to determine
the foams energy absorption characteristics.

The present study indicated that all foams tested exhibit typical elastomer mechanical and energy
absorption characteristics and that these characteristics are affected significantly as a function of temper-
ature. All foams demonstrated some degree of softening with elevated temperature whereas lower tem-
peratures resulted in a greater amount of energy absorption capability for a specific value of strain (as a
result of increasing stiffness).

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The foot is subject to forces whilst walking, running and jump-
ing and these can generate stresses in the foot that are potentially
damaging. In fact, unnoticed, repeated bouts of excessive stresses,
particularly on insensitive skin, constitute a primary contributing
factor to skin breakdown. Understanding and managing the cause
of skin breakdown is critical in reducing such incidences and the
subsequent possible risk of amputation [1]. Forces impact the
plantar foot during weight-bearing activities and generate ground
reaction forces (GRF) which are distributed under the plantar
ll rights reserved.
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surface of the foot. GRF’s can be perpendicular to the foot (known
as pressure) or they can act parallel to the foot (known as shear
force). These GRF’s can form ulcers, particularly in the feet of peo-
ple with diabetes due to their inability to appreciate the damaging
stresses that can occur [1–5]. Footwear and orthoses are seen as
important factors in preventing ulcers and other injuries in the
foot. Selection of the correct footwear foam components based
on individual requirements can lower the resulting stresses.

The mechanical properties of most footwear foam materials are
highly temperature dependent, the lower the temperature, the less
elastic the material. As such, a shoe can have different cushioning
characteristics under different temperature conditions. An increase
in temperature and subsequent softening of the foam material can
also result in less stability [6–9]. The increase in footwear temper-
ature can occur due to an individual’s body temperature, by repet-
itive friction, compression and stretching of the material due to the
forces generated at heel strike, and due to general environmental
conditions.
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Fig. 1. Typical compressive stress–strain characteristics.
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Biomechanists and sports medicine experts emphasise the
importance of good shoe design for stability, off-loading of plantar
stresses and impact force attenuation during activities such as run-
ning [8,10–13]. Footwear foam temperature can be a contributory
factor when considering the effectiveness of a shoe to perform its
function.

Elastomer foams are used extensively as outsoles, midsoles and
insoles in a wide variety of footwear. The mechanical and energy
absorption characteristics of several midsole and insole foams are
investigated in this study under displacement control test condi-
tions with particular attention focussed on the effect of tempera-
ture on their performance.

1.1. Elastomer foam materials

Elastomer foams are widely used in footwear [9,14,15] as they
act as shock absorbers, are lightweight and have the ability to con-
form to complex contours and recover large deformations. These
properties have led to the foams use particularly in sports and
therapeutic footwear where the feet can experience damaging
stresses.

Elastomer foam material properties are highly non-linear and
sensitive to density [9,15], strain rate [9] and temperature [6–9].
They are best described by non-linear material models such as
the Ogden model [16].

1.1.1. Temperature sensitivity
The physical properties of elastomeric foams can be greatly

influenced by temperature variation and footwear foam tempera-
ture can have a direct effect on the forces transmitted to the foot.
It has been shown that soft footwear foams result in a longer con-
tact time between the foot and the ground resulting in a reduction
in the peak value of the forces transmitted to the foot and skeletal
system [17]. For many activities, such as running, the wearer must
perform in hot and cold temperatures which will affect the atten-
uating properties of the footwear. Three main factors which play
key roles in modifying the temperature of footwear are foot tem-
perature; friction and compression between foot and footwear;
and the temperature of the environment.

Repetitive friction and compression between foot and footwear
induces a non-homogeneous elevation of temperature in the foot
[18]. This elevation varies according to activity and to the ability
of the footwear materials to evacuate heat. In general the heat is
transferred to the shoe components (midsole and insole) resulting
in a temperature rise.

Other studies [8] have found that midsole temperatures
increase during the initial 15–20 min of a run followed by a
relatively constant temperature period as the heat exchanges
becomes balanced. They found that the average increase in midsole
temperature was about 8 �C with a maximum value of 13 �C. This
increase was believed to be due to the effect of internally gener-
ated heat resulting from repetitive compression of the air cells
inside the footwear and from heat transfer from the foot. This heat
transfer is significant as whilst running the maximum midsole
temperature has been shown to exceed the higher of the exterior
air temperature and the road temperature by around 10 �C.

Runners generally seem to use the same or similar shoes
throughout the year regardless of environmental temperature.
Footwear foams have a melting temperature of about 70 �C. In
colder temperature conditions, foams tend to become firmer
depending on their formulation and cold ambient temperatures
significantly reduce the shock attenuation of commonly used run-
ning shoes [7]. These findings suggest that although the footwear
foam temperature is not identical to the environmental tempera-
ture during an outdoor activity, it is still heavily influenced by
environmental temperature. Considering the wide range of
extreme weather conditions in which today’s athletes train, the
performance of their running shoes could vary significantly.
1.1.2. Effect of temperature on the stress–strain characteristics of
foams
1.1.2.1. Compression characteristics. There are three common
phases of deformation observed during compression of footwear
foams [9] as seen in Fig. 1. The first phase is a linear elastic
response, where stress increases linearly with deformation and
the strain is recoverable. The second phase is characterised by
continued deformation at relatively constant stress, known as the
stress or collapse plateau and provides the bulk of the energy
absorption capabilities for the material. The final phase of defor-
mation is densification where the foam begins to respond as a
compacted solid. At this point the cellular structure within the
material has collapsed and further deformation requires compres-
sion of the solid foam material. Fig. 1 shows that temperature
elevation results in decreased elastic modulus and plateau stress
levels and an increased densification strain.
1.1.2.2. Shear force characteristics. In Fig. 2, the shear stress–strain
behaviour of the foams can be seen to be divided into two regions
characterized up to 25% strain; the first is of linear elasticity where
stress increases linearly with deformation and the strain is recov-
erable; the second is characterised by continued deformation at
relatively constant stress [19,20]. Again, Fig. 2 shows that temper-
ature elevation results in decreased elastic modulus and plateau
stress.
1.1.3. Effect of temperature on the energy absorption behaviour of
foams

The energy absorption of elastomeric foams is affected by tem-
perature variation [7]. When an elastomeric foam is compressed,
energy is absorbed in the bending and buckling of the cell walls.
Some of this energy is returned on decompression of the material.
The energy and shock absorption ability of footwear foams can
affect oxygen consumption and the peak forces transmitted to
the skeletal system during activities such as running [7,8,21,22].
Firm foams tend to exhibit less shock absorbency in comparison
to softer foams. As such a firm foam will result in more energy
being transferred to the body requiring greater muscle effort to
absorb it and thus a greater oxygen demand. Stiffening of a shoe
foam in cold weather is likely to increase the energy demands of



Fig. 2. Typical shear force stress–strain characteristics. Fig. 4. Typical shear stress–strain loading/unloading curve.
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running which would lead to earlier fatigue and hence a higher risk
of injury. Conversely, high foam temperatures can soften foams to
such an extent that they could ‘bottom-out’ providing no shock
absorption for the wearer at all.

The total energy absorption (EA) for the foams can be calculated
using the following equation,

EA ¼ EI � ER ð1Þ

The input energy (EI) and returned energy (ER) of a footwear
foam is illustrated in Figs. 3 and 4 which show typical elastomer
compressive and shear loading/unloading stress–strain response.
The EI and ER can be obtained numerically by estimating the area
under the loading and unloading curves respectively [23].
1.2. Aims and objectives

The aim of this study was to investigate the effects of tempera-
ture on the material and energy absorption characteristics of mid-
sole and insole footwear foams subject to quasi-static compressive
and shear force loadings and to provide a library of non-linear
hyperfoam material parameters for these foams. To achieve this,
some of the most commonly used closed cell polymeric footwear
foams [24] such as EVA, Nora Plastazote and Poron were tested
to obtain their mechanical and energy absorption characteristics
using displacement control test conditions. Subsequently,
Fig. 3. Typical compressive stress–strain loading/unloading curve.
non-linear hyperfoam material coefficients were determined using
ABAQUS for use in the appropriate strain energy function for each
set of data.

2. Experimental work

The footwear foams were tested in compression and shear to
obtain their stress–strain characteristics at temperatures ranging
from �10 �C to 40 �C. The testing was undertaken using a Tinius
Olsen (H1kS Model) tensile testing machine with a 5 kN load cell
in conjunction with an integrated environmental chamber and
appropriate loading fixtures as shown in Fig. 5.

2.1. Samples and materials

Testing concentrated on eight elastomeric foams (Table 1)
which were selected based on their common usage as different
shoe components.

Cylindrical and square test samples were manufactured from
sheet stock for the compression and shear loading tests respec-
tively. The cylindrical samples were 50 mm in diameter and
squared samples were 40 mm edge lengths. The thicknesses were
20 mm, except for Poron foams and Plastazote Medium which
were 6 mm and 10 mm thick respectively.

2.2. Testing protocol

2.2.1. Temperature control
The temperature inside the environmental chamber was main-

tained using a controller. Temperatures higher than room temper-
ature were obtained using the heat chamber integrated into the
testing machine, temperatures below room temperature were pro-
duced using liquid nitrogen (as shown in Fig. 5). The following pro-
cess was undertaken to ensure accurate temperature control for
the tests.

� Two foam specimens were used for each test (manufactured
from the same sheet stock). One ‘dummy’ specimen was used
to accurately monitor the foam temperature and the other
was used for the actual test.
� The temperature of the foam was monitored by placing one

thermocouple on the surface of the ‘dummy’ specimen and
inserting another inside the centre of the foam. These thermo-
couples were connected to two different input ports of a
thermometer.
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Table 1
Footwear foams with typical applications [24].

Foam Grade Density q (g/cm3) Usage

EVA Low density 0.19 Midsole
Medium density 0.29

Lunasoft nora Low density (SLW) 0.17
Medium density (SL) 0.19

Poron (grey) Medical 0.24 Insole
Poron (blue) Medical 0.29
Poron (green) Diabetic 0.23
Plastazote Medium 0.042
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� Both specimens were placed inside the integrated environmen-
tal chamber to reach the desired steady state temperature
before testing.
� Once the desired test temperature was reached (displayed by

the thermometers connected to the ‘dummy’ specimen) it was
assumed that the second ‘test’ specimen had also reached the
same temperature too.
� The surface temperature of the foams were further checked

before each test using a laser infrared temperature sensor.
� At the required temperature the compression and shear tests

were carried out on the foam specimens.

2.2.2. Pre-conditioning
In order to obtain reliable material data the foam specimens

were pre-conditioned by up to three identical loading cycles while
monitoring their stress–strain behaviour [25,26]. The repeatability
of this behaviour indicated whether the material had stabilized
and was exhibiting a steady state response. The methodology in
ASTM D395 [26] was used to pre-condition the foams with each
sample being loaded up to three times to 50% strain for the
compression samples and 25% strain for the shear samples. After
each loading and unloading the sample was allowed to relax for
one minute between cycles. The three pre-conditioning and final
cycle curves for low density Lunasoft obtained under compressive
and shear loading at 30 �C are shown in Fig. 6a and b, respectively.
2.2.3. Quasi-static compression and shear tests
The procedure in ASTM D575-91 [27–29] was used for all tests.

The tests were carried out using virgin samples. For the compres-
sion tests the samples were compressed to 50% of their original
thickness, whereas for the shear tests the samples were deformed
in shear to 25% of their original thickness such that in both cases
the Mullin effect could be ignored [30].

The test samples were placed between two parallel steel plates
using the configurations shown in Fig. 7 dependant on the type of
loading. Pre-conditioning cycles were carried out before the final
data was recorded (after the material characteristics had stabi-
lised). The tests were repeated at least three times for each case
(specific foam type and temperature) to ensure the repeatability
of the results. Force–displacement was measured simultaneously
and normalized by sample area and thickness, respectively, to
calculate the stress and strain.
2.3. Results

2.3.1. Compressive stress–strain characteristics of foam materials
The compressive stress–strain characteristics for the footwear

foams at various temperatures are shown in Fig. 8a–h. Each
loading/unloading curve shown is the average of at least three
repetitive test results as described in Section 2.2.3.

Fig. 9 demonstrates the softening effect that increasing temper-
ature has on the foams which results in a reduction in normal



Fig. 6. Typical pre-conditioning and final stress versus strain behaviour of LD
lunasoft at 30 �C under quasi-static (a) compression (b) shear force Loading.

Fig. 7. Schematic diagram of foam specimen under (a) compressive (b) shear force
loading.
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stress for a particular value of strain. The results shown in Fig. 9
were all recorded at 50% strain.

2.3.2. Shear stress–strain characteristics of foam materials
The shear stress–strain characteristics for the footwear foams at

various temperatures are shown in Fig. 10a–h. Each loading/
unloading curve shown is the average of at least three repetitive
test results as described in Section 2.2.3.

Fig. 11 demonstrate the softening effect that increasing temper-
ature has on the foams which results in a reduction in shear stress
for a particular value of strain.

3. Material models and data analysis

3.1. Ogden strain energy formulation

A material model normally used to describe a foams response to
loading is the non-linear hyperfoam model described by the Ogden
strain energy formulation, Eq. (2) [15,16].

U ¼
XN

i¼1

2li

a2
i

k̂ai
1 þ k̂ai

2 þ k̂ai
3 � 3

� �
þ 1

bi
ðJelÞ�aibi � 1
� �� �

ð2Þ

where N is a polynomial order, li, ai and bi are temperature depen-
dent parameters. ki are the principal extension ratios, as shown in
the following equation.

k̂i ¼ ðJthÞ�
1
3ki ! k̂1k̂2k̂3 ¼ Jel ð3Þ

The coefficients li, are related to the initial shear modulus, l0,
by the expression shown in the following equation,
l0 ¼
XN

i¼1

li ð4Þ

while the initial bulk modulus, K0, follow from:

K0 ¼
XN

i¼1

2li
1
3
þ bi

� �
ð5Þ

For each time in the energy function, the coefficient bi, deter-
mines the degree of compressibility. bi is related to Poisson’s ratio,
mi, by the expression shown in Eqs. (6) and (7).

bi ¼
mi

1� 2mi
ð6Þ

mi ¼
bi

1� 2bi
ð7Þ

The coefficients used in the hyperfoam model within ABAQUS
can be defined directly, or alternatively, actual test data can be
specified (which is then used by ABAQUS to calculate the coeffi-
cients). The coefficients are calculated by curve fitting the strain
energy function to the stress–strain test data (Figs. 8a–h and
10a–h) using a non-linear least squares optimisation procedure.
The hyperelastic foam model within ABAQUS has a convenient op-
tion to facilitate this. The loading part of the stress–strain curves
were used to extract the hyperfoam material coefficients
(l1,l2, . . . ,l6, a1,a, . . . ,a6, m1,m2, . . . ,m6) for N = 2 to 6. The coeffi-
cients for all foams and temperatures were obtained using, (i) com-
pression test data only, (ii) pure shear test data only, (iii) both
compression and shear test data together (multi-test data). Accu-
rate modelling of a foam using the Ogden strain energy formula-
tion is dependant on the mode(s) of deformation which the foam
is likely to be subjected to. If the foam is only subject to compres-
sive loading then the data from compression tests only (or the
associated calculated coefficients) will provide an accurate repre-
sentation of the foams response to the loading. If however the
deformation is one of say compression and shear (as in the case
of feet and footwear), then both compression and shear test data
(or the associated calculated multi-test coefficients) should be
used. The coefficients calculated by ABAQUS from the compression,
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Fig. 8. (a–h) Quasi-static compressive stress–strain behaviour of midsole and insole foams at varying temperatures �10 �C to 40 �C.
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Fig. 9. The variation of compressive stress at 50% strain during quasi-static
compressive loading for the midsole and insole foams with varying temperatures
(�10 �C to 40 �C).
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shear, and combined compression/shear tests data are listed in Ta-
bles A1–A4 respectively. These coefficients can be used directly in
ABAQUS to simulate a foams response to compressive and/or shear
loading at specific temperatures (instead of inputting the actual
test stress–strain data).

3.1.1. Validation of the hyperfoam material coefficients
The compression and shear tests were simulated using two

finite element models which were developed using ABAQUS. The
purpose of this was to compare the stress–strain response obtained
from the experimental tests with that obtained from FEA where
the foam material properties were specified using the hyperfoam
material coefficients (listed in Tables A1–A4). A favourable
comparison would validate the coefficient values obtained from
the least squares fit procedure for use in the Ogden strain energy
formulation. The finite element models used are shown in
Fig. 12a and b) with four noded plane strain reduced integration
elements (CPE4R) used for both meshes. In the compression model
(Fig. 12a) the bottom edge of the lower plate was fixed in all
degrees-of-freedom (ux = uy = 0), and symmetry constraints
(ux = 0) were applied to the left side of both plates and to both
the left and right sides of the foam (m = 0). In the shear model
(Fig. 12b) only the right hand edge of the right plate was fixed
(ux = uy = 0). A ‘tie’ constraint was used to ‘bond’ the plates to the
foam for both models. The loading of the foams was achieved by
specifying prescribed displacements to the top edge of the upper
plate for compression (uy = �10 mm, �5 mm, �3 mm, 50% normal
strain, Fig. 12a) and on the top edge of the left plate for shear
(uy = 5 mm, 2.5 mm, 1.5 mm, 25% shear strain, Fig. 12b). The
prescribed displacement values were determined based on the
thickness of the foams being considered.

Figs. 13 and 14 show a summary of the results from the valida-
tion exercise in terms of a stress ratio. This is the ratio of the stress
obtained experimentally against the stress determined using finite
element analysis (where the foam material characteristics are
described by the Ogden hyperfoam model using the coefficients
listed in Tables A1–A4). Figs. 13a and b and 14a and b show the
stress ratios against temperature, with the values of stress taken
in all cases at 50% and 25% strain for compressive and shear loading
respectively and for all temperatures considered. A stress ratio
value of unity demonstrates exact correlation between the
experimental and FEA results and validation of the hyperfoam
models used. In Figs. A1 and A2 the experimental and FEA
stress–strain curves for all foams considered through the full range
of temperatures are overlaid for comparison and to demonstrate
the validity of all the hyperfoam model coefficients listed in Tables
A1–A3.

3.2. Effect of temperature on the energy absorption of foams

The areas under the stress–strain loading and unloading curves
(Figs. 8 and 10) represent the input energy (EI) and returned energy
(ER) respectively for the footwear foams at various test tempera-
tures and for test specimens loaded to strain levels of 50% and
25% respectively in compression and shear. EI and ER can be
determined from:

E ¼
Z e1

0
rðeÞde ð8Þ

Numerical integration using the trapezium rule (Eq. (9)) [23]
was used to estimate EI and ER from the experimental data.

E ¼
Z e1

0
rðeÞde ¼ De

2
r0 þ 2r1 þ 2r2 þ � � � þ 2rn�1 þ rnð Þ ð9Þ

The energy absorption EA for each foam was then calculated
using Eq. (1). The variation of EA per unit volume (for the strain lev-
els specified) versus temperature under compressive and shear
force loadings are shown in Figs. 15 and 16.

4. Discussion

A testing method for subjecting footwear foam materials to
quasi-static uniaxial compressive and shear loading based on the
two standard test methods, ASTM D575-91 [27] (standard test
methods for rubber properties in compression) and [28] (principle
of testing elastomeric materials under shear loading), under vary-
ing temperatures and using displacement control has been pre-
sented and used to investigate the effect of temperature on
footwear foam material characteristics.

4.1. Compression test results

All eight test samples were subject to quasi-static compressive
loading to 50% strain at various temperatures through a tempera-
ture range of �10 �C to 40 �C.

4.1.1. General observation (compression)
As seen in Fig. 8a–h, the stress–strain behaviour of the foams

are characterised by three distinct regions: linear elastic, a plateau,
followed by a densification regime. These typical stress–strain
responses are observed for other footwear foams [8,9,14,15,19,
20,29]. Fig. 8a–h also shows that temperature elevation results in
decreased elastic modulus and plateau stress levels and an in-
creased densification strain for all the midsole and insole foams
tested. This is in agreement with observations made by other
researchers [8,9]. A rise in temperature has a softening effect on
all foams which can be observed by the decreasing compressive
stress values associated with particular values of strain (Fig. 9).
The energy absorption capacity of all foams is seen to decrease
with elevated temperature for constant strain values (due to
reduced foam stiffness).

4.1.2. Temperature effect (compression)
The reduction in stress levels (an indicator of extent of soften-

ing) in the four midsole foams over the temperature range of
�10 �C to 40 �C and at various magnitudes of strain were
remarkably similar. In the ‘plateau region’ (15% to 35% strain) the
percentage reduction in stress levels in all four cases was of the
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Fig. 10. (a�h) Quasi-static shear stress–strain behaviour of midsole and insole foams at varying temperatures (�10 �C to 40 �C).
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Fig. 11. The variation of shear stress at 25% strain during quasi-static shear force
loading for the midsole and insole foams with varying temperatures (�10 �C to
40 �C).
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order of 59%. In the ‘densification region’ (35–50% strain) the per-
centage reduction in stress for all midsole foams tested was in the
region of 65%. At lower values of strain (10%) the reduction in
stress was around 55%. This gives an indication that all midsoles
tested have a similar softening response to elevation in tempera-
ture with the softening effect becoming slightly more significant
as the magnitude of strain increases. It seems that LD EVA is the
most affected by elevation in temperature with an average reduc-
tion in stress levels of 66% over the temperature range (�10 �C to
40 �C), the other three midsole foams responding with an average
reduction of 59%.

The response of the four insoles tested resulted in significantly
different stress reductions for Poron (green and grey) compared to
(a)

6,10,20mm

Rigid Steel Plate

Rigid Steel Plate

Foam

Fixed
10mm

35mm

10mm

Fig. 12. FE models for foam under (a) co
Poron (blue) and Plastazote (medium). The reduction in stress
levels generated in Poron (green and grey) over the temperature
range of �10 �C to 40 �C for all magnitudes of strain (10–50%) were
almost identical at 86%. It is worth noting that Poron (green and
grey) have similar values of density (0.24 g/cm3). Poron Blue
(medical) and Plastazote (medium) however produced signifi-
cantly smaller reductions in stress over the temperature range
considered. In the ‘densification’ region (35–50% strain) both foams
produced stress reductions of around 50%. In the ‘plateau’ region
(15–35% strain), stress reductions of on average 45% were found
for Poron (blue) and around on average 40% for Plastazote
(medium). These results show that the insole foams Poron Green
and Poron Grey seem most susceptible to softening with elevated
temperatures (average stress reduction 86%), conversely, Poron
Blue and Plastazote exhibit the least softening (average stress
reductions of 45% and 37.4%, respectively).

4.1.3. Energy absorption (compression)
It can be seen from Fig. 15, that in general, the midsole foams

exhibit greater energy absorption when loaded to a specific strain
than the insoles tested over the temperature range considered
(with the exception of Poron Green at lower temperatures). MD
EVA absorbs the most energy over the temperature range, this
being at least double that of LD EVA and LD Lunasoft. MD Lunasoft
provides an energy absorption capability of around 75% of MD EVA.
For the insoles, Green Poron provides the greatest absorption
capability, this being similar to MD EVA and MD Lunasoft at
temperatures below 20 �C, and on par with the LD midsoles at
temperatures above 20 �C. Plastazote and Grey Poron provide the
lowest levels of energy absorption capacity from all the foams
tested.

For all midsole and insole foams it is evident from Fig. 15 that
their energy absorption capability decreases with increasing
temperature due to the softening of the materials when loaded
to the same strain. This is in agreement with findings reported in
the literature [7,8].
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Fig. 13. Stress ratio at 50% compressive strain with (a) single test data (b) multi test
data, through range of temperature.

Fig. 14. Stress ratio at 25% shear strain with (a) single test data (b) multi test data,
through range of temperature.

Fig. 15. Energy absorption at varying temperatures for compressive loading to 50%
strain.
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The average percentage reduction in energy absorption for the
four midsoles over the temperature range considered (�10 �C to
40 �C) was around 67%, with LD Lunasoft demonstrating the great-
est reduction at 85% and MD EVA the least at 56%. For the insoles
Grey and Green Poron showed greatest reductions in energy
absorption of 88% and 85%, respectively over the temperature
range, whilst Plastazote medium and Blue Poron exhibited the
least at 25% and 17%, respectively. These results show that apart
from Plastazote medium and Blue Poron, all foams tested show
significant reductions in their energy absorption capability over
the temperature range studied.

4.2. Shear test results

All eight test samples were subject to quasi-static shear loading
to 25% strain at various temperatures through a temperature range
of �10 �C to 40 �C.

4.2.1. General observation (shear)
Fig. 10a–h show typical shear stress–strain behaviour of

footwear foams. The temperature elevation results in decreased
shear modulus and plateau stress levels for all the midsole and
insole foams tested. The results do not show details of densification
as the samples were only loaded to 25% shear strain. A rise in
temperature has a softening effect on all foams which can be
observed by the decreasing shear stress values associated with
particular values of shear strain (Fig. 11). The energy absorption
capacity of all foams is seen to decrease with elevated temperature
when loaded to the same shear strain.



Fig. 16. Energy absorption at varying temperatures under shear force loading to
25% shear strain.
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4.2.2. Temperature effect (shear)
The reduction in shear stress levels (an indicator of extent of

softening) in the four midsole foams over the temperature range
of �10 �C to 40 �C and at various magnitudes of strain (10–25%)
were again similar at around 78% for the LD foams and 72% for
MD foams. This gives an indication that all midsoles tested have
a similar softening response to elevation in temperature with the
low density midsole foams (LD EVA and LD Lunasoft) most affected
by the elevation in temperature.

The response of the four insoles tested resulted in a significantly
different shear stress reduction for Poron (green) compared to the
other three insoles. The reduction in stress levels generated in
Poron (green) over the temperature range of �10 �C to 40 �C
through the range of strain (10–25%) was almost identical and on
average 95%. Poron (grey) and Plastazote (medium) produced
significantly smaller reductions in shear stress at 65% whereas
Poron (blue) demonstrated the least reduction at 47%. These
results show that Poron Green seems most susceptible to softening
with elevated temperatures (average stress reduction 95%), Poron
(blue) exhibited the least softening (average stress reductions of
47%).
4.2.3. Energy absorption (shear)
For all midsole and insole foams tested it is evident from Fig. 16

that their energy absorption capability decreases with increasing
temperature and loaded to the same extent due to the softening
of the materials. The average percentage reduction in energy
absorption for the four midsoles over the temperature range
considered (�10 �C to 40 �C) is 87%, with LD EVA demonstrating
the greatest reduction at 91% and MD EVA the least at 83%. For
the insoles, Poron (green) showed greatest reduction in energy
absorption at 95% over the temperature range, whilst Plastazote
(medium) and Poron (grey) both exhibited 72%, Poron (blue)
showing the least at 50%. These results show that apart from Poron
(blue) all foams tested in shear to the same values of strain showed
significant reductions in their energy absorption capability over
the temperature range studied.
4.3. Density

Figs. 8a–h and 10a–h show that the mechanical characteristics
of the foams are dependent on material density as shown also in
[8,9,29]. In general, midsole foams of the same type (e.g. LD and
MD EVA) will generate higher stresses for a particular value of
strain and temperature as foam density increases. This can be
observed for example in Figs. 8a and b where at 30% strain and
at a temperature of 20 �C the values of stress recorded are
0.27 MPa (LD EVA) and 0.7 MPa (MD EVA). However, different
foams (EVA, Lunasoft) with the same density do not necessarily
generate the same stress at a specific value of strain and tempera-
ture. For example, LD EVA and MD Lunasoft both have the same
density of 0.19 g/cm3 but at say 30% compressive strain and at a
temperature of 20 �C, the values for stress recorded are 0.27 MPa
and 0.45 MPa respectively (Fig. 8a and d). These two observations
for midsole foams are seen to apply across the range of strain and
temperatures considered (Fig. 8a–d).

For the insoles, the results (Fig. 8e–h) show no correlation
between foam density and stress values generated at specific
values of strain and temperature. Density seems to have little
effect on the magnitude of stresses generated for all insole foams
considered. This is highlighted on consideration of the results of
Poron (green) and Poron (grey, medical) which have similar values
of density (0.23/0.24 g/cm3) but generate significantly different
stresses under identical conditions. Again, considering the
situation at 30% strain and at a temperature of 20 �C, the stresses
generated are 0.38 MPa (Poron green) and 0.09 MPa (Poron, grey
medical), see Fig. 8e and g.
4.4. Material models

The uniaxial compressive and shear stress–strain test data at
the various test temperatures for all foams was used within
ABAQUS to determine the non-linear hyperfoam coefficients
(l1,l2, . . . ,l6, a1,a, . . . ,a6, m1,m2 . . . ,m6) for N = 2 to 6. Previous
research [15,29] concentrated on the characterisation of foams
under room temperature only, whereas the current study calcu-
lates the coefficients using, (i) compression test data only, (ii) pure
shear test data only, (iii) both compression and shear test data to-
gether (multi-test data) at varying temperatures of �10 �C to
40 �C. These are tabulated in Tables A1–A4, respectively. The
hyperfoam model coefficients listed were validated by FEA
(Figs. 13 and 14, Figs. A1 and A2). Using the Ogden strain energy
potential as a polynomial of order N = 2 provided good agreement
for all of the shear test data and most of the compression data. The
use of the Ogden equation for N > 2 was only considered in a few
instances for foams in compression. For MD EVA at 10 �C the best
fit coefficients were obtained at N = 4. For Poron Green at 10 �C
and 20 �C the order for best fit was N = 5, whereas for the same
foam at 0 �C, 10 �C, 30 �C and 40 �C the best fit was when N = 6.
For Plastazote Medium at 30 �C the best fit polynomial was that
when N = 6. Determination of the foams hyperfoam model
coefficients at varying temperatures provides information which
can be used to simulate more accurately a foams in-service
performance, improve product design for both sport and orthotic
footwear with the aim of reducing plantar stresses and shock
attenuation whilst improving stability.
5. Conclusions

It was shown during testing in both compression and shear that
it is necessary to pre-condition the foams to stabilize their stress–
strain characteristics. The material response to loading for all
foams tested was seen to stabilize after between two and three
pre-conditioning repetitions of the loading cycle depending on
the foam.

Four midsole and four insole polymeric footwear foam materi-
als were evaluated in compression and shear at varying tempera-
tures of �10 �C to 40 �C. The shape of the measured stress–strain
curves were in agreement with literature and followed expected



Table A1
Hyperfoam material fitted coefficients from compression testing for use in Ogden strain energy formulation for N P 2.

Footwear components Foam T (�C) N Hyperfoam material fitted coefficients (from compression data)

l1 (MPa) l2 (MPa) a1 a2 m1 m2

Midsole LD EVA �10 2 3.99 �1.9 14.73 �7.44 0 0
0 2 2.9 1.38 13.38 �6.77 0 0

10 2 2.13 �1.012 11.95 �6.06 0 0
20 2 1.81 �0.86 11.77 �5.965 0 0
30 2 1.456 �0.687 11.528 �5.852 0 0
40 2 1.023 �0.473 10.904 �5.570 0 0

MD EVA �10 2 6.21 �2.94 13.58 �6.87 0 0
0 2 5.1 �2.38 11.8 �6 0 0

10 4 The Ogden fitted coefficients for the midsole, MD EVA (10�C) were obtained at N = 4 and are listed in
Table A2

20 2 1.78 �0.85 9.78 �4.95 0 0
30 2 2.33 �1.17 6.22 �2.93 0 0
40 2 7.6 �6.86 1.71 0.678 0 0

LD nora (lunasoft) �10 2 2.86 �1.35 13.98 �7.07 0 0
0 2 2.21 �1.04 11.82 �6 0 0

10 2 2.18 �1.05 9.52 �4.8 0 0
20 2 1.78 �0.85 9.79 �4.95 0 0
30 2 1.58 �0.755 11.24 �5.69 0 0
40 2 1.11 �0.527 11.236 �5.703 0 0

MD nora (lunasoft) �10 2 5.096 �2.4 13.3 �6.74 0 0
0 2 3.385 �1.59 13.427 �6.81 0 0

10 2 11.55 �10.33 1.8 0.59 0 0
20 2 2.33 �1.2 6.33 �3 0 0
30 2 2.11 �1 10.21 �5.2 0 0
40 2 1.94 �1.25 3.93 �1.26 0 0

Insole Poron-green (diabetic) �10 5 The Ogden fitted coefficients for the insole, Green Poron were obtained at N > 2 and are listed in
Table A2

0 6
10 5
20 5
30 6
40 6

Poron-blue (medical) �10 2 0.86 �0.38 10.282 �5.321 0 0
0 2 0.875 �0.39 10.18 �5.24 0 0

10 2 1.83 �1.4 2.265 �0.106 0 0
20 2 1.01 �0.646 3.372 �1.03 0 0
30 2 0.634 �0.364 3.86 �1.44 0 0
40 2 0.46 �0.2 7.76 �4 0 0

Poron-grey �10 2 �0.15 1.07 12.95 �16.79 0 0
0 2 1.099 �0.48 8.97 �4.64 0 0

10 2 0.77 �0.37 11.083 �5.61 0 0
20 2 0.58 �0.276 11.66 �5.9 0 0
30 2 0.556 �0.266 12.7 �6.413 0 0
40 2 0.3 �0.143 10.88 �5.54 0 0

Plastazote medium �10 2 0.762 �0.34 12.52 �6.44 0 0
0 2 0.511 �0.21 10.5 �5.5 0 0

10 2 0.778 �0.356 11.9 �6.09 0 0
20 2 0.63 �0.28 9.72 �5.03 0 0
30 6 The Ogden fitted coefficients for the insole, plastazote medium (30�C) were obtained at N = 6 and are

listed in Table A2
40 2 0.57 �0.264 10.97 �5.6 0 0
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trends. Temperature was found to play a key role in modifying the
foams stress–strain characteristics. Temperature elevations result
in softening of the material with subsequent implications on its
energy absorption capacity and ability to provide adequate support
and stability in footwear applications.

The energy absorption capacity of all foams tested was shown
to decrease with elevated temperature when the specimens were
all loaded to the same magnitude of strain. This is a characteristic
of the displacement control test method used here. The midsole
foams exhibited a greater capacity to absorb energy in both
compression and shear than the insoles over the temperature
range considered (apart from the case of Poron Green which
demonstrated a greater capacity than LD and MD Lunasoft in
compression at temperatures below 20�C, and also better energy
absorption than LD EVA in shear over the full temperature range).
MD EVA was shown to be the best energy absorbing midsole
whereas Poron Green was the best insole material from the
materials tested in this study.

The material test data was used within the FEA software
ABAQUS and the hyperfoam non-linear material coefficients were
calculated for all foams at all temperatures considered using either
compression data only, shear data only, or both compression and
shear data which provides a more accurate characterisation of a
foam subject to compressive and shear loading simultaneously
(like feet or footwear). A library of these coefficients has been
produced which can be used in FEA to predict foam performance
in service and to aid materials development and product design.

In terms of footwear, the data obtained under the current study
suggests clinically important changes in foam function at higher
temperatures. At higher temperatures, certain foams become so
malleable that they may bottom out during heel impact and early
forefoot push-off providing minimal cushioning to the wearer. As



Table A2
Hyperfoam material fitted coefficients for MD EVA, green poron and plastazote medium from compression testing for use in Ogden strain energy formulation for N > 2.

Foam N T (�C) Hyperfoam material fitted coefficients (from compression data)

Coefficients Ogden strain energy polynomial order

1 2 3 4 5 6

MD EVA 4 10 l (MPa) 23.94 �16.42 �14 6.53 – –
a 6.9 15.14 �1.23 �7.81 – –
m 0 0 0 0 – –

Plastazote medium 6 30 l (MPa) 87.4 �137.27 65.041 �14.43 2.57 �2.437
a 3.24 5.1 7.02 0.74 �0.44 �5.31
m 0 0 0 0 0 0

Green poron 5 �10 l (MPa) �59.08 105.27 �51.14 4.34 1.45 –
a 2.3 4.82 7.31 �2.9 �5.85 –
m 0 0 0 0 0 –

6 0 l (MPa) 242.91 �319.63 114.19 75.58 83.195 �44.27
a 8.06 11.66 16.7 �0.99 �5.97 �8.55
m 0 0 0 0 0 0

6 10 l (MPa) 176.34 �336.84 84.15 �51.76 �6.76 �9.5
a 9.03 12.84 18.82 �1.6 �6.7 �9.5
m 0 0 0 0 0 0

5 20 l (MPa) �37.02 61.86 �35.95 3.12 8.26 –
a 0.26 3.16 4.95 �2.13 �2.12 –
m 0 0 0 0 0 –

6 30 l (MPa) 10.34 �13.65 5.9 �4.09 4.95 �2.99
a 9.16 15.53 24.99 �1.88 �8.26 �12.48
m 0 0 0 0 0 0

6 40 l (MPa) 1.9 �4.88 3.57 0.29 �0.61 3.3
a 2 4 6 �2 �4 �6
m 0 0 0 0 0 0

Table A3
Hyperfoam material fitted coefficients from shear force testing for use in Ogden strain energy formulation for N = 2.

Footwear components Foam T (�C) N Hyperfoam material fitted coefficients (from shear force data)

l1 (MPa) l2 (MPa) a1 a2 m1 m2

Midsole LD EVA �10 2 1.16 1.16 6.85 �6.85 0 0
0 2 0.52 0.52 �1.02 1.024 0 0

10 2 0.45 0.45 �0.003 0.003 0 0
20 2 0.7 0.7 �0.02 0.02 0 0
30 2 0.26 0.26 0.003 �0.003 0 0
40 2 0.0325 0.0325 25 �25 0 0

MD EVA �10 2 1.68 1.68 0.00536 �0.00536 0 0
0 2 1.18 1.19 0.00849 �0.00849 0 0

10 2 1 1 �0.00755 0.00755 0 0
20 2 0.82 0.82 �0.000863 0.000863 0 0
30 2 0.61 0.61 0.00014 �0.00014 0 0
40 2 0.0459 0.0459 25 �25 0 0

LD nora (lunasoft) �10 2 1.1 1.1 0.0119 �0.0119 0 0
0 2 0.82 0.82 0.0178 �0.0178 0 0

10 2 0.65 0.65 6.35E�05 �6.35E�05 0 0
20 2 0.54 0.54 0.0049 �0.0049 0 0
30 2 0.34 0.34 0.0024 �0.0024 0 0
40 2 0.0146 0.0146 25 �25 0 0

MD nora (lunasoft) �10 2 1.05 1.05 �0.00626 0.00626 0 0
0 2 0.86 0.86 0.018 �0.018 0 0

10 2 0.69 0.69 0.0324 �0.0324 0 0
20 2 0.55 0.55 0.0048 �0.0048 0 0
30 2 0.44 0.44 �0.01 0.01 0 0
40 2 0.506 0.506 25 �25 0 0

Insole Poron-green (diabetic) �10 2 1.09 1.09 �0.0013 0.0013 0 0
0 2 0.77 0.77 0.00375 �0.00375 0 0

10 2 0.41 0.41 5.71E–06 �5.71E–06 0 0
20 2 0.21 0.21 �1.44E–02 1.44E–02 0 0
30 2 0.11 0.11 �0.001.14 0.001.14 0 0
40 2 0.066 0.066 0.00296 �0.00296 0 0

Poron-blue (medical) �10 2 0.15 0.15 6.92 �6.92 0 0
0 2 0.134 0.14 0.0134 �0.0134 0 0

10 2 0.11 0.11 0.0124 �0.0124 0 0
20 2 0.1 0.1 2.06E–04 �2.06E–04 0 0
30 2 0.095 0.095 0.028 �0.028 0 0
40 2 0.0915 0.0915 0.01 �0.01 0 0

Poron-grey �10 2 0.16 0.16 11.18 �11.18 0 0
0 2 0.15 0.15 6.92 �6.92 0 0

(continued on next page)
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Table A3 (continued)

Footwear components Foam T (�C) N Hyperfoam material fitted coefficients (from shear force data)

l1 (MPa) l2 (MPa) a1 a2 m1 m2

10 2 0.122 0.122 7.06E–04 �7.06E–04 0 0
20 2 0.093 0.093 0.012 �0.012 0 0
30 2 0.08 0.08 �9.4E–04 9.4E–04 0 0
40 2 0.075 0.075 0.0176 �0.0176 0 0

Plastazote medium �10 2 0.53 0.53 �0.0039 0.0039 0 0
0 2 0.42 0.42 �0.0018 0.0018 0 0

10 2 0.68 0.68 25 �25 0 0
20 2 0.25 0.25 �0.00126 0.00126 0 0
30 2 0.24 0.24 �0.00792 �0.00792 0 0
40 2 0.18 0.18 �2.05E–04 2.05E–04 0 0

Table A4
Hyperfoam material fitted coefficients from combined compression and shear force testing for use in Ogden strain energy formulation for N = 2.

Footwear components Foam T (�C) N Hyperfoam material fitted coefficients (from combined data)

l1 (MPa) l2 (MPa) a1 a2 m1 m2

Midsole LD EVA �10 2 3.25 �2.80 �1.97 �2.33 0 0
0 2 2.88 �2.54 �2.26 �2.566 0 0

10 2 2.6 �2.3 �2.31 �2.62 0 0
20 2 �4.24 4.5 1.85 1.31 0 0
30 2 1.127 �0.956 �2.8 �3.15 0 0
40 2 �1.245 1.256 �0.322 �0.832 0 0

MD EVA �10 2 14.33 �13.3 �1.49 �1.7 0 0
0 2 8.13 �7.39 �2.23 �2.45 0 0

10 2 4.37 �3.72 �2.37 �2.7 0 0
20 2 3.34 �2.82 �1.99 �2.35 0 0
30 2 2.8 �2.4 �2.47 �2.79 0 0
40 2 �2.22 2.25 �0.83 �1.27 0 0

LD nora (lunasoft) �10 2 17.12 �16.46 1.14 0.85 0 0
0 2 7.12 �6.68 �1.75 �1.94 0 0

10 2 6.4 �5.95 0.18 �0.147 0 0
20 2 4.78 �4.48 �2.16 �2.35 0 0
30 2 1.7 �1.46 �0.67 �1.12 0 0
40 2 �2.58 2.69 2.58 2.22 0 0

MD nora (lunasoft) �10 2 6.29 �5.59 �2.17 �2.46 0 0
0 2 6.88 �6.34 �1.88 �2.1 0 0

10 2 4.196 �3.72 �2.52 �2.81 0 0
20 2 �2.39 2.73 3.13 2.8 0 0
30 2 �2.6 2.88 �2.75 �2.5 0 0
40 2 �3.61 3.63 �0.53 �0.75 0 0

Insole Poron-green (diabetic) �10 2 7.11 �6.4 �1.49 �1.76 0 0
0 2 2.15 �1.66 �2.7 �3.22 0 0

10 2 �4.2 4.5 2.18 1.77 0 0
20 2 �1.59 1.74 1.09 0.754 0 0
30 2 0.31 �0.233 �3.21 �3.73 0 0
40 2 �0.69 0.733 0.621 0.35 0 0

Poron-blue (medical) �10 2 �2.27 2.36 0.681 0.397 0 0
0 2 �1.23 1.33 0.735 0.43 0 0

10 2 �5.341 5.42 1.63 1.38 0 0
20 2 �3.97 4.04 1.6 1.35 0 0
30 2 �1.71 1.78 0.55 0.355 0 0
40 2 �1.865 1.92 1.85 1.54 0 0

Poron-grey �10 2 -5.66 5.79 0.83 0.59 0 0
0 2 �4.1 4.2 0.376 0.145 0 0

10 2 0.44 �0.36 �2.9 �3.31 0 0
20 2 0.216 �0.157 �2.34 �2.953 0 0
30 2 0.18 �0.13 �2.65 �3.31 0 0
40 2 0.233 �0.187 �1.6 �2.07 0 0

Plastazote medium �10 2 3.6 �3.376 �1.44 �1.65 0 0
0 2 3.046 �2.86 �1.467 �1.67 0 0

10 2 3.31 �3.1 �1.62 �1.83 0 0
20 2 2.144 �1.996 �2.27 �2.473 0 0
30 2 2.172 �2.03 �2.35 �2.54 0 0
40 2 1.33 �1.22 �2.06 �2.3 0 0
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well as the ability to absorb energy, footwear foams (both midsole
and insole) need also to ensure rearfoot control and adequate arch
support. Although many manufacturers use different technologies
to provide arch support, adequate insole and midsole stiffness
serve as a foundation for the arch itself. As the current data reflects,
softening of the foam such as may occur in warm weather may
compromise this function which subsequently could result in an
increased risk of injury.

For footwear foam to serve its energy absorption purpose and to
provide predictable support, temperature factors should be



Fig. A1. Hyperfoam material coefficients validation curves from compression testing.
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Fig. A2. Hyperfoam material coefficients validation curves from shear testing.
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considered in the design of footwear, particularly for those individ-
uals with a history of lower extremity injuries and those participat-
ing in endurance sports such as running. The review of literature
indicates that environmental temperature makes more of a
contribution towards in-shoe temperature than the body tempera-
ture and the temperature generated by friction between the foot
and footwear. As such, to prevent foot injuries, shoes with
appropriate midsole and insole stiffness could be selected based
upon environmental temperature.
6. Future Work

The current study indicates that temperature can significantly
affect the behaviour of footwear foams, this is a clinically
important topic and warrants further investigation. Future work
should involve: further experimental and analytical analysis
under load control test conditions to quantify the effect of
temperature on the shock attenuation properties of the footwear
foams tested here; to extend testing over a wider range of
temperature; incorporation of temperature dependent material
properties into finite element models of foot-footwear interac-
tion in order to investigate the effect on stresses in the foot;
the development of design guidelines for suitable orthotic
intervention and sports footwear taking into account the effect
of temperature.
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