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Highlights

= Nine FE foot models for pressure ulcer prevention in bedrest exist, yet all produce
conflicting results.

= |tis difficult to draw clear clinical conclusions due to the methodological limitations.

» Internal soft tissue strains are influenced by foot posture, slope and stiffness of the
mattress.

= The limited number of studies emphasise the need for further research in order to
provide valuable clinical conclusions.

= Recommendations for future FEA of the foot in bedrest are presented.

Abstract

Pressure ulcers (PUs) are a major public health challenge, having a significant impact on
healthcare service and patient quality of life. Computational biomechanical modelling has
enhanced PU research by facilitating the investigation of pressure responses in subcutaneous
tissue and skeletal muscle. Extensive work has been undertaken on PUs on patients in the
seated posture, but research into heel ulcers has been relatively neglected. The aim of this
review was to address the key challenges that exist in developing an effective FE foot model
for PU prevention and the confusion surrounding the wide range of outputs reported. Nine FE
foot studies investigating heel ulcers in bedrest were identified and reviewed. Six studies
modelled the posterior part of the heel, two included the calf and foot, and one modelled the
whole body. Due to the complexity of the foot anatomy, all studies involved simplification or
assumptions regarding parts of the foot structure, boundary conditions and material
parameters. Simulations aimed to understand better the stresses and strains exhibited in the
heel soft tissues of the healthy foot. The biomechanical properties of soft tissue derived from
experimental measurements are critical for developing a realistic model and consequently
guiding clinical decisions. Yet, little to no validation was reported in each of the studies. If FE
models are to address future research questions and clinical applications, then sound
verification and validation of these models is required to ensure accurate conclusions and
prediction of patient outcomes. Recommendations and considerations for future FE studies
are therefore proposed.
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1. Introduction

Sustained mechanical loading of the skin and underlying soft tissues can lead to soft tissue
damage or ulceration. Both normal pressure and frictional shear forces applied to the skin can
cause deformation and injury to the soft tissues, especially over bony prominences. Whilst this
is commonly described as a pressure ulcer (PU), any type of loading apart from a uniform
hydrostatic pressure will cause shear deformation of the tissue and hence potentially lead to
injury.

In the United Kingdom, the cost of treating a PU varies from £1,214 to £14,108, with the overall
daily costs in the region of £1.4 million [1,2]. Global PU prevalence rates vary considerably
between different geographic and clinical settings, with the UK reported to have the highest
point prevalence of 26.70% in a recent systematic review [3]. PU management is therefore a
relevant problem that has still not been fully addressed, whereby the development of new
intervention strategies to manage PU prevention is required.

The aetiology of PUs is complex with many different intrinsic and extrinsic factors potentially
contributing to the onset and development of a PU. Although it is known that sustained
mechanical loading is the primary cause of PUs, the aetiology is also connected with a variety
of biomechanical, physiological, and biochemical processes at the cellular and tissue level [4].
The underlying damage pathways whereby mechanical loading leads to tissue breakdown are
poorly understood, although it is believed that ischemia, reperfusion, impaired lymphatic
drainage and sustained deformation of cells may play a pivotal role [5,6]. To understand the
aetiology of PUs and potentially improve the management and prevention of PUs, healthcare
professionals should be able to predict whether or not a certain state of internal mechanical
loading (such as tissue deformations and forces per unit area of tissue) would lead to localised
irreversible cell damage [7,8].

The heel is one of the two most common sites for PUs, experiencing some of the most severe
pressure injuries [9,10]. It is considered a particularly vulnerable area due to its anatomy,
disease burden, co-morbid conditions, and the ageing process [11]. Current clinical practice
to help prevent heel ulcers involves either the repositioning of the patient, and/or redistributing
the pressure using a support surface such as overlays, heel boots or mattress systems. Whilst
this offers tissue viability nurses general guidance in dealing with PUs, the mechanics of
pressure injury and its prevention are still poorly understood, and such devices are not always
effective in all patients.

Finite element (FE) modelling is one approach that has the potential to inform clinical practice
and prevent heel ulcers either as a tool for preclinical testing of support interfaces and/or
identifying anatomical risk factors. Although it considers only mechanical loading and ignores
the many other factors that may be involved in PU formation, it does offer the possibility of
exploring the effect of mechanical factors in isolation, which is difficult in clinical studies. Such
an approach requires that we assume a link between mechanical loading and injury, but we
do not know exactly what this mechanism is or the precise injury thresholds, which is a key
limitation of this method.

FE modelling is a conventional computational technique for estimating internal stress, strain
and deformation under load, and can be used to predict damage where these exceed
appropriate criteria. Whilst not routinely used for PU management, medical imaging modalities
such as Magnetic Resonance Imaging (MRI) and Computed Tomography (CT) can provide
accurate, patient-specific detail of anatomical geometry. Datasets are typically obtained from
healthy subjects or cadavers where the volumetric data is segmented into the required regions
of interest through manual or automated segmentation. The two-dimensional or three-
dimensional model is then meshed and assigned material properties, boundary conditions and
external loads (e.g. gravity). Simulations can then be performed in a non-linear FE solver to
assess the behaviour of the tissues when interacting with a support surface either in a static
or dynamic position.



As PUs are not limited to the heel, a number of studies have used FE analysis to investigate
PUs at other anatomical sites, such as the buttock [[12], [13], [14], [15]]. Foot models in a
standing posture or dynamic stance are also common, particularly with regards to the
development of new insole design or footwear [[16], [17], [18], [19]], as well as foot ulcers from
underlying health conditions such as diabetes [20,21]. Yet, similar research regarding heel
ulcers for bedridden patients is limited, with only nine studies to date having modelled heel
ulcers or diabetic foot ulcers (DFUS) in a supine position [[21], [22], [23], [24], [25], [26], [27],
[28], [29]]. It is important to emphasise here that whilst these are both caused by prolonged
loading, DFUs include a complex array of underlying complications such as neuropathy,
vasculopathy, osteoarticular involvement and infection. A PU, on the other hand, is defined as
a localised injury to the skin and/or underlying tissue usually over a bony prominence, as a
result of pressure, or pressure in combination with shear [30]. Both PUs and DFUs are
included in this review to highlight the differences between the healthy and diabetic foot, as
previous research has shown that atypical foot anatomies are more susceptible to heel ulcers
than the healthy foot [21].

This review has been written primarily for engineers and those interested in FE modelling but
is in a format which will hopefully aid understanding for those in the field of PUs who have
limited or basic understanding of computational models and engineering principles. Therefore,
each section introduces a brief overview of the stages involved in the FE modelling process,
before discussing the reviewed studies, the differences in the outputs reported and the effect
this potentially has on clinical management.

The aim of modelling is to find out how clinical variables affect the soft tissue strains and
therefore the likelihood of injury. We thus aimed to answer the following questions:

- How are the internal soft tissue strains influenced by foot posture?
= How are the internal soft tissue strains influenced by the slope and stiffness of the mattress?

= How are the internal soft tissue strains influenced by the friction co-efficient at the skin—
surface interface?

The Discussion section will revisit these clinical questions to evaluate to what extent the
models were able to address them, and what adjustments, improvements and additions are
needed to answer them more thoroughly.

2. Methods
2.1. Search strategy

The primary aim of the search strategy was to retrieve all original papers on FE analysis of
the entire foot, lower leg or posterior part of the heel to assess the validity of the methods used
and the outcomes presented. Studies in a standing posture, seated posture or dynamic stance
were excluded, along with studies on fracture fixation or broken bones. A formal systematic
review was not deemed appropriate due to the limited number of studies in this field.

2.2. Selected studies

The databases searched were Medline, PubMed, Ovid and Scopus. The following search
terms were used in combination with the Boolean operators (AND, OR) to enable the
identification of all relevant studies: finite element modelling, image-based modelling,
computational modelling, heel, foot, lower leg, diabetic foot ulcer, heel ulcer, pressure ulcer,
decubitus, supine, bedrest, MRI, CT, FE* (symbol meaning a ‘wildcard’ character for searching
purposes), pressure* and diabetic*.



The search was limited to studies with full texts published in English but there were no
limitations in terms of publication date or age of participants within the studies. PUs at any
stage (i.e. Grade | — llll) were also included. No attempt was made to search the ‘grey’
literature.

Nine studies met the eligibility criteria for inclusion and were reviewed in this paper (Table 1).
These studies specifically modelled the foot or part of the foot and/or lower leg in bedrest with
a focus on heel ulcers. Six studies modelled the posterior part of the heel, two models included
the calf and foot, and one study modelled the whole body. All studies simulated the healthy
foot, with three studies focusing on the implication of deep tissue injury (DTI) and/or diabetes.

Table 1. Studies included in the present review (N = 9) with corresponding information about
dataset, foot imaged, number of models, number of participants (Pt) and their demographics,
geometry and study focus, foot orientation and weight of lower leg and foot (where DTI = deep
tissue injury, BW = body weight and * foot orientations are in plantar flexion and not
abduction/adduction).



Table 1: Studies included in the present review (N=9) with corresponding information about dataset, foot imaged, number of models, number of participants (Pt) and their
demographics, geometry and study focus, foot orientation and weight of lower leg and foot (where DTI = deep tissue injury, BW = body weight and *foot orientations are in plantar
flexion and not abduction/adduction).
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3. Results
3.1. Imaging modalities, datasets, and FE geometry

High-resolution MRI and CT images are used to reconstruct geometrically accurate 3D foot
models of individual subjects which can provide valuable information on the tissue deformation
and damage caused by external loading. MRI provides good spatial resolution (the ability to
distinguish two separate structures an arbitrarily small distance from each other) and better
contrast resolution (the ability to distinguish between two arbitrarily similar but not identical
tissues) for soft tissues than CT scans, and can generate cross-sectional images in any plane
[31].

Each image within the MRI or CT scan is called a slice, which stacked together forms a volume
(or volumetric data). This stack can be translated into a mesh, which subdivides the stack into
domains called elements. These elements can be tetrahedral or hexahedral and linear or
guadratic shape functions can be used, resulting in elements with straight or curved edges
respectively. The smaller the elements, the more accurate the FE model, but this will also
increase the computational time (as a set of equations are solved over each element). Fig. 1
shows an example of an individual sagittal CT slice of the foot, through to a finely meshed 3D
FE model.

Fig. 1. From left to right - Individual 3D slice from Visible Human CT dataset [31], volumetric
data, segmented skin model and a mesh containing tetrahedral elements.

Of the nine studies reviewed, three studies involved MRI data, but with two types of
sequences: T1l-weighted (typically used to investigate normal anatomical details) and T2-
weighted (more commonly used to investigate tissue edema). Both studies by Levy et al. used
existing T1-weighted axial MRI data from Tenenbaum et al. where the left feet of ten healthy
male subjects were scanned with a 1.5 T MRI system [23,25,32]. However, only subject 2 was
used to create an FE model and it is not known why this subject was chosen over the other
nine subjects. By contrast, Friedman et al. used a T2-weighted axial MRI sequence to scan
the right foot of a 72-year-old patient with DTI [27]. Knowing that the mean thickness of the
Achilles tendon is 5.1 + 0.63 mm (range, 3.8-6.9 mm) and the insertional location of the
Achilles tendon on the calcaneal tuberosity is inconsistent, the slice thickness of 3 mm used
in these studies would result in only one or two slices of MR data. This limited detail is
problematic, as it is near impossible to accurately replicate the geometry and location of the
Achilles tendon in the FE model and thus assess where the strains are occurring in the soft
tissue [33,34].

Due to the ethical issues involved in imaging a patient using ionising radiation, studies
involving CT data have typically used a publicly available cadaveric dataset called the Visible
Human (VH) Project [35]. Since the original American VH project was launched in 1994, further
projects have been developed in Korea (Visible Korean) and China (Chinese Visible Human
and Virtual Chinese Human) as found in Table 2 [36].



Table 2: Whole-body human datasets and demographics (where information is

available)
Whole Body Sex Age Weight Height Cause of death | CT slice | Pixel
Datasets (M/F) (yrs) | (kg) (m) intervals | size
(mm) (mm)
Visible Human M 38 90 1.80 Lethal injection 1.0 0.33
Project [31] F 59 - - Suspected heart | 0.33 0.33
attack
Visible Korean M 33 55 1.64 Leukaemia 0.2 0.2
[36] F 26 53 1.60 Stomach cancer | 0.2-1.0 0.1
Chinese Visible | M 35 65 1.70 CO Poisoning 0.1-1.0 0.25-
Human [37] F 22 54 1.62 Food poisoning 0.25-1.0 | 0.5
M 21 66 1.82 - 0.1 0.17
F 25 57.5 1.62 - 0.25-1.0 |-
F 25 59 1.70 - 0.2 -
Virtual Chinese | F 19 46 1.55 Food poisoning 0.2 0.2
Human [38] M 24 - - Food poisoning 0.2 0.2
F 0.10 - - Foetal distress 0.1 0.1
M 28 56 1.66 Lethal injection 0.2 0.1
Zygote [39] M - USA 50t | USA 50" | - - -
percentile | percentile

Sopher et al. used the VH anatomical cryosections of the left foot from a 38-year-old American
male. The contours of the bone, fat pad and skin were drawn manually for each slice and then
lofted into 3D bodies. The FE model was simplified to include only the region of the posterior
heel as a 3D 50 mm x 60 mm cube [17]. Zwam et al. used a similar approach for segmenting
the contours of the bone, Achilles tendon, and skin before importing into Abaqus to loft into a
3D solid body, however, CT data from the Korean VH project was used for a 33-year-old male
[23]. Whilst both the American and Korean males are of a similar age, their weight and height
are different (55 kg and 1.64 m compared to 90 kg and 1.80 m respectively). Knowing that the
height, body weight and BMI significantly decrease in both sexes between the ages of 70-95
years old and that heel ulcers are predominantly found in older adults, it is important to use a
dataset that best represents the population at risk [37].

There is a balance to be made when substituting or combining healthy tissue and bone into a
dataset. Friedman et al. filled’ the area where the DTI was present with healthy soft tissue.
Whilst this can provide a general idea of where the soft tissue would be present, the
subcutaneous tissue is typically damaged and necrotic in patients who present with DTI. Luboz
et al. used a similar approach when combining calcaneal CT data with surrounding soft tissue
from the Zygote dataset [24]. The calcaneus was removed from the dataset and replaced by
subject-specific CT data of calcaneal bone. It is unclear from this study how the CT data of
the 18 calcanei were obtained or what CT parameters were used. This data may have been
acquired through the Zygote dataset, although it is also possible that it was obtained from a
routine clinical CT scan for foot and ankle surgery, perhaps explaining why only the calcaneus
was used.

Simplified heel geometry without clinical imaging provides a first-order approximation of the
heel but does not reflect the true anatomy. A cylinder is often used to model the lower leg,
with the calcaneus modelled as a rigid sphere pressing against a homogeneous linear-elastic
layer that represents the soft tissue [21,29]. Surface geometry data can also be obtained using
a motion sensor device to reconstruct a 3D CAD model of the body [26].



The complexity of the anatomy and function of the foot requires a wide range of assumptions
and simplifications to be made. The reviewed studies included whole lower leg, whole foot and
part foot geometry, but it is unclear how complex the foot model needs to be in order to be
clinically useful. Deciding which anatomical structures to include in the model is an important
guestion that has yet to be addressed. Geometrically detailed FE models derived from MRI
and CT data provide accurate intrinsic anatomy but have the disadvantage of requiring both
clinical and biomechanical expertise to develop a model and interpret its results effectively as
well as high computational cost. Simplified CAD models offer an alternative approach to
developing a heel model, without the need for ethical approval or funding. The advantage of
this approach is that it is quick (both to construct and solve), and it can provide estimated
results and general insights into biomechanical characteristics as an initial start point. The
challenge of defining a simple, yet realistic, biomechanical model which is computationally
efficient requires further development and advancement of FE techniques.

3.2. Constitutive models and assignment of material properties

Measuring the mechanical properties of soft tissues is complex and there are many potential
errors and uncertainties in developing a suitable constitutive model that will describe the
behaviour of the material sufficiently [38,39]. The model will never be an exact representation
of the behaviour due to the vast number of unknown parameters. Current constitutive models
are simplistic and inaccurate, particularly for reliably predicting the behaviour of the foot soft
tissues in different circumstances. The material parameters themselves are also difficult to
measure accurately and published data is often subject to large and unknown uncertainties.

Due to the intricate structure and unusual properties of soft tissues, it is difficult to accurately
simulate their mechanical behaviour. A non-linear material model is therefore used to replicate
the relationship between stress and strain (where the materials typically become stiffer the
more they are deformed). The incorporation of both non-linearity and time-dependency into a
continuum material model represents a highly complex mathematical problem which has led
to a range of different approaches in the literature. The most widely used constitutive model
for investigating heel PUs are hyperelastic models based on a strain energy density (SED)
function.

The simplest hyperelastic model is neo-Hookean where the Young's modulus, E, and
Poisson's ratio, v, must be defined. This model describes a compressible neo-Hookean
material and is based on an SED made from the first and third invariants of the left Cauchy-
Green deformation tensor. The Mooney-Rivlin model is similarly derived but the coefficient of
the first and second invariant term, c1 and c2, along with the bulk modulus, k, must be defined.
The SED function for Ogden differs from the previous two models and is expressed in terms
of the principle stretch ratios and the volume ratio J. The bulk modulus, k, coefficient and
exponent of nth term ¢ [n] and m [n] (where n can be any positive integer) must be defined.
All of these models are isotropic (they have the same properties in all directions), which is
arguably inappropriate for tissues like the Achilles tendon which are much stiffer in the
longitudinal direction [40Q].

The material properties for the skin and Achilles tendon have typically been derived from both
animal and human data [41,42]. Muscle, ligament and/or fat are often modelled as one
homogenous material to define a combined ‘soft tissue’ layer. Whilst this essentially removes
a layer of complexity, this approach does not allow for the stresses or strains at an individual
level to be assessed (which is an important consideration for better understanding heel PUs,
particularly in the case of DTI). It is obvious that these tissues have very different mechanical
properties and so replacing them with a single generic material inevitably leads to substantial
inaccuracies. The specific constitutive models used to simulate the mechanical behaviour of
the foot tissues and the methods for calculating and assigning their material properties and
coefficients are presented in Table 3.



Table 3 — Strain Energy Density (SED) function, Constitutive model with corresponding material parameters coefficients, where OG = Ogden, NH = Neo-hookean, MR
= Mooney Rivlin, LE = isotropic linear elastic, U and L = upper and lower part of support. *Study by Levy et al 2016 is an extension of the previous study in 2015. Only
diabetic material properties given below. Friction at skin — mattress interface except Soh et al where *friction between bone and soft tissue interface.

. Model Young’s modulus Poisson’s Density Shear Bulk Friction
Study SED function, W Bone/Tissues ratio af(-), D modulus at interface Thickness of
E (kPa) (kg/m3) modulus ]
o(-) (mm?/N) WG (kPa) K tissues (mm)
(kPa)
Gefen 2010 N/A - Calcaneus - - - - - - - -
[16] - Soft tissue 100 0.495 - - - - - 5
oG Skin - 0.495 - 6.8 640 63800 0.42 2
Sopher et al i k LE Calcaneus 7x108 0.3 - - - -
2011 [17] W=o QI+ +25-3)+50 - D? 0G Fat pad - 0.495 ; 8.8 0.29 28.9
LE Support 10 - 100 0.3 - - - -
NH Skin - 0.495 - 31.9 3179.37 0.43
Levy et al ¢ 1 LE Calcaneus 7x10° 0.3 - - -
2015 [18] w= 3 A2 +23+23-3)+ EK(W)Z NH Fat - 0.495 - ) 0.286 28.5 -
LE Achilles 205 0.49 - - -
LE Support 45, 63 and 80 0.3 - ) - -
NH Skin 200 0.495 - B ) ) - 1
- Calcaneus - - -
Luboz et al N/A NH Fat 30 0.49 -
2015 [19] NH Achilles 1x10°8 0.495 -
NH Muscle 60 0.495 - ) ) )
NH Support 10 — 500 0.495 - ) ) )
NH Skin - 0.495 - - 44.66 - 0.43
Levy et al G 0z 2 2 ) 1 (In))? IN_E| Cal(l::ar:eus el 00435 : : 0-4 )
" W==0+23+2%-3)+=K(nJ a - : - - . - -
2016 [20] 2 2 LE Achilles 123 0.49 - - - -
LE Support 45 0.3 - - - -
W = 4,0, = 3)+A, (5 — 3) + As(52 — 1) + LE Skin 150 0.46 1100 ; ; ; 04 2
Lee et al 2017 Ay(J3 — 1)? MR Muscle 15 0.49 1060 - - -
[21] LE Support U 430 0 57.8 - - -
A, = 1.65kPa, A, = 3.35kPa LE Support L 300 0 47.4 - - -
NH Skin 970.853 0.495 - - 324.7 32357 0.42
Friedman et al G 1 LE Calcaneus 7x10°8 0.3 - - - -
2019 [22] W= ) A2+23+22-3)+ EK(lnDZ NH Fat 0.855 0.495 - - 0.286 28.5 -
LE Achilles 194.5 0.495 - - - -
LE Support 40 -100 - - - - -
oG Skin - 0.49 - 2.3,0.81 50 2.3 0.4 2
] 1 LE Calcaneus 7.30 x108 0.3 - - - -
Zwam et al W=+ +39)+50- D2 0G Fat pad - 0.49 ; 6.82,2.51 16 6.82
2020 [23] LE Achilles 816x10° 0.49 - - - -
LE Muscle 60 0.49 - - - -
LE Support 50 0.3 - - - -
NH Skin - - - - 39 3179 1.5% 2
NH Calcaneus 20 x10° 0.42 - - - - -
Soh et al. N/A NH Fats 2000 0.45 - - 0.286 28.5 3
2020 [24] NH Achilles 52x10° 0.49 - - - - 5
NH Muscle (PC) - - - - 7.1 80.19 15
NH Support 25 —2.1x108 0 - - - - -




The first thing that becomes clear is the wide disparity between each of the studies in their
choice of constitutive model and material properties to simulate the same tissue. Tracing the
source cited for each of the assigned parameters also highlighted that all reviewed articles
used material properties from existing literature (Appendix A) and none used properties
measured in the heel. Whilst the majority of articles focused on the healthy foot, it is important
to emphasise here that appropriate material parameters should be assigned for specific
population groups (e.g. diabetic vs healthy foot). This is of particular relevance for heel ulcers
as the peak plantar pressure increases by up to 7% for those with diabetes [43]. Continued
development of experimental research is vital to provide more comprehensive and
representative data in the future, however, the complexity and difficulties in obtaining
personalised in vivo data is likely to remain.

3.3. Boundary conditions and loading

Boundary conditions of the foot and support surface can either be fixed or free to allow
translation and rotation in a specific plane [21,22,24,28,29]. The foot can also be positioned
in neutral (i.e. the position the subject naturally adopts when lying supine in bedrest) or rotated
in abduction/adduction or plantarflexion/dorsiflexion to investigate the effect of different foot
orientations. The way that the foot is positioned, and the types of constraints imposed on the
model will significantly affect the outcomes reported in each study [22,28].

Mechanical loading of the skin gives rise to forces acting either perpendicular to the skin,
described in clinical terms as pressure, or parallel to the skin, described clinically as shear. A
combination of these forces is thought to be very damaging, particularly with significantly high
shear, which can result in occlusion quickly [44]. To simulate a person in bedrest, the
interaction between the heel and the support surface (e.g. the mattress or dressing) must be
defined. One method for simulating the force of the foot is to use an unloaded and loaded MRI
dataset, whereby the difference in total soft tissue thickness can be calculated and used as
the target downward displacement [23,25]. It is then possible to prescribe the displacements
to a set of nodes (e.g. at the heel surface) before integrating the stress over the surface on
which the nodal displacements are applied, to obtain the force.

Alternatively, if the weight of the foot or lower leg is not known, then anthropometric data for
an individual body segment can be used to estimate the weight as a percentage of the
subject's total body weight (BW). A distributed or concentrated load (either in the form of
pressure or a gravitational body force) can then be applied to the mass of the foot
[21,22,27,29], foot and calf [17,28] or whole leg [26]. The majority of FE models distribute the
load solely at the heel, but in reality, the load would also be distributed along the calf, upper
leg and buttock. Depending on how this load is distributed, will increase or decrease the
stresses, strains and contact pressure at the heel [26,28]. Furthermore, to mimic the contact
behaviour between the skin-support surface or bone-soft tissue interface, researchers have
either developed a frictionless model [21,24] or used a friction coefficient ranging from 0.4 to
0.43 [22,23,[25], [26], [27], [28]] or 1.5 [29]. As friction is assumed to play a major role in the
development of heel ulcers, the authors do not believe it is correct to negate friction in an FE
model and more precise values are needed.

FE analysis has also been utilised to explore different foot orientations on heel interface
pressure and strain. Experimentally, Tong et al. found that elderly participants aged 270 years
old rested their heel at 60°—69° or 90°-99° angle to the support surface in sleep mode. The
heel interface pressure was greatest when the foot was upright, and age, weight, and BMI had
no significant impacts [45]. The two reviewed articles that investigated foot posture reported
conflicting results. Sopher et al. found that the resulting stresses and strains were higher when
the foot was inclined at 60° to the supporting material rather than at 90° [22]. Conversely,
Zwam et al. found the resulting stresses and strains in the fat pad of the heel were considerably
reduced when the foot was at 90° compared to a 60° abducted foot posture [28]. The foot not



only moves in abduction/adduction but also in dorsiflexion/plantarflexion. This is important as
the head of the bed can often be elevated. This can cause the patient to ‘slip’ down the bed,
causing a shear force at the supported posterior heel (which can also rotate the foot into
plantarflexion). An increase in plantarflexion between 10° and 30° has been found to increase
the effective stress and shear stress in the skin tissues [25]. It is therefore evident that further
research is needed to fully understand the effect of different foot postures and determine the
optimum foot posture for alleviating heel interface pressure and strain.

Quantifying the exact stiffness of a standard mattress is difficult unless experimental data is
collected, or a specific medical brand is modelled. Therefore, it is common for multiple
simulations to be run with varying Young's moduli to account for the vast number of medical
devices and support surfaces available. This is itself a simplification as mattress materials
generally exhibit nonlinear stress-strain behaviour. Unsurprisingly, all reviewed studies that
varied stiffness properties for the support surface reported that heel loads (i.e. stress and
strain) increased with the stiffness of the support [14,23,24,26,27,29]. In addition, contact
pressure and/or stress and strain levels in the fat and skin tissue were reduced with a small
angle <5° tilt (lifted or lowered) compared to a standard horizontal position [26,27]. Lee et al.
also demonstrated the large degree of asymmetry of the right and left contact pressures
occurring at the calves or heels (potentially accounting for why some patients have only one
heel affected by a PU, or why the heel ulcers can be of different severity on either foot) [26].
The study also reported how the weight of the heels could be partly shifted to the calves by
controlling the angle of the bottom part of the mattress. This is advantageous to clinical
practice as the calves are at less risk of PU formation. However, care needs to be taken in
interpreting these results, as in some cases, the stiffness of the mattress, coupled with an
increased angle, can lead to an increase in soft tissue strain [27].

3.4. Injury criteria

FE models can generate a large amount of detailed information, and interpreting these data
such that simple, clinically relevant metrics can be provided is important. The output measures
of the reviewed articles included: principal compressive and tensile stresses and strains,
maximum shear stresses and strains, von Mises equivalent stress and strain, Green-Lagrange
strain and strain energy density (SED). Injury criteria included maximum values, averages
over a region and the volume in which a certain threshold is exceeded. Data was typically
reported visually in the form of colour contour maps or bar graphs. Primary output measures
and injury threshold criteria are shown in Table 4.



Table 4 — Primary output measures, injury thresholds and validation stated in each of the reviewed articles.

Thresholds

Study Primary Output Measures (dimensionless unless stated) Validation
Sggen 2010 Maximal soft tissue pressure None None
Peak compressive strain
Peak tensile strain
Peak shear strain
Sopher etal | Peak SED SED = 0.3, 0.5 or 0.7 kPa and Previous experiments in animal models and
2011 [17] Peak compressive stress VM stress =2 1.5, 2.0 or 2.5 kPa tissue-engineered constructs [46,47]
Peak tensile stress
Peak shear stress
Peak VM stress
Effective Green-Lagrange strains
Max shear strain . . .
Levy etal Peak effective compressive stress in the AT Effe'ctlve straln.s between 0.2 and 0.5 and effective Pressure-strain curves reported by Li et al [48]
2015 [18] : strains exceeding 0.5
Peak shear Cauchy stress in the AT
Average CP under the heel
Luboz et al Max VM strain o o . Strains reported in the buttock sub-dermal tissue,
2015 [19] Volume of largest cluster with VM above 50% 20% and 50% VM strain and strain distributions in muscle [9,10,41]
Effective Green-Lagrange strains . . .
Levy*et al Peak effective compressive stress in the fat and skin Effe_ctlve stram_s hetween 0.2 and 0.5 and effective Previous study by Levy et al [18]
2016* [20] ; . strains exceeding 0.5
Peak shear stress in the fat and skin
Lee et al CP distribution with a mattress at 0° and 5° tilt None Experlmental data with pressure mattress for the
2017 [21] same subjects
Max effective (VM) stress Effective and shear stress injury threshplds
. were calculated using the average maximal
Friedman et | Max shear stress effective and shear stresses and vary as function None
al 2019 [22] Max Lagrange strains ; X y
of mattress stiffness. Lagrangian strain thresholds
Max SED ) X
in skin and fat also proposed.
zuam etal | MO | ca o | el s vluesfor sifer matress (17,19
2020 [23] P ytore. CP experimental data [49,50]

0.40

Soh et al [24]

Stress

None

None




These different stress and strain measures and different ways of defining an injury threshold
will give very different results. Maximum stress and strain values tend to be very mesh
dependent and can become unrealistically high at sharp corners or discontinuities in the mesh,
and so averaging over a region or using a volume that exceeds a threshold may give better
results [46]. Measures such as SED and von Mises stress give a convenient single scalar
value but it is not clear how they could be related to any physiological injury mechanism. The
von Mises stress is a yield criterion for metals, and there is no evidence that it predicts injury
in soft tissues. To the authors’ knowledge, the only experimental data on injury thresholds is
that of Oomens et al. which showed that the maximum shear strain was the best predictor of
injury, and therefore this is probably the most appropriate criterion to use [47]. Of course, there
are many other factors involved in PU formation and so even the best injury criterion gives
only a part of the picture.

3.5. Verification and validation

As computational models become more complex, a consistent and robust methodology for
model validation through rigorous experimental measurements is needed [48]. Although the
prospect of using simulations in clinical applications is exciting, caution must be exercised.
Many studies that use FE analysis have done little to establish the validity of their methods via
thorough experimentation. Instead, indirect validation (data from existing literature) is used to
compare the contact pressure and stress/strain behaviour of specific tissues (Table 4). Since
all the published studies share the same limitations this does not provide any meaningful
validation of the results.

Two different levels of confirmation are needed before we can be confident that FE models
can predict the risk of pressure injury. The first stage, which we can call verification, is to test
whether the models accurately predict strains in the tissue. This could be done by comparison
with medical imaging data or other experimental methods of measuring tissue strains [[48],
[49], [50]]. The second stage, validation, would be to test the wider question of whether these
methods can correctly predict injury risk. This is a more challenging problem and would
presumably require an extensive clinical trial. Until it can be established that these new
methods can increase the level of care clinicians are able to provide, their usefulness is limited.
The studies we reviewed did not have effective verification or validation, and so their
conclusions must be treated with caution.

4. Discussion

This review summarises the current challenges in developing an effective FE model of the foot
for heel ulcer prevention and what existing published models can tell us about the clinical
guestions we posed in the Introduction. We must bear in mind that mechanical loading is only
one of many factors in the aetiology of PUs and therefore analysing the stresses can only give
us one part of the picture.

FE modelling is a powerful mathematical tool that enables the internal stress and strain
analysis of complex structures with geometrical and material nonlinearities. The intricate
anatomy and mechanics of the human foot have created difficulties in obtaining in vivo
measurements of the heel soft tissue under load. Computer-based simulations have therefore
enabled researchers to generate results quickly for several different scenarios, which would
not be possible through in vivo experimentation. To date, there has been limited interest in FE
studies of the heel in the supine position, despite the increased concern of PU formation in
bedrest. The first paper to model the biomechanics of heel ulcers was written in 2010 [21],
with only eight papers having continued the development of FE modelling in this field. This
has therefore brought about several key limitations which will be addressed in turn below.



Cost, ethics, time, and restricted access to a scanning system have meant that published
computational models of heel ulcers have predominantly used existing cadaveric datasets or
used a model that has been manipulated to simulate atypical anatomy. Whilst this has
provided an idea of the mechanical behaviour of soft tissues it has been subject to the following
assumptions: the regions which have been segmented and how ‘soft tissue’ has been defined,
the constitutive model and the material properties assigned, the boundary conditions and
loads applied, atypical or healthy anatomy, the heel-support surface interaction, foot
orientation, the type of stress and strain reported, and the injury criteria used.

All studies included in this review focused on modelling the healthy foot of a male subject(s),
with none modelling female foot geometry. It is well documented that PUs affect both men and
women and that men have longer and broader feet than women and it is not correct to assume
that this is algebraically scalable (i.e. a female foot is a smaller version of a male) [51,52].
Secondly, with the exception of the diabetic foot modelling by Levy et al. none of the studies
assessed the implication of other foot deformities (e.g. Haglund's deformity) which could
potentially alter the soft tissue mechanics of the foot. The force exerted at the heel and the
interface pressure were also not assessed at the time of scanning. This could be implemented
using a load cell and pressure mat to assign subject-specific loads and boundary conditions.
Although a limited number of studies are presented in this paper, it highlights the necessity for
increased research and FE modelling of different patient groups to identify those at risk and
those requiring individualised treatment/prevention methods.

Care must also be taken when substituting subject-specific data into a general dataset or
filling’ damaged regions with healthy soft tissue. Luboz et al. assumed that the soft tissue
surrounding the calcaneus remained the same for each subject, such that all 18 calcanei were
positioned so that their most posterior (lower) tips would be superimposed [19]. Whilst this
enabled a direct comparison of the strains to be made across all 18 models, it is in fact
anatomically inaccurate. The soft tissue surrounding the calcaneus is thin (approximately 3.8
mm between the bone and surface of the skin). This thickness will not only vary between
patients but will also vary with different foot orientations. The attachment of the Achilles tendon
will be dependent upon the shape and size of the calcaneus, particularly in atypical foot
geometry such as those with Haglund's deformity. This will change the mass of adipose tissue
known as Kager's fat pad, which in turn will affect the mechanics of the foot [46]. Similarly,
damaged soft tissue as evident in a patient with DTI is best modelled as an ulcerated foot and
not as a healthy foot model, as the reconstructed soft tissue anatomy may be inaccurate.

Material models are often simplistic and do not properly represent the nonlinear, anisotropic
behaviour of the different tissues. A vast array of parameter values are therefore used, often
from outdated literature or tissue dissimilar to the foot tissues modelled. Ideally,
measurements would be taken on a living subject during the imaging process to allow subject-
specific material parameters to be assigned to their individual geometry, although this would
be very difficult. Failing that, accurate data from multiple measurements on representative
tissue from the correct anatomical site is needed, particularly for tissues such as the heel fat
pad which has never been tested on the posterior part of the heel and is likely to have different
properties from the weight bearing tissue on the sole of the foot.

FE analysis is only useful if the meshed geometry and material parameters have been
appropriately assigned and the correct output measures are reported. The assignment of
material properties that accurately represent the complexity and behaviour of these tissues is
critical and therefore requires continued experimental research to further develop these
models and identify damage criteria. Oomens and colleagues have made a significant
contribution to the understanding of soft tissue mechanics through in vivo animal studies,
identifying that shear strains above a certain threshold could cause direct deformation damage
of skeletal muscle [53]; this may provide greater insight into the risk of DTl compared to
pressure mapping measures at the skin interface [15]. Yet the majority of studies do not



validate their model by experimental data due to the difficulties in obtaining in vivo human or
animal data.

Another important factor that is ignored in these studies is the effect of time and duration of
loading. This is important in two respects, firstly the tissues are assumed to behave elastically
with no change in deformation with time of loading, and secondly the likelihood of injury
depends not just on the magnitude but also on the duration of loading. The first point is difficult
to address with the current state of the art of soft tissue modelling. It may well be that
deformation does change with time but we do not currently have sufficient data or
appropriately detailed material models to be able to address this. On the second point, again
we lack detailed information on the time evolution of injury criteria, but we can say with some
confidence that a higher strain in the tissue is likely to lead to a greater risk of an injury
occurring after a shorter period of loading. Comparative studies that demonstrate lower strains
in a quasistatic model can therefore reasonably be interpreted as showing a reduced risk
and/or a longer time before injury occurs. Although the studies we reviewed have a number of
significant limitations, they do offer some insights into the clinical questions we posed in the
Introduction. We will consider each of these in turn:

How are the internal soft tissue strains influenced by foot posture?

Interface stresses between the heel and its support surface are a consequence of external
force (gravity), the biomechanical properties of the soft tissue and geometry of the heel, the
stiffness of the support surface, the friction at the interface and the orientation of the foot.
Numerical modelling has previously demonstrated that individuals with comparable interface
pressures can have significantly different internal stresses and strains [15]. Different foot
postures have shown how sensitive the internal strains are to abduction, adduction and
plantarflexion [22,25,28]. The next step would be to model the ankle joint to further investigate
the effect of plantarflexion and dorsiflexion on the foot, particularly with different combinations
of abduction and adduction. The inclusion of the knee joint and upper leg/buttock would also
help to simulate the load distribution of the total leg and ensure the correct load on the heel.

How are the internal soft tissue strains influenced by the slope and stiffness of the mattress?

Only two of the reviewed studies assessed the slope and stiffness of the mattress but only
one reported the influence of the slope with regards to soft tissue strains. Friedman et al.
varied the support angle according to common surgical bed positions (Trendelenburg position,
horizontal position and reverse Trendelenburg position) and found that a small angle <5° tilt
(lifted or lowered) reduced the stress and strain levels in the fat and skin tissue when compared
to a standard horizontal position [27]. However, in some cases, the stiffness of the mattress,
coupled with an increased angle, lead to an increase in soft tissue strain [24]. Although Lee et
al. did not report data on the internal strains, the paper did report that the contact pressure in
the heel and calves were reduced when the angle of the lower part of the mattress increased.
This argues the need for further research to be carried out in order to fully understand the
influence of the support angle in each of the above positions and how this is affected when
the stiffness of the mattress is varied. Repositioning is one of the main strategies used in
clinical practice for the prevention of PUs. Knowing whether there is an optimum bed position,
coupled with an optimum mattress stiffness is an important area to establish clear results.

Many of the published studies represented the mattress as a simple linear elastic material
which will not give accurate results where there are significant deformations occurring at the
heel. The other studies used a neo-Hookean model which correctly accounts for large
deformations but still behaves in a linear elastic way, whereas the behaviour of real mattress
materials is nonlinear. It is important to note that the stiffness of the mattress will depend not
only on the material stiffness but also on its thickness. With these limitations in mind, it is
difficult to relate the results of the studies to the actual selection of mattresses or support
surfaces in clinical practice. All the studies concluded, as would be expected, that a mattress



material that is too stiff will increase the strains in the soft tissue and therefore the risk of injury,
but none identified an optimum stiffness or characteristics that could minimise the risk.

How are the internal soft tissue strains influenced by the friction coefficient at the skin — surface
interface?

The various studies used a wide range of friction coefficients, from 0 to 1, which more than
covers the range likely to be encountered in practice, but most chose values around 0.4.
Friction is mainly important where there is a shearing force on the heel, for example because
the upper part of the bed has been raised and the patient has a tendency to slide down. Zwam
et al. found that friction coefficients below 0.4 had a strong influence on tissue stresses and
that from 0.4 upwards sliding did not occur and so the precise value was unimportant [28].
Since 0.4 is about the level of friction that seems to be encountered in practice [54,55] this
suggests that significantly reducing friction or taking other steps to reduce shear loads could
reduce internal tissue strains and hence the risk of injury. However, this conclusion comes
only from a single study and has not been confirmed by others or in different situations.

Overall, these studies do not provide really convincing evidence to answer these clinical
guestions. All had technical limitations, and none modelled mattress materials realistically
enough to be really confident that the predicted strains are correct. We conclude therefore that
further work is needed with more attention to accurately modelling the material behaviour and
other aspects. We must remember also that mechanical loading is only one factor that may
cause injury and other factors such as microclimate are also critical.

MRI imaging now offers the possibility of in vivo strain measurements using image registration
techniques and this is one way in which computational models of the heel could be validated.
Another might be to construct phantoms with appropriate tissue properties.

It is widely acknowledged that there can be significant numerical and computational error in
using FE methods, as well as a frustrating lack of speed or reliability. However, if these factors
are known and appreciated, it is possible to use these methods to start to gain real insights
into the behaviour of soft tissues and to produce useful practical predictions. The FE models
to date have provided an insight into the complexity of modelling the soft tissues of the foot.
Understanding PU aetiology and improving risk assessment through early detection of injury
depends on the implementation of reliable imaging modalities and thorough and extensive
validation of each individual step of the FE modelling process.

FE modelling alone will only provide partial information and as such future studies should
strongly consider the implementation of experimental data from the same subject. Validation
is critical for any clinically relevant application of FE modelling but at the same time it remains
one of the most challenging aspects of computational biomechanics.

The evaluation of FE models against experimental data in other computational biomechanical
analysis for PU prevention has typically involved animal studies and/or imaging (e.g MRI, low
dose biplanar X-ray). A number of approaches have been used to measure soft tissue
response in the buttock or sacrum, for example: assessing the volume of the tissue with strains
in a certain strain interval to compare loading regimens [[56], [57], [58], [59]]; a comparison of
peak strains and stresses in spinal cord injury patients with sitting-acquired DTI [60];
examining three different strain parameters (max in-plane compressive strain, max in-plane
shear strain and SED) with respect to measured compression-induced damage [61]; and a
comparison of the simulated contact pressure and analysis of the maximum Green Lagrange
shear strains in the muscles [8]. Methods of this kind, followed by validation of the whole
approach through clinical trials, are needed before we can confidently draw clinical
conclusions from these studies. Their clinical value will remain limited until thorough validation
has been completed.



5. Conclusion

Only a few studies have attempted to model the mechanics of heel ulcers and all have
significant limitations. Further work is needed to develop models that are sufficiently robust
and well validated to draw reliable clinical conclusions. Although the studies that have been
published to date demonstrate the possibilities of the technique and suggest some interesting
preliminary conclusions, all have limitations in their choice of subjects, imaging and mesh
generation, material models and parameters, and their boundary conditions. None have been
properly validated against independent experimental measurements and many have very
significant limitations such as the use of generic “soft tissue” properties, instead of correctly
modelling the different tissues. All of these difficulties can be overcome with further research
and development. Our recommendations for future studies are therefore summarised in Table
5.



Table 5 — Recommendations and considerations for future studies (where essential and desirable (Italics) criteria is stated).

Stage of FE
development

Essential and Desirable criteria for each stage of the FE process

Aim

Clearly define a goal of the FE model.
State the scientific research question(s) that the development of the FE model will answer.

Imaging = As a minimum, ensure the imaging sequence captures appropriate detail for the following anatomical structures:
Calcaneus, Achilles tendon, heel fat pad, soft tissue.
= Where the skin envelope is not visible, assume the skin layer is 1-2mm as per existing literature.
= Include the right or left foot of a male subject for comparison with previous studies.
= Where possible include data for a female foot.
= Image both a range of healthy feet and atypical geometry (e.q. Haglund’s deformity).
= Where possible include additional parts of the leg (e.g. the calf, upper leg, buttock).

Dataset = Choose an appropriate dataset that best represents those affected by pressure ulcers (taking into account age,
weight, height, gender etc). Ensuring that any material parameter values are then selected for the same
population group.

= Do not il regions of damaged tissue with healthy tissue.
= Avoid manufacturing artificial datasets to represent anatomical differences or pathologies. Scan representative
individuals wherever possible.

Software = Clearly state which segmentation software and FE solver was used, inc version (e.g. ScanlP 2018 and FEBio
v2.1).

= State the PC properties and simulation run times (e.g. Core i7, Windows 10, 64 GB RAM, 8h/model).
Modelling = As a minimum, all models should include the calcaneus, Achilles tendon, heel fat pad and soft tissue.

Use an appropriate mesh between the heel and contact surface.

Ensure a thorough understanding of non-linear constitutive models, boundary conditions and loading capabilities
of the FEA software used, and the differences in defining equations (e.g. between FEBio and Abaqus software).
Report the type of mesh and number of elements in model.

Additional subcutaneous layers, muscles and soft tissue should be included where appropriate.

Inclusion of a mattress, medical device/dressing should be included where appropriate.




Material Parameters

Use appropriate material models and parameters for the individual tissues, rather than a generic “soft tissue’
model.

Where existing literature is cited, ensure that the source has characterised the tissue layer relative to the FE
model.

Use appropriate material models and obtain accurate parameters for mattress stiffness.

Seek to obtain accurate data from the correct anatomical location in representative individuals.

Seek to obtain subject-specific experimental data from the same individual that has been imaged.

Tabulate material properties for ease of reading.

Boundary Conditions

Use an appropriate friction coefficient that has been measured for the combination of materials.

Use the actual images to calculate the weight of the foot and leg (or use body loads in the FE model) and
consider the load sharing between the heel, calf and thigh.

Do not use generic anthropometric data to calculate the weight of the foot (if using a cadaveric or CAD dataset).
For MRI studies, consider the development of an MRI compatible device to allow the load to be obtained during
scanning.

Sensitivity Analysis

Run a mesh sensitivity analysis by changing the element size at the region of interest.

Report foot posture in the subject’s adopted position in bedrest, 60° and 90° incline to the support surface
(abduction) and 120° and 135° (adduction) [23].

Where the mattress is included, vary the stiffness to show the effect of a soft and stiff support surface.
Where the mattress can be lowered or raised, vary the angle at 5°.

Where the ankle joint is present, report plantarflexion at 10°, 20° and 30° and dorsiflexion where possible.

Output Measures

The different stress and strain outputs reported are confusing and cause ambiguity when defining an injury
threshold. Maximum shear strain should be reported as a minimum as this is currently the most appropriate
criterion to use [55][45].

Include tabulated or graphical results of each simulation to aid objective comparison.

Validation

Validate models against experimental measurements or other independent data, not just by comparison to
previous studies.
If possible, measure tissue deformation by imaging to validate models.

Open access

Where possible, consider making models openly available to advance future heel ulcer research.




The authors would like to emphasise here that it is imperative to develop a model that answers
a specific research question. This will determine how sophisticated the FE model needs to be
in order to answer the question(s) posed. It is easy to fall into the trap of developing a model
just “to make a patient-specific model” or an overly complex model that has a vague concept
without clear research aims. Therefore, the focus of any FE research should always start with
a clearly defined goal and a scientific question to answer. This will define how far the
researcher has to go with fine tuning and validating their model and how many of the
recommendations proposed in Table 5 they have to achieve.

The development of appropriate measurement methods to obtain reliable model input data
remains a key challenge. The personalisation of parameters and the potential complexity of
the FE model will therefore lie in the research question posed. There is evidence in all the
reviewed studies that each parameter is of importance, however the evidence to date is not
enough to be able to prioritise the importance of the parameters.

We look forward to the development of more rigorous models in the future and we anticipate
valuable clinical conclusions, thorough preclinical testing of new products and perhaps the
development of more personalised treatments tailored to the anatomy and mechanics of
individual patients.
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Appendix A- Constitutive model and material properties for each of the reviewed studies with original source shown in square brackets

E*10,20,50,50,60,20 o 100058 w03 (Linder-Gang and Gafen 2009) ‘\\ Sopher
e
?/
£=S0kPa w03 [Lewy e al 2015) ’/u:\' Twam
\
p_—
=15, 63, BOkra a3 (Shabshin et al 20101 if‘\ Levy
S
E-10 10 500kPa w0AD5 [nt refesenced] /M\ Lubsz
{
S/
E- 40,60,80,1004Ps. [Tenenbaum et al 2013)(Sopher et al 2011 )[Linger Ganz 2008] N Friedman
1\.1/ Sopher ,/;(\ 468 Vo045 - B40KPa K- E3B00PA [Miller Yourg et ol 2002 Spears et 41 2007]
EedSkPy w03 Tuewy o2 4l 2015) I Lewy 2016 U
\Mj Zwam @ as23 Ve0AS  peSOkPa  kelNPa  DeOBImAAIN  (Lubozetal 2015][Lovy et ol 2015)
F830 and 3004Pa {5578 and A7 4igime3 [Measuirament test IS K6301) N Lee U
(&) Levy 7\ w0455 GeNOPe  k=3ITRITP Isopher et 31 20101uinder-Ganz et 81 20071
. NH
E=25, 21K10°6KPS w0003 [Shigikiou ot 3 018][Reardrmeno ot 1 2010) N U
- '\""‘/ Lawy 2016 /4\ Ve GeddEEKPa [Psi ot 3 2112)
o/
B0 w03 [Gafan 2003)>{Nakamura et al 1581] N\ Sopher m ] {fN;\ [=2004 w0495 [Sopher 3t 2l 20111
=/ o/
E7310%  v-03 iAkraemi et 1 20181 /D Buam Frizdman f;\ ESOMESHPY w0435 GeRATKPa  k=32357Pe fLew2013)
0 \J
B0 w03 [Scpher ot 31 2010) gAY Lewy Soh £\ Go30be ke 317Pa C10-1685P0  D1-6254P0 Tevy ecal 2015)
NH
) U - Calcaneus \—j
ET7x10% 0.3 [uevy #t al 201 3)[S0pher et &l 2011] fl:\ Friadman Les /:\ E=150iP0  v=0495 p=1100kgim3 [Lizee et al 1598][Adams ot 3 1993)[Hendries ot 3l 2003)Verver ot al 2004]]
_/ U
E=2IONE  v042 (Run et al 2008) m sah
L} —
\_/ E-100kPa w0495 [Gefen el al 2001][Greenieal et al 2003]
Foot FE Material
ETu06 w03 [Sopher ec al 2610] Yoy Levy 2016
i3
&) Parameters [ E2000NPa v ICho et 2009)
\ J
ELGNIDUSKPY  weD.49 [iren e 21 2001] /:\ Zwam
U [‘\ a2 We0A95  p=O2%Pa k=IR9Pa [Nl Viung o1  J000Specrs ot a1 2007]
o6
E=205kP, 049 K o 2001 L
a - thua et o 2001) /D vy ./
/ Znam K;\ $682  ve04)  p-50Pa k=23 D-25ImmZN  [Spearsctal 2007MErdemic ctal 20061
E=1x10°6kPa w0498 [Sopher et al 2011] lubar
; @ U
Achilles tendon Lewy m VA5 GeO2B6RPY Ks3IPRITPA [Sopher et 3l 2010){Linder Gaaz et 3 2007)
E-I94SkPa  v=0.495 DXuoetal 2001) Kot et al 2012] TN biednan )
&/
Lubar m Ee30kPa w049 [Sopher at & 2011]
ES2c105MP w045 Euietal 2003) SN s ~| Fatpad o
O, L] -
Friedman N\ E-0855 w0495 GoO28SKPR  k-2B.5Pa TLevy 2013]
£2123kPa va0.48 Connizzo et al 2014] Lewy 2016 e
I 1 @ ey )
Son f"\:\ GeO2B6kPa  kePRSHPs  CI0=0L143P  D1=70175kPs {Levy et 4l 2015]
FabliPa  vel49 [Lusbor of al 2015) /‘\ U
\‘ij Ly 2016 /u\ vaOdSS  GelldiPa [Pal e sl 2012)
i
EeGOMPa  ve0.495 [Sopher ¢t al 2011 f/_\\ \_/’
G=7IkPa  k=BD.ISPa CI0=355kPa  DI=243404F3 [0 et 3l 2014][Harsang et al 2013] m Soh m
"/
E15kP v049  prI0eigm3 (Ward & Liaber 2005)(Grjcc ot ol 2009) /";\ ™




7. References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Dealey C, Posnett J, Walker A. The cost of pressure ulcers in the United Kingdom. J
Wound Care 2012. https://doi.org/10.12968/jowc.2012.21.6.261.

Guest JF, Fuller GW, Vowden P, Vowden KR. Cohort study evaluating pressure ulcer
management in clinical practice in the UK following initial presentation in the
community: costs and outcomes. BMJ Open 2018;8:e021769.
https://doi.org/10.1136/bmjopen-2018-021769.

Al Mutairi KB, Hendrie D. Global incidence and prevalence of pressure injuries in
public hospitals: A systematic review. Wound Med 2018.
https://doi.org/10.1016/j.wndm.2018.05.004.

Kottner J, Black J, Call E, Gefen A, Santamaria N. Microclimate: A critical review in
the context of pressure ulcer prevention. Clin Biomech 2018.
https://doi.org/10.1016/j.clinbiomech.2018.09.010.

Bouten C V., Oomens CW, Baaijens FP, Bader DL. The etiology of pressure ulcers:
Skin deep or muscle bound? Arch Phys Med Rehabil 2003.
https://doi.org/10.1053/apmr.2003.50038.

Linder-Ganz E, Engelberg S, Scheinowitz M, Gefen A. Pressure-time cell death
threshold for albino rat skeletal muscles as related to pressure sore biomechanics. J
Biomech 2006;39:2725-32. https://doi.org/10.1016/j.jbiomech.2005.08.010.

Gefen A. Reswick and Rogers pressure-time curve for pressure ulcer risk. Part 1.
Nurs Stand 2009;23:64, 66, 68 passim.
https://doi.org/10.7748/ns2009.07.23.45.64.c7115.

Macron A, Pillet H, Doridam J, Verney A, Rohan PY. Development and evaluation of a
new methodology for the fast generation of patient-specific Finite Element models of
the buttock for sitting-acquired deep tissue injury prevention. J Biomech 2018.
https://doi.org/10.1016/j.jbiomech.2018.08.001.

Fowler E, Scott-Williams S, McGuire JB. Practice recommendations for preventing
heel pressure ulcersi. Ostomy Wound Manag 2008.

Salcido R. What is the “purple heel”? Adv Skin Wound Care 2006.
https://doi.org/10.1097/00129334-200601000-00002.

Delmore B, Lebovits S, Suggs B, Rolnitzky L, Ayello EA. Risk Factors Associated with
Heel Pressure Ulcers in Hospitalized Patients. J Wound, Ostomy Cont Nurs 2015.
https://doi.org/10.1097/WON.0000000000000134.

Makhsous M, Lim D, Hendrix R, Bankard J, Rymer WZ, Lin F. Finite element analysis
for evaluation of pressure ulcer on the buttock: Development and validation. IEEE
Trans Neural Syst Rehabil Eng 2007. https://doi.org/10.1109/TNSRE.2007.906967.

Verver MM, van Hoof J, Oomens CWJ, Wismans JSHM, Baaijens FPT. A finite
element model of the human buttocks for prediction of seat pressure distributions.
Comput Methods Biomech Biomed Engin 2004.
https://doi.org/10.1080/10255840410001727832.

Linder-Ganz E, Shabshin N, ltzchak Y, Yizhar Z, Siev-Ner |, Gefen A. Strains and
stresses in sub-dermal tissues of the buttocks are greater in paraplegics than in
healthy during sitting. J Biomech 2008.
https://doi.org/10.1016/j.joiomech.2007.10.011.

Oomens CWJ, Bressers OFJT, Boshoom EMH, Bouten CVC, Bader DL. Can loaded



[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

interface characteristics influence strain distributions in muscle adjacent to bony
prominences? Comput Methods Biomech Biomed Engin 2003.
https://doi.org/10.1080/1025584031000121034.

Guiotto A, Sawacha Z, Guarneri G, Avogaro A, Cobelli C. 3D finite element model of
the diabetic neuropathic foot: A gait analysis driven approach. J Biomech 2014.
https://doi.org/10.1016/j.jbiomech.2014.06.029.

Luboz V, Perrier A, Stavness I, Lloyd JE, Bucki M, Cannard F, et al. Foot ulcer
prevention using biomechanical modelling. Comput Methods Biomech Biomed Eng
Imaging Vis 2014. https://doi.org/10.1080/21681163.2013.837410.

Akrami M, Qian Z, Zou Z, Howard D, Nester CJ, Ren L. Subject-specific finite element
modelling of the human foot complex during walking: sensitivity analysis of material
properties, boundary and loading conditions. Biomech Model Mechanobiol 2018.
https://doi.org/10.1007/s10237-017-0978-3.

Behforootan S, Chatzistergos P, Naemi R, Chockalingam N. Finite element modelling
of the foot for clinical application: A systematic review. Med Eng Phys 2017.
https://doi.org/10.1016/j.medengphy.2016.10.011.

Telfer S, Erdemir A, Woodburn J, Cavanagh PR. What has finite element analysis
taught us about diabetic foot disease and its management? A systematic review.
PLoS One 2014. https://doi.org/10.1371/journal.pone.0109994.

Gefen A. The biomechanics of heel ulcers. J Tissue Viability 2010.
https://doi.org/10.1016/j.jtv.2010.06.003.

Sopher R, Nixon J, McGinnis E, Gefen A. The influence of foot posture, support
stiffness, heel pad loading and tissue mechanical properties on biomechanical factors
associated with a risk of heel ulceration. J Mech Behav Biomed Mater 2011.
https://doi.org/10.1016/j.jmbbm.2011.01.004.

Levy A, Frank MBO, Gefen A. The biomechanical efficacy of dressings in preventing
heel ulcers. J Tissue Viability 2015. https://doi.org/10.1016/j.jtv.2015.01.001.

Luboz V, Perrier A, Bucki M, Diot B, Cannard F, Vuillerme N, et al. Influence of the
Calcaneus Shape on the Risk of Posterior Heel Ulcer Using 3D Patient-Specific
Biomechanical Modeling. Ann Biomed Eng 2015. https://doi.org/10.1007/s10439-014-
1182-6.

Levy A, Gefen A. Computer modeling studies to assess whether a prophylactic
dressing reduces the risk for deep tissue injury in the heels of supine patients with
diabetes. Ostomy Wound Manag 2016.

Lee W, Won BH, Cho SW. Finite element modeling for predicting the contact pressure
between a foam mattress and the human body in a supine position. Comput Methods
Biomech Biomed Engin 2017. https://doi.org/10.1080/10255842.2016.1203421.

Friedman R, Shabshin N, Payan Y, Gefen A. Heel ulcers: Investigating injurious
tissue load thresholds in humans, based on a patient-specific computational heel
model. Innov. Emerg. Technol. Wound Care, 2019. https://doi.org/10.1016/B978-0-12-
815028-3.00007-9.

Zwam WGH Van, Turnhout MC Van, Oomens CWJ. Risk factors for developing heel
ulcers for bedridden patients : A finite element study. Clin Biomech 2020:1-15.

Soh BWS, Corrias A, Tucker-Kellogg L. Chapter 3 - Computational modeling of the
thin muscle layer, panniculus carnosus, demonstrates principles of pressure injury
and prophylactic dressings. In: Gefen ABT-l and ET in WC, editor., Academic Press;



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

2020, p. 41-54. https://doi.org/https://doi.org/10.1016/B978-0-12-815028-3.00003-1.

European Pressure Ulcer Advisory Panel NPUAP and PPPIA. Prevention and
Treatment of Pressure Ulcers : Clinical Practice Guideline. Emily Haes. 2019.

Ramana B. The Physiologic Basis of Surgery, Fourth Edition. Edited by J. Patrick
O’Leary and Arnold Tabuenca, 768 pages. Lippincott Williams & Wilkins, 2008, ISBN:
10: 0781771382. World J Surg 2009. https://doi.org/10.1007/s00268-008-9886-0.

Tenenbaum S, Shabshin N, Levy A, Herman A, Gefen A. Effects of foot posture and
heel padding devices on soft tissue deformations under the heel in supine position in
males: MRI studies. J Rehabil Res Dev 2013.
https://doi.org/10.1682/JRRD.2012.10.0183.

Edama M, Kubo M, Onishi H, Takabayashi T, Yokoyama E, Inai T, et al. Structure of
the Achilles tendon at the insertion on the calcaneal tuberosity. J Anat 2016.
https://doi.org/10.1111/joa.12514.

Pang BSF, Ying M. Sonographic Measurement of Achilles Tendons in Asymptomatic
Subijects. J Ultrasound Med 2006. https://doi.org/10.7863/jum.2006.25.10.1291.

Spitzer VM, Whitlock DG. The visible human dataset: The anatomical platform for
human simulation. Anat Rec 1998. https://doi.org/10.1002/(SICI)1097-
0185(199804)253:2<49::AID-AR8>3.0.CO;2-9.

Dai JX, Chung MS, Qu RM, Yuan L, Liu SW, Shin DS. The visible human projects in
Korea and China with improved images and diverse applications. Surg Radiol Anat
2012. https://doi.org/10.1007/s00276-012-0945-8.

Dey DK, Rothenberg E, Sundh V, Bosaeus |, Steen B. Height and body weight in the
elderly. I. A 25-year longitudinal study of a population aged 70 to 95 years. Eur J Clin
Nutr 1999. https://doi.org/10.1038/sj.ejcn.1600852.

Maurel W, Thalmann D, Wu Y, Thalmann NM. Biomechanical Models for Soft Tissue
Simulation. 1998. https://doi.org/10.1007/978-3-662-03589-4.

Marino M. Constitutive Modeling of Soft Tissues. In: Narayan R, editor. Encycl.
Biomed. Eng., Oxford: Elsevier; 2019, p. 81-110.
https://doi.org/https://doi.org/10.1016/B978-0-12-801238-3.99926-4.

Holzapfel G. Nonlinear Solid Mechanics: A Continuum Approach for Engineering
Science. Meccanica 2002. https://doi.org/10.1023/A:1020843529530.

Loerakker S, Manders E, Strijkers GJ, Nicolay K, Baaijens FPT, Bader DL, et al. The
effects of deformation, ischemia, and reperfusion on the development of muscle
damage during prolonged loading. J Appl Physiol 2011.
https://doi.org/10.1152/japplphysiol.00389.2011.

Hendriks FM, Brokken D, van Eemeren JTWM, Oomens CWJ, Baaijens FPT, Horsten
JBAM. A numerical-experimental method to characterize the non-linear mechanical
behavior of human skin. Ski Res Technol 2003. https://doi.org/10.1034/j.1600-
0846.2003.00019.x.

Erdemir A, Viveiros ML, Ulbrecht JS, Cavanagh PR. An inverse finite-element model
of heel-pad indentation. J Biomech 2006.
https://doi.org/10.1016/j.jbiomech.2005.03.007.

Bennett, L and Lee B. Pressure versus shear in pressure sore causation. McGraw-
Hill; 1985.

Tong SF, Yip J, Yick KL, Yuen MCW. Effects of different heel angles in sleep mode



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

on heel interface pressure in the elderly. Clin Biomech 2016.
https://doi.org/10.1016/j.clinbiomech.2015.11.006.

Irons B, Ahmad S. Techniques of finite elements. 1980.
https://doi.org/10.2307/2007639.

Oomens CWJ, Bader DL, Loerakker S, Baaijens F. Pressure Induced Deep Tissue
Injury Explained. Ann Biomed Eng 2015. https://doi.org/10.1007/s10439-014-1202-6.

Henninger HB, Reese SP, Anderson AE, Weiss JA. Validation of computational
models in biomechanics. Proc Inst Mech Eng Part H, J Eng Med 2010;224:801-12.
https://doi.org/10.1243/09544119JEIM649.

Ceelen KK, Stekelenburg A, Mulders JLJ, Strijkers GJ, Baaijens FPT, Nicolay K, et al.
Validation of a numerical model of skeletal muscle compression with MR tagging: A
contribution to pressure ulcer research. J Biomech Eng 2008.
https://doi.org/10.1115/1.2987877.

Tao K, Wang D, Wang C, Wang X, Liu A, Nester CJ, et al. An In Vivo Experimental
Validation of a Computational Model of Human Foot. J Bionic Eng 2009;6:387-97.
https://doi.org/https://doi.org/10.1016/S1672-6529(08)60138-9.

Luo G, Houston VL, Mussman M, Garbarini M, Beattie AC, Thongpop C. Comparison
of male and female foot shape. J Am Podiatr Med Assoc 2009;99:383-90.
https://doi.org/10.7547/0990383.

Wunderlich RE, Cavanagh PR. Gender differences in adult foot shape: implications
for shoe design. Med Sci Sports Exerc 2001;33:605-11.
https://doi.org/10.1097/00005768-200104000-00015.

Stekelenburg A, Oomens C, Bader D. Compression-induced tissue damage: Animal
models. Press. Ulcer Res. Curr. Futur. Perspect., 2005. https://doi.org/10.1007/3-540-
28804-X_12.

Zhang M, Mak AFT. In vivo friction properties of human skin. Prosthet Orthot Int
1999;23.

Gerhardt L-C, Mattle N, Schrade GU, Spencer ND, Derler S. Study of skin-fabric
interactions of relevance to decubitus: friction and contact-pressure measurements.
Ski Res Technol Off J Int Soc Bioeng Ski [and] Int Soc Digit Imaging Ski [and] Int
Soc Ski Imaging 2008;14:77-88. https://doi.org/10.1111/j.1600-0846.2007.00264.X.

Traa WA, van Turnhout MC, Moerman KM, Nelissen JL, Nederveen AJ, Strijkers GJ,
et al. MRI based 3D finite element modelling to investigate deep tissue injury. Comput
Methods Biomech Biomed Engin 2018.
https://doi.org/10.1080/10255842.2018.1517868.

Moerman KM, van Vijven M, Solis LR, van Haaften EE, Loenen ACY, Mushahwar VK,
et al. On the importance of 3D, geometrically accurate, and subject-specific finite
element analysis for evaluation of in-vivo soft tissue loads. Comput Methods Biomech
Biomed Engin 2017;20:483-91. https://doi.org/10.1080/10255842.2016.1250259.

Oomens CWJ, Broek M, Hemmes B, Bader DL. How does lateral tilting affect the
internal strains in the sacral region of bed ridden patients? - A contribution to
pressure ulcer prevention. Clin Biomech (Bristol, Avon) 2016;35:7-13.
https://doi.org/10.1016/j.clinbiomech.2016.03.009.

Oomens CWJ, Zenhorst W, Broek M, Hemmes B, Poeze M, Brink PRG, et al. A
numerical study to analyse the risk for pressure ulcer development on a spine board.
Clin Biomech (Bristol, Avon) 2013;28:736-42.



[60]

[61]

https://doi.org/10.1016/j.clinbiomech.2013.07.005.

Sopher R, Nixon J, Gorecki C, Gefen A. Effects of Intramuscular Fat Infiltration,
Scarring, and Spasticity on the Risk for Sitting-Acquired Deep Tissue Injury in Spinal
Cord Injury Patients. J Biomech Eng 2011;133. https://doi.org/10.1115/1.4003325.

Ceelen KK, Stekelenburg A, Loerakker S, Strijkers GJ, Bader DL, Nicolay K, et al.
Compression-induced damage and internal tissue strains are related. J Biomech
2008;41:3399-404. https://doi.org/https://doi.org/10.1016/j.jbiomech.2008.09.016.



