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A B S T R A C T

Background: The heel is one of the most common sites of pressure ulcers and the anatomical location with the
highest prevalence of deep tissue injury. Several finite element modeling studies investigate heel ulcers for
bedridden patients. In the current study we have added the implementation of the calf structure to the current
heel models. We tested the effect of foot posture, mattress stiffness, and a lateral calcaneus displacement to the
contact pressure and internal maximum shear strain occurring at the heel.
Methods: A new 3D finite element model is created which includes the heel and calf structure. Sensitivity
analyses are performed for the foot orientation relative to the mattress, the Young's modulus of the mattress, and
a lateral displacement of the calcaneus relative to the other soft tissues in the heel.
Findings: The models predict that a stiffer mattress results in higher contact pressures and internal maximum
shear strains at the heel as well as the calf. An abducted foot posture reduces the internal strains in the heel and a
lateral calcaneus displacement increases the internal maximum shear strains. A parameter study with different
mattress-skin friction coefficients showed that a coefficient below 0.4 decreases the maximum internal shear
strains in all of the used loading conditions.
Interpretation: In clinical practice, it is advised to avoid internal shearing of the calcaneus of patients, and it
could be taken into consideration by medical experts and nurses that a more abducted foot position may reduce
the strains in the heel.

1. Introduction

A pressure ulcer is defined as: “a localized injury to the skin and
underlying soft tissue, usually over a bony prominence, caused by
sustained pressure, shear or a combination of these” (NPUAP, EPUAP,
PPPIA, 2014). The heel and the sacrum are the most common locations
for pressure ulcers (Campbell et al., 2010). A prevalence survey in the
United States over a period of 16 years revealed that heel ulcers ac-
counted for 24% of all bedridden hospital pressure ulcers and 23% of
the total pressure ulcers in nursing homes (Bates-Jensen et al., 2018). In
addition, the heel is the anatomical location accounting for 41% of all
deep tissue injuries (Black, 2012).

Two damage mechanisms are believed to play a crucial role in
pressure ulcer development (Oomens et al., 2013). The first mechanism
involves tissue damage caused by pressure-induced ischemia. Re-
perfusion injury is sometimes mentioned as a mechanism that ag-
gravates this ischemic damage. The second damage mechanism in-
cludes direct deformation damage beyond a certain tissue strain
threshold level. This second mechanism could occur in the heel because

the calcaneus bone has a relatively small surface with regard to the load
it has to bear, making the heel vulnerable for high internal stresses
(Langemo, 2015). Evidence for these damage mechanisms is mainly
based on studies in skeletal muscle tissue. It is likely that similar me-
chanisms play a role in other soft tissues, but with different strain
thresholds. Whether these mechanisms apply in heel ulcers is an open
question.

Cichowitz et al. (Cichowitz et al., 2009) showed that the heel forms
a cup-like structure consisting of skin overlying a shell of connective
tissue containing fibrous septa, consequently connecting the skin to the
calcaneus bone. Between these septa, islands of fat are located, which
provide the shock-absorbing function of the heel. It is assumed that
these septa form marginally vascularized compartments of fat, making
them vulnerable for ischemia due to a buildup of compartment pressure
in a situation similar to the compartment syndrome. Another hypoth-
esis for heel ulcer development is that the panniculus muscle, located in
the subcutaneous layer and the only muscle in the heel, is the primary
side of injury (Cichowitz et al., 2009; Salcido et al., 1994). Clear evi-
dence for these hypotheses is still lacking.
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In clinical practice, the general consensus is that complete off-
loading of the heel is the most effective method for preventing heel
ulcers (Butcher and Thompson, 2010). A simple and effective off-
loading method is the use of a pillow or cushion underneath the calf.
However, maintaining the ‘correct’ cushion positioning is difficult and
the heel tends to rapidly slip off the pillow, paradoxically increasing
pressures rather than decreasing them (Junkin and Gray, 2009). Fur-
thermore, this offloading method leads to increased sacral pressure and
there is an increased chance for foot drop (Al-Majid et al., 2017). Also,
complete heel offloading by removing the bed end is not always ap-
plicable for all patient groups and all types of mattresses. Heel off-
loading boot devices completely offload the heel while staying in place
and reducing friction and shear. Solid evidence for their effectiveness is
lacking. In addition these boots may be experienced as uncomfortable
due to a bad fit, because they reduce patient mobility and increase the
temperature and humidity of the heel micro environment (Clegg and
Palfreyman, 2014).

Pressure has always been viewed as the main cause of pressure ul-
cers (Thomas, 2006), but since several years, shear- and friction forces
have also been assumed to play a major role in the development of heel
ulcers (Gefen, 2017). In healthcare settings often the head of the bed is
elevated to improve the comfort of the patient and to facilitate re-
spiratory functions. In this elevated position gravity causes downward
forces that may result in a sliding movement of the patient in bed
(Hermans and Call, 2015). This increases shear forces on the sacrum,
but also at the heels of the patient. The shear forces can be reduced by
placing patients in a semi-fowler position, but this is not always pos-
sible. The friction between the heel and supporting surface helps pa-
tients to prevent from moving, but also causes the calcaneus bone and
connective tissue to move relative to the skin. This causes internal shear
stresses and strains (Gefen et al., 2013). Similar effects occur in patients
with leg spasms who dig their heels into the mattress (Black, 2004). In
general, depending on the friction coefficient and the shear force at the
interface we can have sliding friction or static friction. In both situa-
tions there is a “shear force” working at the interface, but in the case of
sliding this force is usually smaller than during static friction. It is
worthwhile to investigate the effects of shearing on the internal shear
strains in the heel.

Apart from this ‘shearing effect’, foot posture and mattress type will
affect internal stresses and strains occurring at the heel (Sopher et al.,
2011). Gefen et al. created several foot models examining internal
stresses and strains at the heel. These studies showed that atypical foot
anatomies may form an extra risk factor to develop heel ulcers when
compared to the average foot (Gefen, 2010). The same group found that
strains and stresses were increased for a more abducted foot posture.
This was also the case when the stiffness of the support stiffness was
increased (Sopher et al., 2011). Heel dressings reduced strains and
stresses located at the heel (Levy et al., 2015; Levy and Gefen, 2016). In
these studies, the foot with a small part of the ankle was modeled and
the total mechanical load on the heel was derived from assumptions
based on the total weight of the foot. Luboz et al. included the total
lower leg in their model. That study was focused on the influence of the
calcaneus shape on the strains occurring at the heel (Luboz et al., 2015).
A mean variation of maximum strain over 6.0 percentage points over 18
different morphologies was found. There was a clear influence of the
cushion on which the leg was resting.

In the current study we included the calf in a finite element model of
the heel. In a supine position, the calf makes contact with the support
surface. Taking into account the consequence of the load distribution at
the heel by implementing the calf into the finite element model may
change the boundary conditions for the heel region of the model. The
model is based on the geometry of one person and is focused on dif-
ferent positions of the foot, different values of the stiffness of the
mattress, and on the effect of shear forces at the interface of the heel
and the support surface.

The following questions are addressed:

1. How will foot posture and stiffness of the support affect the interface
pressures and internal maximum shear strain occurring at the heel?

2. How do shear forces, resulting from different lateral displacements
of the calcaneus with respect to the supporting surface, affect the
internal maximum shear strain occurring at the heel?

3. How does a change in friction coefficient of the contacting surface
affect the results found in 2?

2. Methods

2.1. Geometrical modeling

The geometry of the 3D lower leg model was based on data avail-
able from the Visible Korean Human project (http://vhk3.kisti.kr/)
(Park et al., 2008). This site gives CT as well as MRI data. For the
segmentation the CT data were used (better contrast). After cropping of
the original image, the used image for segmentation was 494 × 281
pixels with a pixel size of 0.94 mm. The thickness of the slices was
1 mm. The lower leg model was from a male subject (age: 33 years;
height: 164 cm, mass: 55 kg). Image segmentation was performed with
the open source GIBBON toolbox (Moerman, 2018) in MATLAB
(R2018b, the Mathworks, Matick, MA, USA). Contours of the calcaneus
bone, Achilles tendon, and skin were imported into ABAQUS (2018,
Dassault Systèmes Simulia corp., Providence, RI, USA) and lofted into a
3D solid body. The space between the skin, bone, and tendon tissues
was filled with heel fat pad and muscle tissue. During the simulation,
the leg model was supported by a cuboid mattress (Fig. 1(a)).

2.2. Mesh development

Meshing was performed with the mesh generator in ABAQUS. The
lower leg consists of 26,199 quadratic tetrahedral elements with an
increased mesh density at the heel region. Skin thickness was im-
plemented to the model by adding 1974 quadratic wedge elements to
the outer surface of the lower leg mesh with a 2 mm thickness, which is
representative for heel skin thickness (Cichowitz et al., 2009). The
support contains 2794 quadratic hexahedral elements with again an
increased number of elements at the region of interest (Fig. 1(a)). A
sensitivity analysis was performed to increase the mesh seed at the
region of interest until the resulted changes of the contact pressure and
maximum shear strain were below 5%.

The load on the leg in the model is a gravitational body force acting
on every single material point. A good representation of internal de-
formations is only required in the heel, near the calcaneus. That is why
that part is modeled in more detail. The internal structures (e.g. tibia) of
the lower leg have a negligible effect on the internal deformations in
the heel. That is why the lower leg is modeled as a single structure.

2.3. Material properties

The lower leg model represents five different components: calcaneus
bone, Achilles tendon, heel fat pad, skin, and muscle tissue. Skin and fat
tissue were modeled with a first-order hyperelastic Ogden model with
the following constitutive material behavior formulation:

= + + +U µ
D

J2 ( ¯ ¯ ¯ ) 1 ( 1)2 1 2 3
2

(1)

= J¯i i
1
3 (2)

=J Fdet( ) (3)

with U the strain energy density, μ the shear modulus, α a dimensionless
material parameter, λi (i = 1,2,3) the principal stretch ratios, D an
incompressibility parameter, J the ratio between the deformed volume
and the initial volume, and F the deformation gradient tensor. The
calcaneus, Achilles tendon and muscle were modeled as an isotropic
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linear elastic material. Table 1 shows the material properties of the fi-
nite element model, which were adopted from literature. The lower leg
is supported by a flat mattress with linear-elastic mechanical properties,
with Young's modulus value E = 50 kPa and a Poisson's ratio ν = 0.3
which is in the range of typical hospital mattress values (Levy et al.,
2015).

2.4. Boundary conditions

To model the interaction between the lower leg and mattress, a
lower leg displacement in z-direction was prescribed until the leg makes
contact with the support. From there, the lower leg with a total mass of
3.36 kg was subjected to a body force as a result of the applied grav-
itation acceleration of −9.81 m/s2. A static contact friction coefficient
of 0.4 was applied for the skin-support contact (Zhang and Mak, 1999).

2.5. Protocol of simulations

Different sensitivity analyses were performed to look at the effects
of mattress stiffness, foot posture and shear forces at the interface be-
tween heel and contact surface. In all simulations one parameter was
varied, while the other parameters were kept at the values from the
reference model.

In the first series the Young's modulus of the mattress was varied
(10 kPa to 100 kPa with 10 kPa increments, 200 kPa, and 400 kPa).

Next, foot posture was varied by orienting the lateral aspect of the
heel relative to the mattress from 45° to 135° with 15° increments
(Fig. 1(b)(c)).

For assessment of the shear force, a calcaneus displacement was
prescribed in y-direction (0 mm to 10 mm with 2 mm increments) with
a no sliding condition at the interface (= infinite friction).

The effect of the friction coefficient was tested by setting a 5 mm
calcaneus displacement (Levy et al., 2015) and varying the friction
coefficient value between 0.0 (frictionless) and 1.0 (very high friction)
with increments of 0.1.

2.6. Outcome measures

For each simulation, the maximum shear strain was determined for
the region of interest in the heel. This heel region of interest (where the
mesh density is highest, Fig. 1), has a total volume of 5.34×105 mm3.
The maximum shear strain was calculated according to Eq. (4):

= 1
2

( )max 1 3 (4)

with ε1 the maximum principal logarithmic strain and ε3 the
minimum principal logarithmic strain. These values were calculated at
the integration points and exported from Abaqus. Also the associated
volume of the integration points was determined to quantify the tissue
volume with maximum shear strains in a specific strain range. For the
sensitivity analysis of mattress stiffness and foot posture, the contact
pressure at the heel and calf was obtained. This pressure was calculated

Fig. 1. The FE model of the lower leg. Fig. 1(a) shows the total lower leg resting on a mattress with increased mesh density at the contact surfaces located at the heel.
Fig. 1(b) shows the model of the heel with a 90°-orientation relative to the mattress. In Fig. 1(c), cross sections of the transverse plane at the level of the calcaneus are
presented for the different heel angels which are tested in the foot posture sensitivity analysis: fat tissue (yellow), skin tissue (orange), bone tissue (dark gray),
support (white). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Mechanical properties of the FE model adopted from literature.

Tissue\material μ [MPa] α [−] D [mm2/N] E [kPa] ν [−]

Skin 5,6 50 2.3 0.81 – 0.49
Heel fat pad 7,8 16 6.82 2.51 – 0.49
Bone 9 – 7.30 × 106 0.30
Achilles Tendon 10 – – 8.16 × 105 0.49
Muscle 5 – – 60 0.49
Mattress11 – – 50 0.30

5 (Luboz et al., 2015).
6 (Levy et al., 2015).
7 (Spears et al., 2007).
8 (Erdemir et al., 2006).
9 (Akrami et al., 2018).
10 (Wren et al., 2001).
11 (Levy et al., 2015).
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by dividing the nodal values of contact normal force by the contact
area. To compare the values with performed experimental work, these
values were calculated and summed up over a surface area comparable
to a 18 mm pressure sensor (MK III; Talley Medical, Romsey, UK) used
in experimental studies (Swain et al., 1993).

3. Results

3.1. Sensitivity analysis: mattress stiffness

Fig. 2 represents calculated contact pressure values at the skin
surface of the heel and calf for a 90°-oriented foot position. It was clear
that for an increasing mattress Young's modulus, both heel (Fig. 2(a))
and calf (Fig. 2(b)) contact pressures increase. Heel contact pressures
were generally larger than calf contact pressures for similar mattress
Young's moduli. In the shaded areas, a comparison was made between
our finite element model values and experimental studies examining
heel ulcers (Swain et al., 1993; Tong et al., 2016). For Young's moduli
from 30 kPa, heel contact pressures were within the range of values
found by the experimental study of Swain et al. Only the simulation
with a mattress Young's modulus of 10 kPa showed heel contact

pressures in the range of contact pressure values obtained by Tong et al.
Fig. 3(a) shows the distribution of maximum shear strains ranging

from 0.05–0.40 for different mattress Young's moduli at the region of
interest at the heel, the heel fat pad and skin tissue around the calca-
neus. In Fig. 3(b), a magnification of the strains between 0.25 and 0.40
is presented. There is a clear trend that for increased mattress stiffnesses
also the volume of soft tissue experiencing larger strains will increase.

3.2. Sensitivity analysis: foot posture

The model predicted the highest contact pressure (138 mmHg –
18 kPa) for a foot orientation of 135° for the heel (Fig. 4(a)). A foot
orientation of 45° and 60° led to lower heel contact pressures compared
to the more adducted foot postures (105o, 120° and 135°). For the re-
gion of interest at the calf, the lowest contact pressure (32 mmHg –
4.3 kPa) was found at the most abducted foot position (45°). The 90°
position caused the highest contact pressures at the calf (85 mmHg –
11.3 kPa, Fig. 4(b)).

For these different foot postures different internal strain distribu-
tions in the heel were predicted. For all foot positions, the largest values
of γmax were found at the fat-calcaneus interface. However, for each

Fig. 2. Contact pressures for different mattress Young's moduli at a 90°-oriented foot posture. Fig. 2(a): heel contact pressures. Fig. 2(b): calf contact pressures. For
both figures, values are represented in mmHg (left y-axis) and kPa (right y-axis).

Fig. 3. Maximum shear strain distribution for different mattress Young's moduli at the heel region of interest for a 90°-oriented foot position. Total volume of heel
region of interest is 5.34×105 mm3. Strains from 0.00–0.05 are omitted in Fig. 3(a) to show a clear overview of the strain region of interest. Fig. 3(b) is a
magnification of the highest three shear strain ranges from Fig. 3(a). Labels are added to the top of the bars which represents the mattress stiffness value [kPa].
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foot posture, these peak values were found at a different locations in the
heel pad region below the calcaneus (Fig. 5). Not only was the peak
strain location different, also the magnitude of the strains differ be-
tween the simulations. In Fig. 6(a), we show a histogram with max-
imum shear strain values from 0.05–0.35 for a heel resting on a support
with a Young's modulus of 50 kPa. We found that a more adducted foot
position results in higher shear strains at the tissue beneath the calca-
neus bone (Fig. 6b).

3.3. Sensitivity analysis: lateral displacement with and without sliding

Internal shear strain values between 0.10 and 0.40 are presented in
Fig. 7(a) for the case with infinite friction and a lateral displacement of
the leg of 0 to 10 mm. For the larger strain (0.20–0.40) we found a clear
trend that the volume of soft tissue in this strain range increases with an
increased lateral displacement (Fig. 7(b)).

Fig. 8 shows the results of the simulation with a lateral sliding of
5 mm but with varying friction coefficients. For friction coefficient
values below 0.3, an increased soft tissue volume was obtained in the
lower strain range (0.10–0.15) compared to the friction coefficient
values of 0.3–1.0 (Fig. 8). For the maximum shear strain range from
15% up to 30%, friction coefficient values below 0.5 had a lower soft
tissue volume in this specific strain range compared to the values from
0.5–1.0. For the friction coefficient values from 0.5–1.0, we did not find
a clear difference between the volume in the specific strain range.

4. Discussion

In the present work, a heel finite element model including the calf is
developed to study the influence of foot posture, mattress stiffness and a
lateral calcaneus displacement on the risk of HU formation.

Contact pressures at the heel were obtained in the range of
10 kPa–25 kPa depending on the mattress Young's modulus and foot
orientation relative to the mattress (Fig. 2; Fig. 4). The contact pres-
sures are in the same range as found in the experimental studies of
Swain et al. (Swain et al., 1993) which examined heel contact pressures
for bedridden patients (Fig. 2). Tong et al. (Tong et al., 2016) did si-
milar studies but found lower pressure values. In our study such low
values are only found when a very small mattress stiffness
(Emattress = 10 kPa) is used. It is not known what the exact Young's
modulus of the support surface was in those experimental studies be-
cause they were not presented. The values used in our stiffness sensi-
tivity analysis are in the standard range of a hospital bed (Levy et al.,
2015).

Peak internal maximum shear strain values were found around
15%–40%, again depending on foot posture and support stiffness
(Fig. 3; Fig. 7). For a stiffer mattress and a more adducted foot posture,
the contact pressures and internal strain values increase. The effect of
increasing contact pressures and internal strain values for a stiffer
mattress was also seen in studies of Sopher et al. and Luboz et al.
(Sopher et al., 2011; Luboz et al., 2015). In the current finite element
model, the 90° position shows higher contact pressures and internal
maximum shear strains compared to the more abducted foot orientation

Fig. 4. Contact pressures at the heel (Fig. 4(a)) and calf (Fig. 4(b)) for different foot postures. For both figures, values are represented in mmHg (left y-axis) and kPa
(right y-axis).

Fig. 5. Distributions of maximum shear strain nodal values in the transverse plane at the slice where the highest maximum shear strains were found for the
45°(Fig. 5(a)), 90° (Fig. 5(b)), and 135° (Fig. 5(c)) foot orientation; mattress Young's modulus: 50 kPa.
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of 60°. This is in accordance with the experimental study by Tong et al.
(Tong et al., 2016), who examined contact pressures for different foot
postures. However, this is a different result than obtained in another
finite element study examining heel ulcers (Sopher et al., 2011). That
study showed higher internal fat pad strains and contact pressures for

the abducted foot position of 60°. Apparently, introducing the calf in
the model has a large influence on these internal strains. Our current
model shows that for a more abducted foot position (45°, 60°), the
contact pressures and internal strains will decrease compared to the
more adducted foot positions.

Fig. 6. Maximum shear strain distribution for different foot postures at the heel region of interest for a mattress Young's modulus of 50 kPa. Fig. 6(b) is a zoom of the
last two shear strain ranges from Fig. 6(a). Total volume of heel region of interest is 5.34×105 mm3. Strains from 0.00–0.05 are omitted in Fig. 6(a) to show a clear
overview of the strain region of interest.

Fig. 7. Maximum shear strain distribution for different lateral calcaneus displacements relative to the soft tissues at the heel region of interest at a support with
Young's modulus of 50 kPa. All simulations were done under no slip conditions. Fig. 7(b) is a magnification of the last two shear strain ranges from Fig. 7(a). Total
volume of heel region of interest is 5.34×105 mm3. Strains from 0.00–0.10 are omitted in Fig. 7(a) to show a clear overview of the strain region of interest.
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A lateral displacement of the calcaneus relative to the soft tissues in
the heel results in higher internal maximum shears strains (Fig. 7). A
similar effect was seen in studies of Levy et al. (Levy et al., 2015; Levy
and Gefen, 2016). Varying the static friction coefficient between the
hospital mattress and skin tissue affects the internal strains occurring at
the heel during the shearing effect (Fig. 8). At a friction coefficient
below 0.4 there is a large influence on the volume of tissue that ex-
periences high strains. Variation of the friction coefficient with values
above 0.4 does not influence the mechanical state of the tissue much.
Probably the reason for this is that higher friction coefficients lead to a
no-slip condition.

This lower leg FE model does not include the ankle and knee joint.
The upper leg, and especially the buttock, is involved in the load dis-
tribution of the total leg (Lee et al., 2017) and may affect the contact
pressures and shear strains at the heel. The ankle joint is also re-
sponsible for the plantar flexion movement of the foot, which seems to
affect the internal strains at the heel (Levy and Gefen, 2016). Im-
plementation of two extra joints will make the model considerably
more complex, but it will certainly improve the ability to describe the
loading on the heel more accurate.

The selected CT data used for this model were from a 33-year-old
Korean male which may not be representative for the risk group of
patients experiencing heel ulcerations although the observed trends
may be the same for other subjects. In a future study other patient
morphologies should be taken into account to test if it is defendable to
draw conclusions from findings based on our study. The mechanical
properties chosen for our materials in the model show a large variety in
literature and can also differ per person. A linear elastic material law
was chosen for bone, Achilles tendon and muscle tissue. Because of
small rotations of the bone and other soft tissues in the calve this can be
defended, especially because we focus on the contact pressures and
shear strains in the heel and the calve is mainly included because of its
weight and global shape. In addition, our purpose was to identify trends
and not to accurately predict contact pressures and shear strains in
absolute terms. However, the accuracy will certainly improve when a
constitutive law is used that accounts for geometrical nonlinearities.

If the finding that an abducted foot position will reduce the shear
strains at heel level holds (more validation is necessary), this could be
used to improve ways to prevent heel ulcers. This could be done by
developing new devices to unload the heel or by different supporting
procedures of the foot after repositioning.

It is clear that shear forces on the heel, because of a lateral dis-
placement, increase the internal shear strains in the heel pad. This will
have an effect on the risk for pressure ulcers in the heel. It does not only
play a role when the skin “sticks” to the supporting bed sheet, but also
in case the skin “slides” along the bed sheet. In both cases shear forces
are present, although in the case of sliding the shear forces are lower.
This has some major consequences for the clinic. It is important to be

aware of these shear forces, for example when the head of the bed is
lifted or when moving patients. This may be a reason to adapt proce-
dures for patient handling. Recently a number of publications appeared
in literature about the positive effect of heel dressings to prevent
pressure ulcers. Current heel dressings in a clinical setting are able to
reduce the friction coefficient value between heel and bed sheet below
0.4 (Nakagami et al., 2006). The findings obtained in our research in-
dicate that an additional heel dressing, applied to decrease the friction
coefficient, can indeed reduce the soft tissue strain in the heel. This
effect was also seen by Levy et al. (Levy et al., 2015; Levy and Gefen,
2016).

5. Conclusions

To conclude, this lower leg model seems to provide a realistic re-
production of the contact pressures and internal strains occurring at
heel level, although more validation is necessary. The models predict
that an abducted foot position will reduce the contact pressures and
shear strains at the heel, just as a mattress with a lower Young's mod-
ulus. We further found that an internal lateral displacement of the
calcaneus bone relative to the surrounded soft tissues as a result of
shear forces at the interface, leads to increased internal shear strains in
the models.
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