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Abstract

Understanding human soft tissue deformation is important for preventing and
decreasing the tissue damage due to mechanical load by external products.
Experimental data for material properties of living human tissue are limited.
Moreover, tissue tolerance to loads seems depend on the individual-specific
conditions including health. Predictions of mechanical behaviour with finite
element (FE) models exist, however FE simulations of human soft tissue apply
simplified material representation of which impacts on outcomes are yet
unclear. Strategies to investigate human tissue load response need to be
improved for better understanding of tissue deformation.

This thesis aims to investigate aspects of deformation in human soft tissue of
the leg when exposed to external loading. The focus is on soft tissue
representation in FE simulation models and individual-specific live tissue
deformation under established health conditions.

To investigate the influence of tissue material representation in FE
simulation a strategy with a 2D generic multilayer model of the lower leg was
introduced. Two material sets were applied, each representing skin, fat,
vessels and bones separately while fascia and muscle tissues had either
separate or combined material properties. External loads were applied by three
different shapes of prosthetic sockets. The relative change between the two
used material sets were considerable regarding the distribution and
magnitudes of tissue’s stresses and strains as well as the contact pressures.
Thus, the FE model was sensitive to how muscle and fascia were modelled.

An experimental strategy for obtaining deformation in the leg tissues of a
person with specified health condition was then developed and demonstrated
in a case study. A tissue-indentation instrument (TIM) was designed so that
the induced mechanical deformation could be captured by magnetic resonance
imaging (MRI). A questionnaire and a clinical assessment protocol addressed
health conditions related to pressure injury development. The investigated
deformations were the displacement and stretch ratio A per layer, the volume
change by volume ratio / on cross-section slice and by the deformation
gradient Fand Jacobian determinant /¥ in a defined element within a specific
muscle tissue region. Individual-specific results for one healthy male subject
demonstrated that the layers of skin, fat, muscles and deep vessels were



compressed and underwent large strains, while the connective tissues behaved
incompressible and with small strains.

The combined results suggest that the deformation of the human lower leg
soft tissue should be investigated by tissue types and layers, and represented
by separate material behaviour instead of combined types and layers.

This work is relevant to the increase of the human tissue material property
reference data set with subjects of diverse health conditions, and to
verification and validation of related simulation models.

Key words: Human soft tissue, Deformation, Material property, Simulation,
Finite element, Biomechanics, Pressure injury, Multidisciplinary



Nomenclature

aetiology the cause or origin of a disease
anterior in front

anoxia lack of oxygen in body tissue
connective tissue tissue which forms the
main part of bones and cartilage, ligaments
and tendons, in which a large proportion of
fibrous material surrounds the tissue cells
distal further away from the centre of the
body (is opposite to proximal)
epidermium outer nonvascular, non-
sensitive cell layer of skin

ex vivo experimentation or measurements
which takes place outside an organism,
done in or on tissue from an organism in
an external environment

fascia band or sheet of connective tissue,
primarily  collagen, that attaches,
encapsulates, stabilize and separate
muscles and other internal organs

gluteal, gluteus muscles muscles in the
buttocks

hematoma collection of blood outside
blood vessels, e.g. in muscle tissues, mass
of blood under the skin

hypoxia inadequate supply of oxygen to
tissue or an organ

immobilize hinder movements, stop from
moving

immunological disease disease related to
the immune system

inferior lower down than another part
inserts insoles (in current context)

in vitro experiment which takes place in
the laboratory

in vivo in living tissue

ischemia deficient blood supply to part of
the body

lateral further away from the midline of
the body

limb extremity, leg or arm

liner a removable protective limb cover
item/layer worn between the skin and

inner surface of the prosthesis/orthosis
(current context)

lymphatic referring to lymph

medial nearer to the central midline of the
body or to the centre of an organ
metabolism chemical transformations
within living cells for sustaining life, e.g.
processing food/fuel to energy or to
building blocks for proteins, breaking
down organic matter

morphology study of the structure and
shape of living organisms, objects
necrosis death of a part of the body such
as a bone, tissue or an organ

occlusion blockage

orthosis, orthotic device externally
applied device used to modify the
structural and functional characteristics of
the neuro-muscular and skeletal systems
oxygenation becoming filled with oxygen
pathology study of diseases and the
changes in structure and function which
diseases causes in the body

pathologies  diseases,  malfunctions,
abnormalities

periosteum dense layer of connective
tissue around a bone

peripheral arterial disease (PAD)
arterial vessel disease in peripheral body
parts, such as feet and leg, and peripheral
vessels, such as capillaries

physiology, human study of the human
body and its normal functions

posterior at the back

prominence part of the body which stands
out, e.g. bone knuckle.

prosthesis, prosthetic device externally
applied device used to replace wholly, or
in part, an absent or deficient limb segment
prosthetic socket the individual specific
structural component encapsulating the
residual limb/stump for axial and
transverse stabilization of forces
proximal near the midline or the central
part of the body (the opposite is distal)



reactive hyperaemia congestion
(excessive fluid) of blood vessels after an
occlusion has been removed

reperfusion return of blood supply after a
period of ischemia or hypoxia

residual limb the portion of a limb
remaining after an amputation

spinal referring to the spine, the
backbones, a series of bones linked
together to form a flexible column
subcutaneous under the skin

subcutis, hypodermis subcutaneous fat
superior higher up than another part
trans-tibial through the tibia, shinbone,
crus

type 1 diabetes (T1D) the pancreas does
not produce insulin

type 2 diabetes (T2D) insulin resistance,
the body can’t use insulin properly (most
common form of diabetes)

ulcer (open) sore in the skin

vascular disease disease affecting the
blood vessels
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Symbols

o~ M

MIN<AFRE RSSO
=

dX dx
C=FTF
b=FFT

detA4
det F

Vo

sigma, mechanical stress

epsilon, strain, engineering strain

lambda, stretch ratio

Green StVenant strain

Young’s modulus of elasticity

length, at deformed, current condition
length, at undeformed, reference condition
delta, denotes the difference on a variable
Almansi finite strain

Total potential energy

Strain energy

External work

force

displacement

mu, shear modulus

coefficient of friction skin/indenter

nabla, gradient

matrix of unit entity, identity matrix

nu, Poisson’s ratio

deformation gradient, matrix

a line element in undeformed and deformed state respectively
the right Cauchy-Green deformation tensor
the left Cauchy-Green deformation tensor
a squared matrix named A

determinant of 4

determinant of the deformation gradient F
Jacobian determinant

Jacobian matrix

volume, at undeformed, reference condition
volume, at deformed, current condition
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Abbreviations

ABPI Ankle Brachial Pressure Index

ABS Acrylonitrile Butadiene Styrene

AMP Absolute Maximum Principal Strain
BMI Body Mass Index

CAE Computer Aided Engineering

CPO Certified Prosthetist-Orthotist

CT Computed Tomography

DIC Digital Image Correlation

DICOM Digital Imaging and Communications in Medicine
DRV Damage Risk Volume

DTI Deep Tissue Injury

EPUAP European Pressure Ulcer Advisory Panel
FE Finite Element

FEA Finite Element Analysis

FEM Finite Element Method

FOV Field of View

kPa kilo Pascal

LVDT Linear Variable Differential Transformer
MRI, MR Magnetic Resonance Imaging

NPUAP National Pressure Ulcer Advisory Panel
PETG Glycol-modified Polyethylene Terephthalate
PI Pressure Injury

PU Pressure Ulcer

RQ Research Question

TIM Tissue Indenter Measurement
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1.Introduction

1.1. Problem statement

In my profession as orthotist-prosthetist I meet individuals with diseases or
physical disabilities who need external biomechanical supportive devices to
facilitate their daily living activities. These external supportive devices, such
as prostheses, orthoses, seating devices etc expose soft tissues to external
loads and many users experience soft tissue problems. Different skin wounds
and soft tissue problems may occur due to the interaction between the body
tissues and the external supporting surfaces, manifesting as, for example,
numbness, redness in skin, blisters, open wounds and sometimes deep tissue
death (necrosis) [1]. Load-related wounds such as bedsores and pressure
ulcers are also common in healthcare [2]. Problems in the loaded soft tissues
may impact the person’s participation in activities. Severe ulcers may lead to
amputation or even death. Tolerance of soft tissues to externally applied load
is individual and varies with health status, age, morphology, skin conditions
and mechanical properties of tissues [3]. It is therefore important to consider
the individual’s soft tissue status and tolerance to load when managing the
loading situation. The parameters for determining the soft tissue status in a
clinical setting are often related to assessing the pathological condition by
morphology (size, shape and structure), or aetiology (the cause, set of causes)
of the conditions [3-8].

Moreover, the mechanisms of soft tissue behaviour and risk for damage when
exposed to external loads are not yet fully understood. Several studies
investigating specific biomechanical material properties in vivo have been
performed over the years, but further investigations are still needed [9-12].
The multilayer configuration, diverse tissue structures and time dependence
are challenging aspects of human soft tissues [9, 10, 13]. So far there is no
established standard methodology for obtaining properties of individual-
specific soft tissues [10, 14]. Additionally, little reference data for soft tissue
materials from living humans are available.

Despite this, various mechanical material properties and material models have
been used to represent the biomechanical behaviour of human tissues [9, 10,
13, 15]. The finite element method (FEM) is increasingly applied in

1



biomechanics to generate material properties, and for analyses of internal
conditions of tissues exposed to loads. For these simulations diverse
assumptions have been applied depending on the models used, available
material properties, geometries and loading conditions. Examples of
simplifying assumptions in models of human leg tissues are small strains,
incompressibility and that specific tissue types and geometries have been
merged together or neglected in the simulation models. For interpretation it is
important to know how these simplifications influence the simulation results,
but this is so far unclear. Using overly simplified simulations the error could
be considerable [14]. There is a need to further explore effects of
simplifications in simulation by FEM.

Hence, we need improved understanding of the deformation behaviour of soft
tissues when exposed to load, as a compound and as separate tissue types and
layers. In order to use simulation models for biomechanical analyses to
decrease tissue damage and discomfort, we need further understanding of the
influence of tissue representation in FE models for interpretation of simulation
results. We need also to address the individual-specific conditions related to
tissue behaviour including health related aspects. Thus, techniques to obtain
such information on individual-specific level need to be further developed.

1.2. Purpose and aim

Thus, the overall purpose of this research is to improve the understanding of
human soft tissue response when the body is interacting with external
supports, such as improving methods for determining soft tissue behaviour,
and representation in simulation models with FEM.

The specific aim is to investigate aspects of deformation in human soft tissue
of the leg when exposed to external loading.

To achieve this aim, different aspects of this multidisciplinary problem are
addressed in the context of mechanical conditions and health conditions
related to tissue load tolerance. Analyses and measures of individual specific
soft tissue behaviour, which include risk factors for pressure ulcers and health
conditions, is part of this. The aim is wide, and further delimitations are



required. These will be addressed after the background chapter by the scope,
research questions and delimitations in chapter 3.1.

1.3. Outline

A multidisciplinary approach was used, combining engineering,
biomechanical and medical perspectives. Some preunderstanding from the
engineering field is assumed. However, some concepts in one discipline
require explanations for readers from another discipline and vice versa. This
is a difficult balance, and the level of theoretical depth therefore varies in the
thesis. A nomenclature is also provided to assist the reader. The outline of the
thesis is as follows:

Chapter 1 describes the problem and aim of the research. The background,
Chapter 2, describes human soft tissue and tissue damage due to load, some
aspects of deformation, and introduces to varying extent related aspects,
definitions and concepts that are used in the subsequent chapters.
Experimental and numerical methods are reviewed as a basis for the research
approach. Relations of this work to the industrial product realisation process
are also presented here. In Chapter 3 the research questions, the chosen
research approach and developed instruments are described. The initial
simulation study provided insights to the subsequent experimental study, and
these two studies addressed different aspects of deformation. Chapter 4
presents the results per study. In Chapter 5, the findings and methods are
discussed in relation to the research questions, leading to the conclusions in
Chapter 6. Future work is suggested in Chapter 7. Appendices are provided
containing protocols and additional data.






2.Background

2.1. Human leg tissues

This research considers deformation in human soft tissues of the
musculoskeletal system, the lower leg in particular. Therefore, a short
description of the tissues of the lower leg based on Tortora [16] is introduced
to the readers not familiar to human anatomy.

The lower leg is the structures between the knee and ankle and consists of
many different tissues. Each tissue type is structured for its function and
consists of different types of cells, often in layers.

The skeleton of the lower leg includes the longitudinal bones tibia and fibula.
The bone consists of cortical bone and bone marrow, while the joint surfaces
of bones are covered by articular cartilage, a fibrous connective tissue with
high water content. The bones are attached to each other with ligaments and
membranes, made of connective tissues. The soft tissues of the lower leg are
here defined as follows: the skin, subcutaneous fat, crural fascia, deep fascia
inter-muscular dividers (septum) of connective tissue, intra-muscular fat,
muscles, tendons, ligaments, blood vessels, nerves, and lymphatic vessels.
They are organized in relation to each other in various ways, depending on the
site and individual morphology. The transverse cross section at the height of
upper third part on the lower leg is illustrated in Figure 1, based on Netter
[17]. This cross section, at approximately the same level of leg height, is in
focus for the research presented here.



Skin Anterior tibial artery and veins, and deep peroneal nerve

Tibialis anterior muscle
Extensor digitorum longus muscle

Tibia bone

Greater saphenous vein and .
saphenous nerve Extensor hallicus longus muscle

Fibula bone

Flexor digitorum Peroneus/Fibularis brevis muscle

longus muscle Peroneus/Fibularis longus muscle

Tibialis posterior Fascia, connective tissue

muscle Flexor hallicus longus muscle

Soleus muscle

Posterior tibial artery, veins
and tibial nerve

Peroneus/Fibularis artery and veins

Plantaris tendon Gastrocnemius muscle, lateral head

Gastrocnemius muscle,

medial head Sural cutaneous nerves

Subcutaneus fat
Lesser saphenous vein

Figure 1 Tissues at the mid-height of a human transtibial transverse cross section,
the front of the leg, anterior, is up. (author)

The layers of tissues surrounding and connecting organs, as protecting bags,
dividing walls and bands, are the fascia, epimysium, ligaments and tendons
made of connective tissues. Fascia is like a sheet or broader band of fibrous
connective tissue. A layer of fascia under the subcutaneous fat, the crural
fascia (cruris Latin; from the leg), covers the internal soft tissues of the leg,
with vessels and nerves penetrating it. Deep fascia is dense and irregular,
dividing the muscles into groups with similar functions and allow them to
move relative to each other. The fascia also provides channels for vessels and
nerves. Tendons are fibrous bundles of connective tissues. The muscles and
tendons move and stabilize the skeletal structures, and thus facilitate
possibilities for physical activities.

Skin and muscle tissue structures are illustrated in more detail in Figure 2. The
human skin is a structure of interconnected layers, epidermis, dermis and
subcutis/hypodermis (Figure 2 A). The underlying layer (named subcutis,
hypodermis or subcutaneous fat) consists mainly of fat cells and connective
tissues. Fibrous bands anchor this layer to the underlying crural fascia, while
collagen and elastin fibres connect it to dermis. Blood vessels and nerves pass
through this layer to dermis.



Hair follide

Dermal nerve fibres Ecorine sweat dud
Ecorine sweat gland Ecerine wweat gland

A Pacnian corpusde B

Figure 2 Skin and muscle tissue layers. A: Skin layers of human skin. B: Muscle
tissue structure 1. Bone 2. Perimysium 3. Blood vessel 4. Muscle fiber 5. Fascicle 6.
Endomysium 7. Epimysium 8. Tendon. (Wikimedia Commons)

There are many muscles between the knee and ankle (examples in Figure 1).
Each muscle consists of bundles of muscle fibres in groups, endomysium,
divided by fascicles, Figure 2 B. The muscle outer layer, the perimysium, is
encapsulated by another thinner layer of connective tissue, epimysium. These
two layers can expand when the muscle contracts and shrink when the muscle
relaxes or becomes thinner for other reasons. The epimysium will also
contribute to sliding between neighbouring tissues.

Larger vessels for blood and lymphatic transportation are flexible tubes with
walls of tissue layers of mainly connective tissue and muscle fibres. The
nerves are bundles of hundreds to thousands of nerve cells, axons, within a
thin protecting cover.

The interaction of human body soft tissue and external supports involves
structures and mechanisms on different levels [1, 18]. A multilevel model
adapted from Shoham and Gefen [18] and here applied to the musculoskeletal
system of the human leg is suggested in Figure 3. ‘Macro level’ relates to the
segment and site of the body where the external load is applied. ‘Meso level’
relates to the tissues and organs, e.g. skin, muscles, blood vessels, and the
compound of tissue layers at a certain site. ‘Micro level’ relates to the cellular
level, with the cell structure for each tissue type, and cellular functions, e.g.
metabolism, transmission of substances through the cell membrane, signal
substances for body system communication etc. When the body tissues are
exposed to external loading, interaction at these suggested levels occur, and



may contribute to tissue damage [1, 3, 18, 19]. This is addressed in the next
chapter.

Micro

!

LAl
Transverse Sagittal

Figure 3 Multistructural model with defined levels, applied to the lower leg
structures, adapted from Shoham and Gefen [18]. Macro level: body segment and
site. Meso level: organs, tissue types, tissue layers. Micro level: cell types, cell
structures, metabolism, transmissions. (illustrations S. Kallin, author)

2.2. Soft tissue damage

Mechanical load on the human body tissues from external supports are present
in daily life while seated, standing, walking, lying etc. The tissues respond to
the load, and sometimes damage occurs within the interacting tissues, often
referred to as pressure ulcers (PU) or pressure sores. Definition of soft tissue
damage due to this kind of load, theories of aetiology and known prevalence
are important for the understanding of this problem and follow below.
Mechanical deformation will be addressed in more depth in next chapter.

2.2.1. Definition Pressure Injuries

Mechanical induced tissue damage can be divided into superficial and deep
tissue damage. The National Pressure Ulcer Advisory Panel (NPUAP)
recently updated the international definition from pressure ulcer (PU) to
pressure injury (PI) and included more factors of aetiology [20-22]:



“A pressure injury is localized damage to the skin and/or underlying soft tissue
usually over a bony prominence or related to a medical or other device. The
injury can present as intact skin or an open ulcer and may be painful. The
injury occurs as a result of intense and/or prolonged pressure or pressure in
combination with shear. The tolerance of soft tissue for pressure and shear
may also be affected by microclimate, nutrition, perfusion, co-morbidities and
condition of the soft tissue.” [21]

Pressure injuries are classified as Stage 1 to 4 Pressure Injury, ‘Unstageable’
and ‘Deep tissue pressure injury’ [21]:

Stage 1 Pressure injury: Non-blanchable erythema of intact skin

Stage 2 Pressure injury: Partial-thickness skin loss with exposed dermis
Stage 3 Pressure injury: Full-thickness skin loss

Stage 4 Pressure injury: Full-thickness loss of skin and tissue

Unstageable pressure injury: Obscure full-thickness skin and tissue loss
Deep tissue pressure injury: Persistent non-blanchable deep red, maroon or
purple discoloration

In this thesis the term PI is used accordingly.

2.2.2. Suggested mechanisms and factors

A literature review on the occurrence of pressure injuries while using external
supports during locomotion by Mak et a/ in 2010 [1] listed four possible
mechanisms: “(a) local ischemia and anoxia resulting from blood-flow
occlusion, (b) compromised lymphatic transports resulting in accumulation of
toxic substances in the tissues (c) reperfusion injuries concomitant with
reactive hyperaemia, and (d) direct mechanical insults to cells that cause
([1] p- 36). All of these are related to prolonged excessive
epidermal loading, but it is unclear how these relationships more precisely
contribute to tissue damage. Ischemia, or lack of oxygen in tissues, during

2

cellular necrosis.

loading causes cell damage within hours, and compression and shear forces
are two factors that are known to cause tissue breakdown [19, 23, 24]. The un-
loading of tissues is also of importance since it causes reperfusion (refilling of
blood into the tissue), oxidative stress and inflammatory response [25]. The
loading-unloading situations may make the tissues more susceptible to



damage compared to static loading only [26, 27]. Time is an essential factor
for the development of pressure injuries [1, 28, 29]. Mak et al [1] pointed out
the need for better damage models in future research, such as damage laws on
cellular level, load-duration tolerance including shear forces, and specific
models for different tissues.

The pressure ulcer conceptual framework by Coleman et al/ in 2014 [3]

presents a system of key factors and risk factors, see Figure 4. This framework
for PI prevention is further developed from the NPUAP and EPUAP
(European Pressure Ulcer Advisory Panel) guidelines [22] based on a
systematic literature review on pressure injury risk factors [30] and expert
consensus on epidemiological, physiological and biomechanical evidence and
risk assessment [6]. A balance model with the mechanical boundary
conditions on one side and the individual susceptibility and tolerance on the
other side illustrates PI development in Figure 4, and will determine the
individual threshold level for tissue damage. Mechanical boundary conditions
are characterized by load magnitude and directions by pressure or shear, and
friction. Individual specific geometry of tissue layers influences the tolerance
to load as well. The framework includes immobility, skin-status and poor
perfusion as key factors, and age, diabetes, poor sensory perception, nutrition,
and low albumin levels, as indirect risk factors for PI and deep tissue injury
(DTI) development, all of which are related to physiology or pathology. In
Figure 4, the risk factors are placed on the side of the balance board they
mainly contribute to (mechanical boundary conditions or individual
susceptibility and tolerance). The balance model in this framework also means
that if a risk factor is not present for that person, the person may tolerate higher
levels of the conditions on that side.
Additionally, the body mass index (BMI) is a health related parameter that
increases the risk of DTI [31] and PI [32]: as the body weight increases the
load on external supporting surfaces resulting in increased reaction forces on
the tissues. A high BMI may also increase immobility, in itself a risk factor
[30]. Blood pressure is a common health measure of blood circulation and the
regulatory system [33], and is related to oxygenation, perfusion and thus tissue
behaviour [27].
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Figure 3 New pressure ulcer conceptual framework

Figure 4. Coleman et al [3] New Pressure Ulcer Conceptual framework, from
p.2232, figure 3.

An explanation for DTI actiology was proposed by Oomens et al [19] based
on several studies of skeletal muscle, mainly from animal and engineered
tissue experiments, with a multi-scale approach combined with FEM. The
authors state that slow and moderate mechanical strain will cause cell death in
2-4 hours due to metabolic components, while fast and high strain causes cell
death in ten minutes due to the deformation of the cytoskeleton cell structure
[19]. A damage threshold for the rat muscle cell at 45% shear strain has been
proposed by Ceelen et al [23] and a damage risk volume (DRV) measure for
muscles at 50% strain level, was defined and applied by Moerman et al [34]
as the volume of tissue that reached that level of strain. Stecco et al [35]
reports a damage level of 27% nominal strain for dead human leg fasciae
under tensile tests. They defined the nominal strain as elongation divided with
the original length.

11



2.2.3. Prevalence of soft tissue damage related to Pl

The mean point prevalence of pressure injuries in Swedish hospitals was
13.5% in 2017 [2] and 14.1% in 2018 with 10.6% of PI acquired in hospital
[36]. As stated by Coleman, Gorecki et al 2013 [30] a risk factor for PI is
diabetes, without distinguishing between type 1 and type 2 diabetes. In
Europe, 9.1% (66 million persons) of the population aged 18-99 had diabetes
of type 1 or type 2 in 2017 [37], and 15% of diabetic patients acquire a foot
ulcer during their lifetime [38], while the incidence of foot ulcers increases
yearly by 2% [38, 39]. Diabetic foot ulcers increase with peripheral arterial
disease (PAD) and infections [40, 41] and can start with a P1. Foot ulcers are
well known causes of lower limb amputations in patients with diabetes [42,
43]. In populations with lower limb amputations using a prosthesis, the
prevalence and incidence of skin problems are 15-82 % [44-47]. Very few
studies on prevalence of skin problems among orthosis-users were found. The
reported PI prevalence in this category was 5-37% [48-50].

2.2.4. Evaluation of soft tissue status and Pl

Evaluation of skin and soft tissue status of the musculoskeletal system in
relation to tissue damage varies [30, 51]. Assessments for PI risk may include
general skin status for vulnerable skin, existing and previous PI status and
sites, perfusion, sensory perception, moisture, nutrition, grade of immobility
and diabetes [6, 7, 51] .

There is no uniform evaluation method for skin status or soft tissue behaviour
in prosthetics and orthotics [5, 44, 52]. Assessment of soft tissue status in this
field is mainly based on clinical condition, mobility, physical examination of
tissues by palpation and observation, external geometrical measures and
neuro-muscular function of the body segment [4, 5, 8, 53-55]. The ISO
Standard 8548-2 [8] provides some descriptors for lower extremity residual
limbs: by shape, blood circulation, and soft tissue status by amount and
texture. The skin status should be described by amputation scar, intact skin or
not, and normal or impaired sensation [8]. More recent evaluation
recommendations propose the use of either morphology or actiology [44] and
description of the skin problem in more detail [5, 45]. Deeper tissues are not
clearly addressed in these assessment recommendations within prosthetics and
orthotics. However, pressure injuries related to medical devices (which could
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include prostheses and orthoses) are now recommended by the NPUAP to be
staged according to their classification [21].

the human tissue status and responses to external loading is related to the
mechanical properties and deformation behaviour of the tissues [1, 3, 13].
Thus, deformation is addressed in the next chapter.

2.3. Deformation

To investigate the soft tissue response to loads, the deformation is very
important [13]. Thus, some theoretical background is given in the following
text based on literature [9, 13, 56-60].

The behaviour of a material or a body when exposed to a load (as in a force or
a temperature change), is described by its deformation. Deformation refers to
the shape and volume change of an object as a result of loads being applied.
Kinematic relationships describe the motions between the original/non-
loaded/reference and the loaded/current configuration. If there is no size or
shape change of the body, then the displacement of the body is a rigid-body
displacement.

Stress is responsible for internal deformation and is defined as force divided
by cross sectional area. Stress is represented by a 3x3 matrix ¢ in a general
3D situation. The stress and strain relationship for a material is described by
constitutive equations, which specify the properties of the material. Materials
respond differently to loads: the response depends on the material constituents
and molecular structure. Constitutive equations to represent material
behaviour are developed based on experiments.

To capture the volume and shape change due to an applied load, deformation
is measured by strains in different directions. Different strains measures are
used depending on the amount of local deformation. These are divided in three
categories depending on the theory used:

e Small strain, small rotation theory,

e Small strain, large rotation, large displacement theory,

e Finite strain, large strain, large deformation theory.
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When the strains and rotations are small, the deformed state can be assumed
to be identical to the undeformed state. This applies to analyses of elastic
materials with strains in the range up to 1%, typically. The second category is
applicable when strains are assumed to be small, but the rotations and
displacements are assumed to be large. Large strain and large deformation
theory, as the names reflect, deal with conditions where both the strains and
rotations are large. This means that there is a considerable difference between
the undeformed and deformed states, which should be considered. This theory
is applied to elastomers, materials with plasticity behaviour, fluids and
biological soft tissues [13, 57].

The type of behaviour due to the applied load is typically described as elastic,
plastic or viscoelastic deformation. In the plastic deformation permanent
changes remain after off-loading in contrast to the elastic case. If the strains
are large in the elastic behaviour it is said to be hyperelastic. Time-dependent
deformation is described by for example creep, stress- or strain relaxations,
and stress-strain curve changes with hysteresis shape, i.e. viscoelasticity and
viscous deformation. Thus, there is a large variety of constitutive equations
specifying material properties, taking into account the amount of deformation
and the type of deformation.

Strain measures

When considering the type of deformation, we need to choose the appropriate
strain measure. Strain measures are defined in relation to the length of the
object, in given directions, during undeformed and deformed states. The strain
measure depends on which base is used, the undeformed or the
deformed/current shape, and if the squared or unsquared length is used. At
small deformations the results will be very similar regardless of strain measure
used, but not when deformations are large. Thus, to state which strain theory
and strain measure used is important.

Small strain expressed in one dimension:

. o . L-L AL
Strain (engineering strain, Cauchy) £= (ko) _ & A-1 (1)
Large deformation in one dimension:

Stretch ratio A=— 2)

Logarithmic strain el =1In2a 3)

14



2_ 5 2
Green & St Venant strain E=1 (L Lo ) =lmaz-1 4)
2\ L, 2
. . . 1 (L?—Ly? 1 1
Almansi, Hamel finite strain e = 5( = 2 ) =-1- F) (5)

Here Ly denotes the length of a line element in the undeformed state, and L the
deformed length. [13] A positive strain means elongation along the direction
of strain, and negative means shortening. The stretch ratio of the line element
is said to be extended when A>1, unstretched when A=1 and compressed
when 0<A<1.

It is apparent in the literature that different notations tend to be used for the
same parameter, e.g. Green strain uses &; or E, Euler-Almansi strain € or e,
and Young’s modulus, an elasticity modulus, also uses E. This can be
confusing, hence, in this thesis the name and/or equation number will be used
along with the symbol used.

The above strain measures have been expressed in one dimension for
simplicity. In two and three spatial dimensions, we use tensor notation and
matrices. In tensor notation, indices with letters are assigned to keep track of
the directions or dimensions. We refer to these by standard terms, i.e. 7=1,2,3,
1,23, etc. In matrices the directions are noted by indices of x, y and z, or
numbers 1,2,3. An example is the Euler-Almansi strain tensor for finite strains
often noted as e;; .

Strain energy function (SEF)
Another strategy to analyse strain and deformation is the energy method. It is
based on equilibrium and the total energy potential, 7PE:

TPE=0—-W (6)

where W is the work done when external forces are applied to the object,
causing displacement. Uis the strain energy stored in the material due to the
work done. [61] The external work is the sum of the forces, / multiplied by
displacements, u:

W =¥, Fu;

The strategy is that by minimizing the total potential energy, TPE, we find the
unknown displacements. Thus, there are material models developed for
determining the strain energy per unit of reference volume (strain energy
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density), U, as in the example here expressed for the elastic, small strain
condition in tensor form:

1 .
U= Eo-ijgif , 1=123 (7)

and U is found by integrating U over the volume.
The strain energy is often used in material models applied to human soft
tissues: indeed the definition of hyperelastic materials is that the stress-strain
relationship is derived from a strain energy density.

In the following two chapters, material models for large deformation and
experimental investigations of human tissues will be addressed further.

2.4. Material models and parameters for large
deformation

A material’s behaviour depends on its microstructure and constituents. When
properties measured in a material are independent of the direction in which
they are measured, the material is isotropic, otherwise the material is
anisotropic. An orthotropic material is a type of anisotropic material, with
different properties along orthogonal axes. The behaviour can be described as
linear or nonlinear, due to the shape of a curve approximated from a range of
experimental data points for the studied property. The same material can
behave differently depending on conditions and type of load applied, such as
behaving linearly elastic when initially loaded, and then nonlinearly as the
load increases or continues. [59]

There are many models available for approximations of material behaviour
and the number is growing [57]. In this chapter the main linear elastic model
and some other models for large deformations will be presented briefly based
on [9, 13, 56-58].
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Small deformation model

For situations with linear elastic behaviour with small deformation, Hooke’s
law is used, which shows good representation for many engineering materials
with small strain. In Hooke’s law, stress o, is related to Young’s modulus E,

and infinitesimal strain &:
o =Ee (®)

The strain is expressed by the derivative of the displacement u, for each
direction, and the strain matrix in three dimensions is:

0uy 1 0u, , Ouy 1 ,0u, , 0u,
ox 2(6y+6x) 2(az+6x)
1 ,0u ou ou 1 ,0u ou
£ = |2 (L 4 Dy oy 1(Ey y Yuzy
2 0y ox ay 2 0z ay
1 (% %) 1 (aﬂ %) 9uz
20z ox 2 >0z ay 0z
The stress can be written as
o=2ue(u)+AvV-ul )
Ev

where y is the shear modulus, and 4 = with Young’s modulus £

(1+v)(1-2v)
and Poisson’s ratio v. [/ is the identity matrix. Bold letters represent a matrix
form.

This strain, & cannot describe large deformations correctly since it assumes
the displacements are so small that there is no difference between the
undeformed and deformed state. Not even large rotations can be handled.
Thus, we need to use a strain measure for large deformations.
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Large deformation models

Yy
A

“‘ dx

ax

Figure 5 Deformation of a line element in a 2D body, displacement, rotation and
elongation. Left undeformed, right deformed body configuration.

Consider local deformation in an object represented in the illustration in
Figure 5. The (infinitesimal) line element between two points (Pand @) in the
undeformed configuration is denoted by dX and the same line element in
deformed state is dx, (between points p and g) in the figure.

The vector dxis found by

o ox
_ _0x _lax oy
dx = FdX, where F = ox = |ay oy (10)
X oY

where F is the deformation gradient, which relates tangent vectors of
undeformed and deformed configurations to each other. These tangents
describe the rate of change between the states for each point and direction and
hence distinguish between the undeformed and deformed conditions. In the
notation is this represented by capital letters referring to the undeformed state,
and small letters to the deformed state.

The original length of dX is dS? = dX - dX and the deformed dxis
ds? = dx - dx.
Then we have

dx-dx = dX - (FTFdX)
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The term FTF in the equation above, is called the right Cauchy-Green
deformation tensor, C, since Fis to the right. Cis a metric tensor, measuring
the change in distance under the map X to x.

Now we return to the strain measures.

The Green strain, £, in three dimensions is

E=_(F'F—1I) (11)
If we use the Almansi strain tensor instead, we have
e=-(I-b"") (12)

with b = FFT | which is the left Cauchy-Green deformation tensor.

Left and right Cauchy-Green deformation tensors are applied in material
models for large deformation and the deformation gradient F is a very
important quantity in large deformation.

Volume change deformation

Another aspect of the deformation gradient is the possibility to calculate the
geometrical amount of the local deformation by the determinant of £ In matrix
calculations, the determinant of a matrix, A, in three dimensions,
geometrically represents the volume of the space defined by the vectors in the
matrix. The determinant of A is denoted detA. In analogy with this the
determinant of the deformation gradient £, det F, represent volume change
due to the deformation, for the geometrical defined element mapped from X
to x. The determinant of Fis also denoted as

detF=]+#0 (13)

where / is sometimes called the Jacobian. The transformation of volume
elements from the undeformed to the deformed condition is described by the
relationship
dv = JdV
where /is also described as the volume ratio
14
=i (14)

The original, reference, volume is V/; and deformed, current volume V and

V0=de
V=de

When /= 1the material does not change volume.
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When we have an elastic condition, the change is linear. The determinant of
the elastic deformation gradient, expressed by the stretch ratios is in three
dimensions, in absence of shear

AL 0 O
detF =] = [0 A, O]
0 0 A3
] =134 (15)

If all the principal stretches, A; = 1, then J = 1, and the solid does not change
volume.

Stress-Strain relation

The definition of stress by such terms as for example, Cauchy Green C, or the
deformation gradient F depends on which of the formulations for strain energy
potential is used. If the stress is defined as the derivative of strain energy
potential with respect to the Cauchy strain, C, then it is expressed as:

au
g=2 3¢ (16)

Material models for tissue behaviour

The behaviour of biological tissues is complex, also including viscoelastic and
viscous aspects [13]. When it comes to deformation of human soft tissue of
the muscular-skeletal system, incompressibility or near incompressibility are
often assumed [11, 12, 62-65]. Examples of different material models that
have been used in calculations and simulations of human soft tissue are linear
elastic [66-68], or nonlinear by 2nd order-reduced polynomial [62] or 3rd
order polynomials [69], hyperelastic by elastic strain energy functions such as
James-Green-Simpson [11, 70, 71], Neo-Hookean [64, 72-75], and nonlinear
hyperelastic by Ogden [12, 63, 64, 72] and 2nd order Ogden [11]. These
material models apply different parameters and the deformation relationships
are summarized in Table 1, and were either obtained from above mentioned
studies or from Silber and Then [9].
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Table 1 Examples Material models used for human soft tissues

Name Strain energy function Eq. no.
. . . 1 .

i’olynomlal U= 2?},:0 Cij(h —3)i(l, —3) + Z?]:H)_i(]el —1)2 (17)

orm

N number of terms.

2
Mo = 2(Cyo + Co1) Cij Dy = K_o
L(C) =2 A LO =X}, 8%, i#)
When N=1 and C;; = 0 this becomes the Mooney-Rivlin model, When
N=2 is used for biological tissues

Neo- U=Cioly=3) + 5- 0 - 1)? (18)
Hookean 2 '

: Ho = 2Cy0

olynomial
(poly ) 11 1" deviatoric strain invariant I; = A2 + 13 + 12,
1
A = JC /3) A
Hyperelastic, isotropic, incompressible

Mooney- U=Cio(I; —3)+ Cy1(I, — 3) (19)
Rivlin Wo = 2(C10 + C01)
(polynomial)  [,(C) =33, 27 1,(C)=3%3;, 4747, i#]

Hyperelastic, isotropic, incompressible

Yeoh 3 ; 31 i (20)
= . — 12 —_(rel _ 2i
(reduced v Zl-zl Cio(l =3)"+ Zl-zl D; u D

polynomial) o =2Cy and (C)=Xi, A Di= Ki

Last term ignored for incompressible materials
Hyperelastic, good fit for large strains

James- U=Cio(l; —3)+ Co1(I; —3) + C11(I; —3)(U, —3) 21
Green- + Cao(ly — 3)* + C30(1 — 3)°
Simpson L=2+2%+23 1, =233+ 2323 + 2373

Nonlinear, elastic
Ogden, N :uL a; a; a; el 2i (22)
e U= Z o 25+ 25 —3)+Z —(1 —1

ui, i, Di, A materlal constants are determined by experlments.
a thermal expansion, A; = 712571
When N = 1 and a = 2 this becomes the Neo-Hookean model. When

N =2,a, =2and a, = —2 this becomes the Mooney-Rivlin model.
Nonlinear, hyperelastic, nearly incompressible
Ogden N Tap A, 7% (23)
; _22 e ICART AR Z — (- 1)
2" order Ay 4"+ )+ U )

Ai=]" 1/3li,Di=K—0

Nonlinear, hyperelastic, nearly incompressible.
Good for large deformation, >5%

Neo- U= ol 3+ K, |27/, —m )] @4

Hookean -
(SEF) L=]-2tr(F'F)/3
Finite deformation, compressible
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2.5. Experimental investigation of deformation

The material properties of human in vivo soft tissues have been studied in
depth, using varying methods, populations and outcome measures, e.g. [9-11,
13, 76, 77]. However, the biomechanical behaviour of living soft tissues is
complex and not fully understood [1, 9, 10, 13]. The anisotropic material
structures, non-linear and hyper-viscoelastic behaviour and large deformation
are challenging aspects of human soft tissues [9, 10, 13]. Furthermore, human
tissue material properties have been shown to change with physiological
conditions such as pathology [1, 65, 72, 78], and also with changing loading
conditions due to their adaptive mechanisms [27, 66, 69, 72, 76]. Material
properties also vary between and within individuals [11, 69, 72, 76, 79].

Material mechanical properties are usually derived from material response
during loads, e.g., deformation measures obtained from tensile or compressive
tests [59]. Properties of musculo-skeletal soft tissues have been studied in vivo
on, for example the upper or lower arm [67, 68, 73, 77], gluteal tissues [12,
63, 64, 72, 76, 80-83], thigh [12, 74-76], intact lower limb [62, 69-71, 84],
amputees' residual lower limb [11, 69, 71], and plantar soft tissues [85-93].
Despite the great many studies, no general standard methodology for living
soft tissue property determination has been established [10]. In addition, these
sets of property data for human populations are limited, since they are based
on small samples with insufficient information of health conditions related to
soft tissue load tolerance.

However, the indentation method of living soft tissue for property
determination is most common among the above-mentioned studies. The
indentation method is non-invasive when applied on the skin of living humans
and facilitates collection of force-displacement data on the compound of
tissues underneath.

A variety of human in vivo indentation methods have been used to determine
elastic and/or viscoelastic behaviour in different subjects and soft tissue sites
of the musculo-skeletal system. Methods have developed from studying the
bulk of soft tissues as one homogenous, isotropic layer at the site [66, 70, 71,
84, 94] to investigating between two to five layers of up to three types of
tissues [11, 12, 62-64, 68, 72-77]. The indenter geometry has varied in shape
and size, the most common was axisymmetric with a tip flat ended cylinder
[63, 66, 67, 69-71, 77, 84, 94], and a plate larger than tissues [12, 64, 72, 74,
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76, 81, 82]. An asymmetric indenter by a cylinder was used in two studies,
applied along the longitudinal axis of the fore arm and lower leg respectively
while using the axisymmetric circle shape of the cylinder in the transverse
plane [62, 73]. The studies applied different loading and off-loading rates and
relaxation scenarios to address the nonlinear behaviour.

Different types of sensors were used to measure the indenter applied force
data in vivo, for instance a load cell [62, 66, 69, 94, 95], photo elastic sensor
[87], and optical fibre sensor [96]. Displacement was measured by different
sensors, such as LVDT, linear variable differential transformer, [62, 84, 95]
and electromagnetic spatial sensor [97]. Other non-invasive methods have
also been used to study human soft tissues in vivo, e.g. optical measurements
of skin [98] and digital image correlation (DIC) [99].

Medical imaging techniques such as Magnetic Resonance Imaging (MR,
MRI) or X-ray Computed Tomography (CT) have commonly been used to
collect geometries of internal tissues and to record undeformed and deformed
human soft tissue thickness due to load, e.g. in [11, 64, 72, 87, 96, 100-102].
Open-MRI is a version where the magnets are not positioned circular around
the body, but above, under and/or at sides. With Open-MRI the person can
even sit or stand during the scan. Images from sitting or standing give a
representation of geometries which may differ from MR in prone position due
to gravity and support surfaces. However, the quality may be lower than with
the closed MRI. [103] Tissue geometries in sitting and standing are also
relevant when studying effects from external supports. Portnoy and colleagues
used standing position in Open-MRI with amputees to capture the residual
limb in a plaster-socket in non-loaded and loaded conditions [101, 102] while
Linder-Ganz et al [64] used it for gluteal studies in sitting position. Both MR
and CT give high resolution digital images of internal tissues, with the
possibility to discriminate between different geometries of tissues and relative
positions, both in two and three dimensions. However, the contrast resolution
is up to 40% better in MR than in CT [103]. MR is considered better than CT
for imaging the muscular-skeletal system, not exposing the body to radiation.
[103] Ultrasound is another common clinical imaging technique, that has been
combined with indentation [10]. However, MR and CT currently capture
larger volumes of tissue and with higher resolution [103].
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The outcome measures vary, as well as the reported tissue-specific data, which
complicates comparisons and accumulation of tissue data. A collection of
material parameters obtained from studies on human lower limbs (including
the gluteal/buttocks, thigh and calf regions) using indentation in vivo, is
presented in Appendix I. Studies applying exclusively small deformation
models or pure viscoelastic behaviour are excluded in that list based on the
focus of this thesis.

So far insufficient reference data are available for human soft tissue material
behaviour. Sufficient reference data are important for comparison and
identification of normal and pathological behaviour and to identify parameters
for damaged soft tissue.

2.6. Computer simulations of soft tissue by Finite
Element Method

Tissue loads and responses to stresses and strains within the tissue at different
postures, can be simulated and analysed using the finite element method
(FEM). Geometry, material properties and boundary conditions (e.g. loads)
are combined fundaments in an FE analysis (FEA) and problems are solved
numerically. FEM is common in many areas of engineering and various FE
software are available in computer aided engineering (CAE), e.g. for
simulations during the product development process. Thus, this section begins
with a basic introduction to some concepts used in FEM, and then presents
briefly applications in tissue biomechanics related to soft tissues and external
mechanical loading.

2.6.1. Finite element method — a brief introduction

In FEM, the model geometry is divided into small pieces, finite elements, on
which the deformations and conditions are locally computed with
approximations based on partial differential equations (PDE). Depending on
the problem to be solved, the knowns and unknowns are mainly
displacements, loads and constitutive relations. The results on the elements
are combined to investigate the distribution over the region of interest. [104]
Not only is the model geometry important, but also the way it is divided into
elements, the mesh, and the element type used for representation (the
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discretisation). There are many types of elements, all of which represent the
approximation of the problem differently, e.g. continuum, shell, membrane
elements, triangular or bilinear elements for two dimensional problems,
tetrahedral and hexahedral (brick) elements for three dimensions, or the use
of linear or higher order interpolations of the displacements. [104]

The displacements are evaluated at the nodes, points of the element, such as
corners and defined points on element sides and in the interior. The number
of nodes of the element and where these nodes are placed on the element
determines how the degrees of freedom are interpolated over the element
domain. The adjacent elements of a solid or plane structure are connected at
their nodes, i.e. elements then share nodes and nodal coordinates. The
elements of a defined geometrical part are not overlapping, and the
deformation is coupled over the element borders. The stiffness and mass of an
element is given by integrals which are approximated using sampling points
called integration points. These are chosen so as to approximate the integrals
sufficiently well; the total number of integration points thus depends on the
element type as well as the size of the elements in the mesh, or mesh
coarseness. [104]

In general, a coarse mesh would behave stiffer than a finer mesh, if other
factors are kept constant. The accuracy will increase with larger number of
elements, at the expense of computation time. Choosing type of elements and
mesh refinements also requires knowledge of the problem to be simulated, the
geometries, understanding of the relevant physics, material properties, loads
and constraints. [104]

The Jacobian matrix is used in the FE method to map the nodal coordinates of
an element in the undeformed and deformed body, the global element, to a
reference element, the parent element, and keeps track of the changes. The
element behaviour is described by basis functions dependent on the type of
element, e.g. triangular or bilinear (square) in two dimensions. The parent
element and nodal coordinates in n-coordinate system corresponds to the
global element in the X,y coordinate system (Figure 6). The relationship
between the points in the global element and the parent element is described
by mapping functions. If these mapping functions coincide with the basis
functions used in the FEM we have an isoparametric mapping or
transformation. The derivatives of these functions describe the deformation of
the parent element at the chosen points and are collected in the Jacobian
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matrix, /. This transformation can then be applied to obtain the deformation of
the global element. It is easier to compute the integrals on the bilinear parent
element than on the global element, thus this method is commonly used in
FEM. [104]

Parental element Global element
¥

n
A Tk

1 =+ 3

0.5

o w

Figure 6 Transformation node-to-node, Isoparametric mapping

ox ox
Jacobian matrix J= gf, gz (25)
9 an
dox Ox
. . dx] _|es on|[d¢
And with the chain rule [ dy] = oy 6y‘ [ ] (26)
¢ 0n
d
Thus 5 5] -1 (3] 27)

The Jacobian Jis the determinant of /,

J =det] (28)
This / measures volume change between reference and physical element in
the same way as the determinant of the deformation gradient  measures
physical volume change, cf. egs. (13)-(15).

2.6.2. FEM in tissue biomechanics

The use of FEM computer simulations has grown in biomedical engineering
[105, 106], biomechanics and PI research [1, 79, 100, 101, 106-114]. FEM is
in the context of deformation often used to analyse the impact of external
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loading on internal human soft tissues, e.g. in the musculo-skeletal-system
[15, 72, 100, 101, 115-117], as in the lower limb tissues [11, 15, 101, 109,
114, 118-120]. The concept of patient-specific modelling (PSM) has
occasionally been introduced and applied in clinical practice, and is predicted
to grow [105]. Computer simulations with FEM are often used to derive
material properties by optimization of parameters and reverse engineering
from undeformed and deformed tissue geometries while applying chosen
material models [12, 72, 74, 88, 120-123].

Geometry

The developed digital models of the anatomy of the individual body tissue’s
geometries, are often based on images captured by different scanning
techniques, such as MR, and CT (see also chapter 2.5). However, the level of
geometric detail in soft tissue models of the body segments studied have so
far been low. It is common, even in recent studies, to merge (in FEA literature
the term [ump is used) soft tissues together into few layers in two or three
types [11, 62, 110] even if individual muscles have separate layers [11, 12].
The level of detail in geometry was developed further with separate regions
for skin, fat, muscle, inter-compartment walls, and vessel walls in the leg in
[124] and with fat and four muscles of the thigh in [74, 75]. As stated by
Moerman et al/ it is of high importance with individual specific geometries of
soft tissues in finite element analyses (FEA) [34]. The differentiation of
material layers in an FE-model has an impact on the mechanical responses
[104]. Thus, it is important to consider how the tissues are geometrically
represented, when evaluating the simulation results.

Material properties

The complexity of human soft tissue is a challenging aspect in computer
simulations, e.g. by the configuration of tissue layers, and their various
behaviour. When tissue types are lumped together in FEA, they are assigned
one material type and material property, for simplicity and computational
reasons. It is common to model the soft tissues in two or three material types,
such as skin, fat, skin/fat, and muscle, even if individual muscles have separate
layers [11, 12, 74, 75]. In contrast to those, the model reported by Rohan et al
in 2015, used separate properties for skin, fat, muscle, inter-compartment
walls of connective tissue, and vessel walls to study effects of compression
stockings [124].
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Many material models are available in FEM software and have been applied
to models of human tissues, as described in chapter 2.4. The specific
mechanical material properties need to be determined before applying the
material models. Experimental data and optimisation by reverse engineering
to find the parameters have been used, as described in chapter 2.5. In reverse
engineering the material models are chosen, and the material properties of
related parameters determined. Differences in identified material properties,
e.g. for the transtibial tissues in Appendix I, highlights the importance of
representative material properties and models in specific simulations.

Boundary conditions

The loading (forces, temperature load etc), contact conditions (friction,
bonded, slip etc), and known boundary displacements, are set by boundary
conditions according to the chosen situation for the simulation. Examples of
boundary conditions for soft tissue situations, such as interface contact
stresses on the skin, have been addressed for instance by physical
measurements of surface pressure [65, 119, 125, 126], by indentation as
explored in chapter 2.5, and by change in positions of external supports [76,
127, 128]. Challenges remain in defining realistic boundary conditions, e.g.
external loads, anatomical displacements of interacting tissues, shear forces
and friction between tissue layers and/or external supports and loads on blood
vessels. Contact pressures can also be set as outcomes from the simulation, as
recently reported by Cagle et al for interaction between prosthetic liners and
residual limb skin in amputees [110].

Verification

These kinds of computer simulation models are useful tools but need to be
calibrated, verified and validated for their representativeness of the problem
at hand [15, 104, 129, 130]. Experiments of tissue behaviour can be used for
such validation and verification [1, 13, 14, 114].
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2.7. Position in the Industrial Product Realisation
context

Knowledge about soft tissue behaviour when exposed to loads is important for
decisions regarding body-interacting products, such as standardized products
as well as custom made products Thus, processes within product realisation
are involved.

The process in industrial product realisation (IPR) is considered a broad
concept which includes product and production development as part of the
innovation and product life cycle (Figure 7), as described by Séfsten and
Johansson in 2005 [131]. To realise an idea of a product to meet set goals,
there have to be strategies, research, development and planning priory to the
production. Understanding of the user and usage of the product is essential.

Product realisation

Product development \! Production development

Goals and Research and Product

Process Production Distribution
. : Use Re-use
strategies  development planning

Desian planning assembly sales i

Innovation i i

Product life cycle |

I m e e e e e e e e >

Figure 7 The product realisation process: part of the innovation process and
product lifecycle (fig 1.3. p.6. in [131] from Sdfsten and Johansson, 2005)

Examples of standard products interacting with human body segments are
chairs, car seats, shoes, handheld tools/machines and sports-gear. Examples
of customized or individually custom-made products to assist and improve the
biomechanical functionality for the individual are prostheses, orthoses and
wheel chairs.

The applications of knowledge of soft tissue behaviour and deformation in the
product development process in product realization for products interaction
with the body are suggested in Figure 8 (modified from exhibit 2-2, p.14 in
[132]). Suggested parts involved are highlighted in bold letters under each
phase of the process. Briefly it can be described as follows. In planning of a
new product, we look at research, development and new technologies, and

29



continue with investigating the predicted user and usage. Different concepts
of designs are developed and evaluated, in relation to the interaction with the
user and usage. Options and requirements are refined, and a detailed design is
decided including production possibilities. In industry, prototypes of the
product are tested in different ways and further improvements are
implemented, before the production begins. Computer simulations are often
applied during the process. With knowledge of soft tissue behaviour and
representative simulation models, the prediction ability contributes to
refinements during the development process, as well as failure assessments in
case of breakdown of a used product. This should eventually contribute to
prevention and decrease of PI.

Planni Concept System-Level Detail Testing and Production
S development Design Design Refinement Ramp up

R&D * Customer & *  Product * Define * Testing,
Market User needs options, geometry refinement
opportunity & * Feasability of requirements * Choose « Simulations
segment concepts * Define major materials * Physical tests
Product * Generate sub-systems, e Assign
platform, concepts interfaces tolerances
assess new * Modelling and * DFMA
technologi il ion of * Refine design
Manufacturing concepts
strategies * Build and test

concepts

* Evaluating

concepts

Figure 8 Product development process related to soft tissue material properties
(R&D research and development, DEMA design for manufacturing) Adopted and
modified from exhibit 2-2, p.14 in [132]
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2.8. Rationale

Soft tissue response to loads is complex, as the framework by Coleman et a/
shows [3]. The research regarding human soft tissue behaviour has focused
mainly on mechanical responses in small samples and used diverse methods
and behaviour representation. Techniques for measuring deformation in
specific tissue layers at the site on the living human are not established. The
individual specific situation is important and since there is a lack of data it is
hard to compare outcomes between studies. Some differences in tissue
response between healthy subjects and subjects with a pathological condition
have been reported [69, 72], which highlights the need for health-related
descriptors when reporting human reference data.

The simulation models that have been used for investigation of soft tissue
internal conditions due to loads, or to obtain material parameters, are
simplifications of the problem studied. The simulation models are simplified
in geometry, material property representation and contact conditions, and use
a diversity of material models, boundary conditions and deformation
measures. It is unclear how these simplifications influence the results and how
accurate the simulation represents the situation studied. Thus, it is difficult to
compare results, interpret, generalize and apply to a clinical situation.

It is especially important to understand the individual’s soft tissue status and
tolerance to load, when managing a body-interacting product such as
prosthesis or orthosis. Present clinical assessment tools are not capable of
assessing deep tissue status and their response to external load. Hence, there
is a need for improved analyses and measures of individual-specific soft tissue
behaviour, which include risk factors for pressure injuries whether
pathological conditions are present or not. Since tissue deformation in live
humans is complex, there is a need for research that includes both mechanical
and biological aspects. This research and thesis attempt to do so.
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3.Research approach

3.1. Scope and delimitations

The problem of soft tissue damage is complex and a multidisciplinary
approach should be useful to increase the possibilities for exploration and
understanding. This research addresses several aspects of the PI framework
by Coleman et al [3], which are marked by red boxes in Figure 9. The
approach combines mechanics, material science, biomechanics, medical
imaging techniques, and FEM.

Individual Susceptibility

Mechanical Boundary
Conditions &-Tolemm _
Magnitude and duration Physiology & repair
of mechanical load Transport & thermal properties
T : ivi Wechanical properties ofthe | )
ype of load: pressure, Individual damage lechanical properties e
STiear & Menon — threshold exceeded tissue e.g. stiffness, strength
Geom: ‘morphology: size
ok ot et

& shape ot di e
/ \ layers) of the tissue & bones y

Risk Factors
[ Skin / PU status

Poor perfusion

i o

Risk Faclors PU Conceptual
Immobility Framework to show [ Diabetes ]
- the balance for PU
Poor sgnsory perception development Moisture
bl ol Low albumin

.............................

Figure 3 New pressure ulcer conceptual framework.

Figure 9 Application of the PI framework by Coleman et al [3] (p.2232, figure 3) to
this research. Addressed aspects are marked with red boxes.
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The overall aim of this research is to investigate aspects of deformation in
human soft tissue of the leg when exposed to external loading.

This aim was addressed by the following research questions (RQ):

RQ 1. How does differentiation of soft tissues in a simulation model
influence internal strains and stresses analysed by FEM?

With focus on the representation of fascia tissue separately compared to
when combining fascia with muscle tissue in a model of the lower leg

RQ 2. How could individual-specific internal soft tissue deformation be
measured in separate tissues in vivo under established health condition?
With focus on indentation induced mechanical deformation in relaxed tissues
of the posterior lower leg in an individual subject while including health
condition and soft tissue assessment

RQ 3. What are the individual-specific deformations of human in vivo soft
tissue such as skin, muscles, fat, connective tissues, and vessels?

With focus on the measures developed in RQ2, and obtained from the
relaxed tissues of the posterior lower leg in a subject without pathology

In this research, the lower leg has been addressed at the macro and meso levels
in Figure 3. The soft tissues skin, subcutaneous fat, superficial and deep fascia,
individual muscles and large blood vessels are included. Aspects of
mechanical conditions as well as individual specific health and the leg’s soft
tissue condition related to pressure injury tolerance are addressed, see Figure
9.

Several factors were excluded in order to focus the research. Examples of
delimitations related to the complexity of the studied problem were time
dependence, dynamic loading, muscle activity monitoring including
modelling of such activity. Skin moisture, thermal properties or reactions to
thermal load were also excluded. Thus, viscosity and thermodynamics were
not addressed. Blood flow was not measured as such, only indirectly by blood
pressure and skin examination.

The research was part of the multidisciplinary research project PEOPLE,
PrEvention Of Pressure uLcers and dEep tissue injury by optimization of body
tight external supports. PEOPLE is a collaborative project between the School
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of Engineering and the School of Health and Welfare at Jonkdping University,
and three companies in the field of prosthetics, orthotics and medical
technology: Ottobock Scandinavia, Ossur HF and Hotswap Nordic. The
project is jointly financed by the partners and the Jonkdping Regional
Research Programme, Sweden.

3.2. Research perspective and strategy

The research addressed conditions when human soft tissue is exposed to load.
The research perspective is positivistic with deductive reasoning [133].

Different research designs have been used in this work to address the aim and
RQs. Consequently, the research in this thesis is divided into two studies.

To address RQ1 the Study [ was developed, a computer simulation with FEM,
to study the effect of different material representation of soft tissue on internal
mechanical conditions.

Study II was developed as part of a larger study design for investigation of
live human soft tissue deformation and damage. Study II addressed RQ2 and
RQ3 in a case study with physical experiment to investigate deformation
behaviour in live human soft tissue exposed to load, under established health
conditions determined by survey techniques.

An overview of the research approach is presented in Figure 10, while the
respective study’s design, chosen methods and instruments are presented in
separate chapters below. Ethical considerations are addressed in chapter 3.5.

Computer Simulation
RQ1 B Study | Experiment

(FEA)

RQ2 Physical Experiment
Q \ (Indentation, MR)
Study Il Y
RQ3 — (Clinical Assessment,

Questionnaire)

A

Figure 10 Overview research approach. Note: RQ= research question. FEA=
finite element analysis, MR= magnetic resonance
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3.3. Study |l

3.3.1. Research design

As addressed in Chapters 2.2, 2.5 and 2.6, previous studies performing FEA
of the lower limb tissues used quite simplified models with few layers and/or
tissues lumped together [15, 101, 114, 118-120]. This raised the question as
to whether it is necessary to include tissues on a more detailed level, and
research question RQ1 was formulated.

The study design was a simulation experimental study using computer models
and comparisons for sensitivity analysis.

The simulation study using FEA was performed with the aim to investigate
the mechanical effects of two sets of representations of lower leg soft tissues
exposed to external load. In this study five soft tissue types and the skeletal
bones were represented with respective anatomical regions and material
properties. The two sets of soft tissue materials compared were representing
the six tissue types separately or with the fascia and muscle combined. The
hypothesis was that there would be clear differences in mechanical outcomes
of tissue stresses, strains and computed contact pressures between the two
material sets used in the models.

A manuscript is generated based on this study, available at arXiv.org, to be
submitted [134].

The simulation models and FEA are described below, structured by model
geometries and mesh, material properties, boundary conditions, analysis
scheme and chosen output.

3.3.2. The Finite Element Model

The geometry for the leg model was developed from an generic anatomical
illustration of the lower leg transverse plane, (a trans-tibial cross section, page
98 in [17]). The two-dimensional model included separate regions for skin,
subcutaneous fat, superficial and deep fascia, muscles, blood vessels and
bones, (Figure 11). The dimensions of the leg model were adjusted to adult
size.
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Figure 11 The FE model geometry for the trans-tibial cross-section of a human
adult, divided in separate regions according to anatomical tissue type. Each tissue
type is here assigned a colour, as labelled.

As loading conditions, transtibial prosthetic socket designs were chosen as an
example of FEA application for tissue deformation studies (see also 2.6.2). A
transtibial prosthesis is an artificial leg substitute for transtibial amputees. The
prosthesis consists of a hard socket with a liner on the residual limb, a pylon
as lengthening and connections to a prosthetic foot. The transfer of load
between the residual limb skeleton through the soft tissues and the prosthetic
socket is provided by the geometrical shape of the hard socket and the liner
and padding inside the hard socket in conjunction with the type of anchoring
system to the limb. Different trans-tibial socket designs have been used over
the years, as presented by Fergason and Smith, 1999 [135]. The patella tendon
bearing concept (PTB) changed into the total contact and later into total
surface bearing designs. The total contact concept socket applied pressure on
weight tolerant areas and provided contact without load bearing on intolerant
areas including the distal end of the residual limb. The total surface bearing
concept on the other hand, required weight bearing contact all over, distributed
pressures more evenly, however with more on tolerant areas but no off-loading
of bony regions. The type of liner used in total surface bearing sockets
contributed to force distribution and socket-skin interaction. The third
concept, the hydrostatic socket, was based on fluid dynamics by Pascal’s
principle which states that the pressure at a point in an incompressible fluid at
rest in a closed container is the same in all directions. A pressure change at
one region will be transmitted without loss to the whole fluid. The hydrostatic
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socket would not have specific weightbearing areas, instead equal pressure
uniformly distributed over the whole limb area, but slight relief at tibia distal
end and fibular head [135].

TC TSB HS

Skin contou Skin contour

Figure 12 The cross-section geometries of socket models and limb overlap. The
socket designs: TC = Total contact concept, TSB = Total surface bearing concept,
HS = Hydrostatic concept. Sockets and bones are represented by dark grey, soft
tissues by light grey. The contours of the limb and socket models are shown by black
lines.

In this FEA study the definitions of these three prosthetic concepts by
Fergason and Smith [135] were used for geometries, named total contact
socket (TC), total surface bearing socket (TSB) and the hydrostatic socket
(HS). The socket concepts were not evaluated, only used as different load
cases. The models for the socket designs were created from the skin external
line of the leg cross section model and a socket material thickness of 4.5 mm,
simulating a check socket cross-section at that site of the leg, thus a 2D test.
The shapes of the three sockets’ cross-sectional designs were determined by
the author according to the literature [135] and clinical practice. The socket
models overlapped the leg model in accordance to clinical practice, as
illustrated in Figure 12. The area inside the HS socket-cross section was
reduced 5% as a possible amount according to clinical practice of 3-6%
volume reduction depending on an individual’s tissue conditions.

The software Abaqus 6.14-3/Standard (Dassault Systeémes) was used for
building the model. The choice of elements was based on the assumption of
plane strain, and were of types: 8-node biquadratic plane strain quadrilateral,
hybrid, linear pressure, and 6-node quadratic plane strain triangle, hybrid,
linear pressure elements (CPE8H and CPE6H in Abaqus [136], respectively).
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The limb model mesh contained 26 330 elements, while the socket models
around 3000 elements each.

3.3.3. Material properties

To study the effect of having differentiated tissue layers or combining two of
them together, two sets of the materials were used in the analysis, called the
separate and combined set respectively. In the separate set, each of the tissue
type regions (see Figure 11) had separate material properties, while in the
combined set muscle and fascia tissue regions shared the same properties
based on a combination of the two, while the other tissues had unchanged
material properties. Selected material properties per tissue type listed in Table
2, were retrieved from literature, while the combined material property of
fascia and muscle were obtained by a calibration analysis with optimisation of
material parameters, as described later in the chapter.

The availability of material data for live soft tissue in a human leg is limited.
Thus, an inclusion guide for choosing data was made. Data for each tissue
type should be based on experimental data, retrieved from compression
experiments and be available in the transverse plane if possible, due to the 2D
plane of the FE model. If optimisation with FEM had been used to retrieve
parameters, the continuum material representation was chosen. The soft tissue
data with parameters for the Ogden first order model was preferred, when
available. The Ogden model for slightly compressible materials was chosen
since it is considered good for large deformations, accounts for non-linear
behaviour and is commonly used to model human soft tissues. However, blood
vessels and bones were chosen as linear elastic materials, due to their different
structure. The reason for using few models was to keep the variation in
material models low.

The Ogden strain energy potential is expressed by equation 22 in Table 1 as

U=SL AT A+ -+ I 500" @)

i =1p,;

where U is the strain energy per unit of reference volume, x; are shear moduli
in direction 7, a; and D; are material constants, /V is the order of the equation,
A; are the deviatoric principal stretches and /e is the elastic volume ratio.
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The polynomial strain energy potential is expressed in Yeoh form by equation
20 in Table 1 as

U =37 Col; —3) (20)

when incompressibility is assumed. Here (o are material dependent
parameters, I; is the first deviatoric strain invariant as I, = A% + 15 + 1%,
I, = J72/31,, where J is the total volume ratio, and A, are the principal
stretches.

Thus, in the separate material set the skin, fat muscle and fascia were modelled
as hyperelastic, isotropic materials by strain energy potentials using the Ogden
or Yeoh model. Skin, fat and muscle regions were represented by the Ogden
first order model, with properties obtained for skin and fat from Payne ef a/
[137], and muscle from Al Dirini ef al [12], while the fascia was represented
by the Yeoh model. The Yeoh model was chosen based on a curve fitting
process of human crural fascia experimental data extracted from figure 3 in
Pavan et al [138]. In order to determine parameters and coefficients, the curve
fitting was performed using the free software Hyperfit 2.X (Faculty of
Mechanical engineering, Institute of solid Mechanics, Mechatronics and
Biomechanics, Brno University of Technology Czechia). The vessels and
blood were represented together as linear elastic material. The chosen
properties depend on the blood pressure and volume. With the Young’s
modulus of 10 kPa the maximum pressure in the vessels was predicted to be
14.7 kPa, after the contact was established between socket and skin. This
pressure, equivalent to 110 mmHg, was in the range of normal blood pressure.
The tibia bone was assumed to be linear elastic and isotropic, with a Young’s
modulus of 11.8 GPa based on transverse loading of the tibial bone [139]. The
fibula bone was assumed to have the same properties.

The socket material, glycol-modified polyethylene terephthalate (PETG), was
chosen based on its use in prosthetic check sockets, and material data for the
use in this context were obtained from Gerschutz ef al [140].
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Table 2 Material properties

Material for Material model Parameters and Reference
tissue region coefficients
Skin Ogden 1% Uy = 220.0 kPa, [137],
a, =12 [141]
D; =9.12x1078pa?
Fat Ogden 1% u; = 1.700 kPa, [137],
a, =26 [142]
D, =118 x 1075 Pa™!
Muscle* Ogden 1% uy = 1.907 kPa, [12]
a; =4.6
D; =1.05x 1075 Pa~?
Fascia* Yeoh Cio = 491 MPa C,, = Modified
13.59 MPa C3¢ = from [138]
18.97 MPa
Combined Ogden 1% U, = 12.0kPa,
Muscle-Fascia** a, =14
D, =1.67 X 1076 Pa™?
Blood vessels Linear, elastic E =10.00kPa v =0.49
Cortical bone Linear, elastic E =11.80 Pa [139]
v = 0.394

Sockets, PETG Linear, elastic E =459 MPa v =04 [140]

Note: D1 is computed from u: and v=0.495, according to equation 3.273, p.85,
chapter 3 in Silber and Then [9]. *separate material properties used in the
detailed set, **combined material properties used for the fascia and muscle
regions in the combined set.

For tissue configuration comparison purposes, a second material set was
composed containing the same materials except for fascia and muscle, since
they are often lumped (merged) together as one tissue type. Different
strategies could be applied to represent the lumped tissues’ material property:
a) fascia is also assigned muscle properties (i.e. fascia is ignored), or b) find a
combination of the two materials’ properties. In this study, strategy b) was
used when the two tissue types muscle and fascia were assigned the same
material property which was a combination of both. The Ogden model was
chosen for this new material property since muscle tissue had the largest area
of the two. In order to find the parameters for the combination of the fascia
and muscle properties, a specially designed calibration simulation was
performed as an indentation test (Figure 13). As reference, the limb model
with the separate tissue properties was exposed to a displacement load, and
the reaction force-displacement data at a point on the skin surface were
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collected for the reference curve. Then, the fascia and muscle regions were
assigned the new material, and a heuristic optimization process was performed
by systematically altering the coefficients of the new material, repeating
simulations and compare the new reaction force-displacement curves to the
reference, until a good curve fit was reached (right-hand graph in Figure 13).
The two material sets were now resulting in the same reaction force during the
displacement. The final coefficients were determined for the material called
Combined Muscle-Fascia, and used for both the fascia and muscle regions,
see Table 2. The material set using the combined muscle-fascia material while
the other regions kept their properties was called Combined in the following
analyses.

15em
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\
\ \/Defo\’med

Figure 13 Calibration of material data sets. Left: Calibration model and
applied displacement, Right: Reaction force-displacement curves with
varying properties for muscle and fascia.

3.3.4. Boundary conditions

In the limb model, the inner border of the tibia was fixed, while the other
regions could move. The fibula bone was free to move, which occurs in trans-
tibial residual limbs without a bone bridge [143, 144]. The socket models
overlapping the limb model were generating load, and no additional load was
applied. This overclosure of models was gradually solved by a contact
algorithm over multiple steps. The contact surfaces were pushed apart until
the overlapping penetration disappeared. As the overclosures were resolved,
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stresses and strains appeared in the socket and the limb cross-sections.
Discretization was used for surface to surface contact conditions, which
considered the shape of both surfaces in the region of contact. The coefficient
of friction for the skin-PETG socket interface was assumed to be 0.4 [145].
The internal regions of the limb model shared nodes and thus no further
contact conditions were applied.

With these constraints the 2D analysis did not include body weight nor any
dynamic load from walking etc. The three different socket shapes were used
for generating different loads and internal effects.

3.3.5. Procedures for analyses

The software Abaqus 6.14-3/Standard (Dassault Systémes) was used for
building the model and running analyses with an implicit solver. This software
for computer-aided engineering (CAE) provides a high level of complexity
and control of simulations.

In total six FEA runs were performed, displayed in Table 3, with two per
socket type; one with the detailed material set and one with the combined set
applied to the limb model. This test scheme was chosen to explore the effects
of changing level of differentiation in tissue models under varying loading
conditions.

Table 3 Test scheme for FEA: Material set and Socket condition

Loading condition | Material set condition Comparison
by socket type A Separate B Combined | Relative change
1. TC Al Bl Al, Bl
2. TSB A2 B2 A2,B2
3. HS A3 B3 A3, B3

The chosen output for comparisons included distributions of stresses, strains
and contact pressures. The logarithmic strain (3) was used. The analyses of
results were grouped by the type of output measures.

The sites of maxima and minima of stresses and strains per tissue type were
evaluated to determine absolute maximum magnitudes and to identify extreme
values or singular nodal values to ignore. The maximum level was determined
when at least five nodes from two adjacent elements reached that level in
absolute value. These evaluations were performed in order to determine
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magnitude values for comparisons to investigate the outcome differences
between the used material sets. The relative change with the separate material
set condition (A) as reference was used for comparisons, according to

Relative change(x, Xreference) = % (29)

3.4. Study ll

3.4.1. Research design

Study II addressed RQs 2 and 3 focusing on individual-specific in vivo
behaviour of human soft tissues when exposed external load. Since tissue's
load tolerance seems individual-specific and related to health condition [3], a
selection of health parameters were included for reference. The study
addressed aspects in the framework for pressure injury development [3] as
marked in Figure 9.

A case study design was used with one subject. Data collection techniques
included a quasi-experiment provoking mechanical load on tissues and survey
by self-reported questionnaires and clinical assessment protocol.

An overview of the process within the PEOPLE project for addressing
mechanical and biological aspects of the PI framework is shown in Figure 14.
The parts addressed by Study II is marked with a red frame. Based on Study
II, when geometrical and tissue property data exist, individual-specific FE
models can be developed, and simulations verified. The overall goal of the
whole process, when several subjects with diverse health conditions have been
studied, is to determine both mechanical and biological parameters of
importance for soft tissue behaviour and then develop simulation models for
optimization of individual specific products.
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Figure 14 Schematic process of research, as part of PEOPLE. Red border mark
included parts in Study II. Note: MR: magnetic resonance, FE: finite element, FEA:
finite element analysis

In Study II, individual-specific mechanical deformations of soft tissue layers
in the lower leg were obtained from geometries collected by MR and
controlled loading using a specially developed indentation equipment. A
questionnaire for self-reported health and a clinical assessment protocol were
used. Health data from the questionnaire provided information regarding the
individual’s status in general and on the day of testing. The skin, soft tissue
condition, neuro-muscular function and blood pressure were physically
assessed.

Except for the indentation intervention, the chosen methods, such as MR,
blood pressure, and clinical physical assessment, are commonly used
diagnostic methods in health care. These were selected based on literature
reviews of research in soft tissue properties, PI/DTI, prosthetics and orthotics
and on experience within the research group.

The case study was performed with one healthy subject to investigate the
feasibility of the methods. The recruited subject gave informed written
consent before participation. The data collection was performed on day 1, with
follow-up day 2 and 4. Ethical considerations are addressed in Chapter 3.5.
Further descriptions of the methods are presented in the following
subchapters.
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3.4.2. Equipment for deformation by indentation in MR

Geometries of the leg tissues were captured by a MR scanner of type 1.5 Tesla,
Optima MR450w, GE Medical systems, provided by Aleris Rdntgen
Jonkdping, Sweden. The scanner was operated by a radiology technician.
Deformation was induced by an applied force through indentation on the calf
posterior tissues. The non-loaded and loaded tissue states were obtained by
MR technique. The indentation equipment was developed for the study and is
described below.

A force-displacement instrument, TIM, Tissue Indenter Measurement (Figure
15), was developed for this study in collaboration with Hotswap Nordic AB,
Jonkoping, Sweden. The construction of TIM was restricted due to
compatibility with MR and ethical considerations related to risk of harm
during management. It was important that the loading device could be
controlled manually, adjusted to the individual's comfort, and safe, i.e. not lose
control due to break down/flaws in the control system. The indenter should be
attached to a frame fixated on the limb to restore same position in non-loaded
and loaded condition. In the loaded condition the indenter should be locked at
a chosen position, with the measuring systems then detached. The indenter
was T-shaped, with a half cylinder of length 70 mm and radius 10 mm.
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Figure 15 TIM Tissue Indenter Measurement device for indentation and force-
displacement data. A: TIM device with two indenters (T-half cylinder and puck
versions), water syringe and transducer. B: Indenter (T-version, radius 10 mm) in
locking mechanism, lateral view. C: TIM attachment frames of two sizes and the T
indenter and locking mechanism assembled

In TIM, a load sensor (KM26z) and a displacement sensor (linear
potentiometer) with range 0-150 mm (LRW2-F-X-S) were connected to a
closed water pressure system including a polymer piston and a water syringe
to control the indenter movement while measuring force and displacement.
Reaction force and displacement sampling rate was 10 kHz with baudrate 625
kbit/s transformed via the measurement amplifier (GSV-3USBx2). The load
sensor, displacement sensor and measurement amplifier came from ME-
Systeme, Hennigsdorf, Germany, www.me-systeme.de. An in-house
developed software in Matlab 2016b, (MathWorks, Natick, MA, USA)
processed the TIM measurements. The indenter, housing, locking mechanism
and fixation frames of two sizes (Figure 15) were manufactured in the

thermoplastic material Acrylonitrile butadiene styrene, ABS, (ABSplus-P430
from Stratasys Ltd, www.stratasys.com) by additive manufacturing (3D-

Printer fused deposition modelling FDM, machine model: Dimension
SST1200ES, Stratasys Ltd, US, www.stratasys.com) at the School of
Engineering, Jonkdping University, Sweden.
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The load cell was first separately calibrated by CA Matsystem, Taby, Sweden,
a SWEDAC accredited laboratory. The measured force was then calibrated at
the School of Engineering, Jonkoping University, with TIM assembled and
the puck-shaped indenter (Figure 15A) carrying the weights. Calibration on
the day for data collection was performed with a solid steel cylinder (mass
1000g, manufactured at the School of Engineering, Jonkdping University) and
the puck-indenter at the MR clinic.

Friction at the interface of skin and indenter, ux;, was measured using a small
box of the same ABS material as the indenter, a cylinder of solid steel, and a
dynamometer (Sauter FL100, Sauter GmbH, Balingen, Germany) attached to
the box with a hook. The total mass for the box and steel cylinder was 515.4
g. The box and steel cylinder were manufactured at the School of Engineering,
Jonkoping University.

A body support assembly including an individual specific leg-shell was
developed to ensure that the same leg position of non-loaded and loaded
conditions were captured by the MR scans (Figure 16). It consisted of an ABS
thermoplastic base plate (thickness 6 mm) with attached foam cushions for
bilateral thigh and foot supports and straps. A rectangular cut-out on the side
of the base plate gave room for application of TIM. The hips were positioned
in 20° flexion, and the tibia crest was horizontal. The foot support cushions
held the feet in a neutral position, supporting the back of the heels with 22 cm
between heel centres. This position allowed the calf tissues to be relaxed, non-
loaded, and with space for TIM. A polypropylene U-shaped shell stabilized
the foot cushions. The foot cushion position could be adjusted relative to the
subject’s height to achieve a controlled and comparable leg position during
the different testing conditions. An individual specific plaster shell was made
and placed anteriorly on the leg to fixate hip and knee angles and for attaching
the TIM frame. A flat cushion under the thorax and pelvis was used for
comfort. The frame for fixating TIM was mounted on the plaster shell at the
point of load application by fixing it to a 8 mm thick plastic plate in the plaster
over the tibial crest (Figure 16, Figure 17). The indenter was, with this TIM
fixation, applied vertically and perpendicularly to the tibia crest at the thickest
part of posterior soft tissues of the calf. The goal was to apply force
perpendicular to skin surface and bone axis. A reference point of the TIM
centre position in the MR images was defined by attaching a vitamin E capsule
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to the top of the frame which would be detected on the MR scans. With this
equipment the same body position was achieved for MR scans and TIM

measurements, in non-loaded and loaded conditions.

Figure 16 Body support, leg fixation and TIM with frame fixture. Subject prepared
for MR scanning

3.4.3. Clinical assessment

A clinical assessment protocol was developed to capture conditions in the
lower leg (Appendix II). In summary, it consisted of different body and
segment structural measurements, range of motion and muscle strength,
neurological status, circulatory items (e.g. skin temperature, skin colour and
pulses), and soft tissue conditions. Pain was documented based on palpation
and questions to the subject. Potential skin problems present were classified
according to the NPUAP/EPUAP International Classification of Pressure
Ulcers [7, 21, 146]. Soft tissue structures, shape and behaviour were assessed
by inspection and palpation, and described both according to ISO 8548-2 [§]
and new descriptor terms also related to material properties.

The new descriptors were divided into five characteristics with scale levels:

I.  Thickness: Thin / Normal / Thick
II.  Firmness: Compact / Muscular / Oedema / Stiff
II. Flaccid: Atrophic / Rich of fat / Paralytic
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IV. Elasticity (returning to initial shape): Low resistance / Moderate
resistance / High resistance

V. Plasticity (remaining shape change): Small elongation or
compression / Moderate / Large

A goniometer, tape-measure, calliper, monofilament (10g), tuning fork and
reflex hammer were used. The surface temperature of the skin at several sites
from proximal to distal lower limb, and at the site of the indentation, was
measured during the clinical assessment using a laser thermometer (Optris MS
Plus, Optris GmbH, Berlin, Germany).

Blood pressure was measured at upper arm (brachial) and ankle respectively,
with a manual cuff and a laser doppler probe. The ankle and brachial pressures
were collected for the Ankle Brachial Pressure Index (ABPI), a clinical
measure related to blood circulation and ischemia in the lower limb and used
for diagnostic purposes [147].

The clinical assessment protocol was developed iteratively, in collaboration
with experienced CPOs (certified prosthetist-orthotist) and tested on persons
with neuromuscular pathologies by two CPOs.

3.4.4. Questionnaire

A self-reporting questionnaire was constructed to collect information on
current health conditions (Appendix III). The intended target group included
persons without pathologies, persons using a prosthesis or orthosis, and
persons with type 2 diabetes. The questionnaire consisted of demographic
information and then three parts with subsections, as displayed in Table 4.
Both generic and targeted items were included.
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Table 4 Questionnaire structure

Part Subsection Instrument Source
I A.Health and RAND-36, Register Centrum SydOst
function in Swedish version http://rcso.se/
daily life. patientmedverkan/
prom/generiska-
instrument/
rand-36sf-36/
B.Diseases, Background unpublished
infections, variables, items
other  health constructed for this
conditions study
C.Other Background unpublished
circumstances  variables,

items constructed

for this study

11 D.Assistive
devices

E.Leg and feet
function and
status

F.Problems
and pain due to

Combined from
SwedeAmp
National register
and constructed
items based on
literature

OPUS Orthotics
and Prosthetics
Users’ Survey,
section BFF plus
two items*

constructed for this

study
NPUAP/EPUAP
International

http://www.swedeamp.co
m/ and [45, 47, 148-
150].

Adapted by S. Kallin
(author)

OPUS [151-154],
* unpublished

[7,21,45, 146]
Adapted by S. Kallin

Classification of
Pressure Ulcers and
items constructed
for this study.

prosthesis  or
orthosis

(author)

I G.Follow-up Questions S. Kallin (author)
after constructed for this
indentation study

RAND-36 is a validated instrument that measure health-related quality of life
[155] and was chosen to facilitate comparisons of participating subject’s
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health conditions with populations from other studies. Part I-B contained
health questions regarding inflammatory diseases and infections, and were
constructed by a member of the research team based on previous research on
biomarker responses [156]. Part I-C contained items on sensitive skin,
sensation in lower extremities and medication. Part II contained items related
use of prosthesis or orthosis and were excluded in this case study. The
subject’s experience during the indentation test and the 3 days after, was
addressed in Part II1.

The development process of items in the questionnaire for this research
incorporated  experience from the target population and the
prosthetist/orthotist profession. It was iteratively tested for content and face
validity.

3.4.5. Human subject

For this case study, a subject without pathology was of interest before
recruiting individuals who are to a higher degree exposed to external loads
and/or with increased risk for PI/DTL

Inclusion criteria for recruitment was physically healthy persons aged 25 to
65 years. Current pressure injuries of grade I-1I elsewhere than the indentation
site were accepted.

Exclusion criteria were: inability to walk independently, immunological
disease, diagnosed and medicated circulatory conditions, dermatological
pathology, vulnerable skin, eczema, current pressure injury of grade III or
worse, pregnancy during the last 12 months due to influence on connective
tissue properties, long-term or current severe pain. Also, implants with
magnetic ferrite or electronics were excluded for incompatibility with the MR.

One healthy subject was recruited for data collection with the developed
experimental set up in this study. The recruited subject was a 27 years old
male, height 189 cm and body mass 86.0 kg.

3.4.6. Data collection procedure

The data collection, including position preparations, was held at an MR clinic
on day 1, with a total duration of 6 hours, with follow-up at a health clinic on
day 2 and a phone call on day 4. The clinical assessment and indentation
measurements were conducted by a certified prosthetist-orthotist (the author).
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Blood pressure was monitored by a nurse and the MR scanning was performed
by a radiology technician.

The protocol sequence for day 1 is displayed in Appendix IV while a
description is provided here.

Day 1 Clinical assessment and blood pressure for the base line conditions were
obtained initially. The skin at the site of indentation was untreated during the
tests. Skin temperature and friction skin/TIM indenter was measured at
baseline.

The determined body position for the MR and TIM data collection was
prepared and secured as described in chapter 3.4.2. Before the first MR
scanning the subject had a relaxing period of 15 minutes to walk etc.
Non-loaded and loaded conditions were captured by MR and TIM. The load
by TIM was applied (Figure 17) and measured outside the MR room.

Figure 17 Loaded condition. The TIM frame connected anteriorly to the plaster
shell. The TIM mounted to the frame and the T-shaped indenter applied. Body
support was moved sideways to facilitate TIM to be mounted and collect
measurements.

The applied load was limited to a duration of 30 minutes static load while not
exceeding 30N, in order to comply with the proposed limit of pressure-time
loading by Gefen [28, 29]. The force was assumed to be constant in the line
of action through the tissue layers. The indenter was locked and fixed, and the
magnetic sensitive section of TIM dismounted before the MR scanning of the
loaded condition.

A body coil was placed over the legs to improve the signals and MR image
quality compared to when only the tunnel coil is used, while keeping the
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scanning duration shorter for the sake of subject’s comfort. Two MR image
sets per condition were captured consisting of 30 slices each: one set with T1
weighted (T1 Tra) and one set of STIR (short T1 inversion recovery, with
suppressed fat signals). The latter was primarily used for identification of
blood vessels. Both sets were transversal scans with 4 mm slices, no axial gaps
and a field of view (FOV) of 40 cm to capture both legs and with resolution
of 512. An additional set of images in longitudinal direction was captured per
condition to determine the indenter position in relation to tibia proximal end,
and corresponding slices in the non-loaded set. The first MR scanning duration
was 20 minutes and the second lasted 10 minutes.

Repeated blood pressures were collected, once just before first MR non-
loaded condition, once after the second scanning with indentation applied, and
after removal of indentation force another three times: at 5, 60 and 120
minutes after, see Appendix IV. The subject’s comfort was carefully
monitored during the whole process. The skin at the indentation site was
inspected repeatedly after TIM was removed.

Day 2 The follow-up on the day after the indentation test included assessment
of the lower limb, questionnaire items and blood pressure.

Day 4 follow-up was carried out by a phone-call. If the subject experienced
load-related symptoms further clinical assessment were prepared, including
appointment with a medical practitioner, if wished. If unexpected pathology
was suspected in the data, the research team should consult a physician for
further actions.

3.4.7. Data processing

Identification of anatomy

Tissue displacements, strains in tissue layers by stretch ratios, volume change
and a local deformation gradient determinant (det F) were chosen deformation
measures. Thus, a selection of geometrical landmarks’ coordinates and
measurements had first to be identified and collected from the MR images.
The MR images were analysed in MediaViewer (GE Healthcare) and Mimics
Research 20.0 (Materialise, Leuven, Belgium). The DICOM (Digital Imaging
and Communications in Medicine) coordinate system was used, with positive
x-axis towards the left side of body, a positive y-axis in the posterior direction,
and a positive z-axis in the proximal direction. Identification of tissues in the
MR image depends on the resolution and image quality. The voxel size
became 0.7813x0.7813x4.00 mm? with the resolution 512 and FOV of 40 cm.
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Since the soft tissues of the calf should be non-loaded, air space was present
between the lower legs and the MR table. Because of this, the images were
unevenly illuminated. In order to improve the illumination of images for
analyses, image filtering processes were applied and evaluated in the open
source image processing package Fiji, which is developed for different types
of medical images (https://imagej.net/Fiji). The illumination could be evened,
but at the expense of structural details. With various kinds of filters, the skin
disappeared, internal muscles’ and vessels’ borders and thin connective
tissues became undetectable, while tissue layers with larger contrasts were

exaggerated and became thicker. Thus, the raw images were used for analyses,
without image pre-processing.

Deformation data

The corresponding transversal MR image slice of the non-loaded condition to
the image slice at centre of the displaced indenter in the loaded condition was
identified by distance measures from corresponding landmarks in sagittal

view. The pair of corresponding MR images in transverse plane is shown in
Figure 18, A before indentation, and B with indenter applied.

Figure 18 MR images of non-loaded (A) and loaded (B) conditions at the slice of
indenter apex. The visible y and x axes intersect at the centre, the origo, of the
defined local coordinate system.

Deformation measures were obtained by analysing the MR images in Mimics
Research 20.0 software. The following items were identified in both
conditions to be used for further analyses: a) sagittal distance between the tibia
plateau and maximum indentation, b) reference points on the tibia and fibula
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defining centre, an origin for a local coordinate system and lateral bone side
angles, c) the centre line of TIM indenter along the y-axis of image, d) separate
tissue border positions along the centre line of the indenter along the y-axis,
e) a local internal quadrilateral polygon on the lateral aspect of gastrocnemius
muscle’s lateral head, and f) the skin outer boundary was marked for the limb
cross-sectional area which was then calculated by the Mimics software.

The coordinates of the defined reference points were obtained to calculate
distances, displacements and stretch ratios (eq. 2). The bone angles were
control measures for correspondence between the two image slices. The area
measures and slice thickness gave the data for the volume ratio /(eq. 14).

The local internal quadrilateral polygon (¢), marked on a muscle region close
to the indenter, was chosen based on the ease of identifying the same corner
points in the non-loaded and loaded conditions. Based on the local test-
element coordinates, FEM was applied on this 2D test-element with
isoparametric mapping. The local deformation gradient # and the deformation
determinant JFE™ was computed in the centroid of the element, using Matlab
2016b (MathWorks, Natick, MA, USA). The analysis process was as follows.

The centroid of the parent element in the &n-coordinate system was
determined at &=1/2, n=1/2when0 < ¢ <land0<n<1.

The basis functions, @ (), for the bilinear parental element, with the nodes
i=(1,2,3,4) were then:

91 =0=0~-n)

@, =& —n)
p3 =4¢n
P =0-8n
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Figure 19 Mapping from parent to global domain. From left to right: parent
element, undeformed and deformed test element from the data set.

At large deformation the analysis needs to include both the undeformed
element and the deformed element. Isoparametric mapping was used (Figure
19). This was processed in three steps: 1) compute the change, derivatives, on
the parental element, 2) transform that by isoparametric mapping to the
undeformed global element, and then to the global deformed element. 3) The
deformation gradient on the global deformed element can then be computed,
and finally the determinant of the deformation gradient can be determined for
the deformed global element. The defined nodal coordinates of both
undeformed and deformed element were known and used for the numerical
solution, X ¥, and x; respectively. Shape functions for the global elements
are noted @(xy).

1) Change on the parental element in 2D by partial derivatives of the
basis functions:

Pi=lm-D a-m 1 -n]
T=l-D ~¢ & a-9]

2) Mapping X and Y to Eandn, by X = Y&, X;0; andY = Y1, Vi,

And transformation, Jacobian matrix,

ox ox
_|9¢ om
J=lor o

28 an
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where ¢ refer to the functions for the global element,
26
and the gradient of the global element is Vy¢; = ;’é =] _TVgtpi
2

3) The determinant of the deformation gradient on the deformed element

18
4 i oya 0
detF z]FEM _ det =1 X L i=1 Y L
4 09 4 09
i=15x Vi Li=1gy Vi

(30)

TIM data

External force and displacement data from TIM were analysed in Matlab
2016b, by force-time, displacement-time and force-displacement. Time was
here applied for identification of corresponding events, not time-dependence
behaviour.

Friction data for the interface skin-TIM indenter were analysed, mean force
calculated, and the kinetic friction determined.

Clinical assessment
BMI was calculated by
BMI = body mass/(height)? [kg/m’] (31)

Ankle brachial pressure index, ABPI, was obtained by the ratio ankle
systole/arm systole.

The functional status and determined tissue conditions were collected for
descriptive use in this study. Geometrical measures were collected for image
identification and descriptive purposes.

Questionnaire data

Data was manually transferred to a digital file. Only Part I-A from RAND 36
were processed with scores in the eight domains: PF Physical functioning, RP
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Role limitations due to physical health, BP Bodily Pain, GH General health
perceptions, VT Energy/Vitality, SF Social functioning, RE Role limitations
due to emotional health, and MH Mental health.

3.5. Ethical considerations

This research has considered the ethical principles to respect autonomy, do
good, not harm, be justice [157] and the World Medical Association
Declaration of Helsinki [158].

Study I was using a simulation model based on a generic illustration of human
anatomy of the lower leg. This was a chosen strategy to not involve a human
subject unnecessarily.

Study Il is part of the research project PEOPLE that involves persons, dealing
with sensitive personal information and biological material from humans.
Ethical approval was obtained for PEOPLE by Link6ping Regional Ethical
Review Board (No 2015/397-31) according to the Swedish Act (2003:460).

The use of provocation studies in medicine is common, and ethically justified
by the possibility to increase knowledge of pathophysiology, treatments and
diagnostic utility [159]. In the PEOPLE project the outcomes are expected to
increase knowledge and understanding of pressure injuries and for decreasing
and prevention of those when optimizing products. Study Il combined existing
and developed data collection techniques in a new protocol and applied it for
feasibility initially on one subject without pathology.

Recruitment of the participant was handled by the author, using advertisement
to respect the individual’s autonomy. Written and oral information was given.
Written informed consent was obtained before participation, emphasizing the
voluntariness and possibility to withdraw without giving reason or suffering
negative consequences. Participant was insured by the project and offered a
small remuneration.

The indentation test used in Study II were expected to give none to minor
soreness in the tissues during the tests and 2-3 days after. The indenter was
manually controlled to decrease the risk of unexpected force application due
to equipment failure and to respond to participant’s comfort. MR scanning is
a clinical procedure and information given accordingly. Possible discomfort
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during MR scanning was considered and diminished. The test could be
stopped at any time.

Answering the questionnaire was considered no risk of harm to participants.
There was a risk that a pathological condition not previously known to the
subject could be detected or suspected based on the findings in the collected
data. If this would occur, an appointment with a physician (free of charge to
the subject) was prepared for in collaboration with a health centre.

All collected data (such as sensitive personal information according to
Swedish Act (2003:460) and (1998:204)) were handled confidentially and
secured to avoid unauthorized access for protection of participant. The results
are presented in such a way as to prevent the risk of identifying the participant.

An agreement between the partners in PEOPLE project regulates issues like
the interests of parties, collaboration, use of data, immaterial rights,
publications and ownerships including after the end of the agreed period.
Financial support is regulated in the agreement. The data is owned by the
School of Engineering, Jonkoping University. There is no conflict of interest
identified.
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4. Results

In this chapter the results are presented per study in relation to the research
questions (RQs). Results from the FEA simulation of a lower limb model,
study I, with comparisons of soft tissue responses depending on material
representations, are first presented. Individual specific physical deformation
of soft tissues in the lower leg and clinical measures are then presented for
study II.

4.1. Study |

Study I addressed RQI:

RQ 1. How does differentiation of soft tissues in a simulation model
influence internal strains and stresses analysed by FEM?

With focus on the representation of fascia tissue separately compared to
when combining fascia with muscle tissue in a model of the lower leg

The simulation exposed the limb models to three socket designs while the
material representation of soft tissues was altered using two material sets. The
Separate set and the Combined set accounted for fascia and muscle tissues in
diverse ways. The ranges of maximum magnitudes per outcome are presented
shortly to report the level of those outcomes. The results of comparisons by
distribution and by relative change are presented grouped by the effective
stress (vonMises) and shear stress, while the logarithmic strains as absolute
maximum principal strain (AMP) and shear strain. The influence of the
material sets on the computed contact pressures at the interface of skin and
PETG socket are also presented per condition, which represent the effective
load.

4.1.1. Comparisons of stresses and strains

The stresses and strains in the soft tissues changed considerably with the
Combined set, compared to when the Separate set was applied, for the three
socket conditions. The distributions of internal stresses (Figure 20) and strains
(Figure 21) per material set and socket condition showed changes of sites for
maximum values and of magnitudes. Magnitudes of determined maximum
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effective stress per tissue type ranged between 0.91 kPa found in vessels to
1120 kPa in fascia regardless material set and socket condition. Determined
maximum shear stress ranged between 0.28 kPa in vessels to 500 kPa in
fasciae. For absolute principal strain (AMP) per tissue type the determined
maximum ranged between 5.7% in fasciae to 49.5% found in muscle, while
for shear strain that ranged between 8.0% in vessels to 84.1% also found in
muscle tissue. The high-end levels in these ranges were all found in results
from the conditions with Separate material set. The identified magnitudes of
maxima data are provided in Appendix V.

The sites for maximum effective stress were found in fascia with the Separate
set while in skin with the Combined material set applied, regardless socket
condition. The sites for maximum strains were found in muscles with the
Separate set for all sockets. When the Combined set was applied, the sites for
strain maxima varied by socket condition: in TC and HS both strain measures
maxima were found in fat. In the TSB condition the AMP was found in
muscles while maximum shear strain was found in vessels.

TSB HS

Combined

Figure 20 Effective Stress S (vonMises) in [Pa], displayed distribution per material
set and socket design. Upper row: Separate set, lower row: Combined set. Socket
designs: TC Total Contact, TSB Total Surface Bearing, HS Hydrostatic. Coloured
scale limited to 0-10 kPa, with grey over 10 kPa.
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Figure 21 Shear Strain distribution per material set and socket design. Upper row:
Separate set, lower row: Combined set. Socket designs: TC Total Contact, TSB Total
Surface Bearing, HS Hydrostatic. LE12 Shear strain. Coloured scale limited to
+50%, with black below -50% and grey above 50%. Negative and positive show
opposite strain directions.

The comparisons of maximum values per tissue and per site, by relative
change in percent (eq.29) with the Separate set as reference, are displayed in
Table 5, Table 6, Figure 22, Figure 23 and Figure 24. The relative change of
maximum stresses per tissue type and socket condition increased the most by
459% for effective stress and decreased the most by -599% for shear stresses
in muscles with TC socket, when using the Combined set, compared to the
Separate.

The relative change of strains increased the most by 202% for shear strain in
fat with the HS socket and decreased the most by -253% for shear strain in
vessels with the TC and HS socket conditions. Comparisons per material set
at their respective sites of maximum in each tissue type, (noted as Max
Separate and Max Combined) showed even larger increase and decrease, and
other distribution of the changes over the tissue types (Figure 23, Figure 24).

63



Table 5 Relative change of stresses for comparison Combined to Separate set

Socket TC TSB HS

Effective Shear  Effective Shear  Effective Shear

Tissue Site stress stress stress stress stress stress

Skin Max Separate 51% 40% 13% 216% -5% 6%
Max

Combined 51% 40% 13% 216% 78% 6%

Max both 51% 40% 13% 216% 15% 6%

Fat Max Separate -73% 74% -1% 34% -89% 100%
Max

Combined 367% 294% 124% 152% 54% 68%

Max both 17% 250% 19% 234% -64% 117%

Muscle  Max Separate 40%  -212% 164% -160% -719% 112%
Max

Combined 837% -853% 507% -245% 1224%  -22800%

Max both 459% -599% 173% -165% 23% 23%

Fasciae  Max Separate -99% 99% -99% 99% -100% -100%
Max

Combined 270% 92% 78% 49% -40% 88%

Max both -93% 97% -93% 98% -98% -99%

Vessel ~ Max Separate 0 -22% 47% 83% 2% 132%
Max

Combined 339% -445% 47% 83% 938% -1400%

Max both 35% -251% 47% 83% 72% -221%

Note: TC: total contact, TSB total surface bearing, HS hydrostatic. Effective and shear
stress.

Stress Relative change per maxima Strain Relative change per maxima

500% 300%
400%
300% 200%
200% I I I
100% 100%

0% MM = m —— I = n_ - n I I I I I . I I
-100% - Effective S arI Effective Sllar Effective — She: % e g | l I nlm
-200% AMP Shear MP Sh AMPI h
oo TC TSB HS 00% ¢ © ©
~400% TC TSB H
-500% 200%
600%
-700% 300%

mskin mfat mmuscles ®fasciae ®vessels mskin mfat mmuscles = fasciae ®vessels

Figure 22 Relative change of maxima, per tissue type, for Combined set compared
to Separate set. An increase with Combined set is displayed by positive change in
percent. Left: Stresses. Right: Strains. TC Total Contact, TSB Total Surface Bearing,
HS Hydrostatic. Effective stress, shear stress, MPA maximal principal absolute
value, shear strain
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Figure 23 Relative change of stresses per sites of maxima and tissue types. Separate
set as reference. Upper panels display full ranges, lower panels show limited ranges.
An increase with Combined set is displayed by positive change in percent. Left:
Effective Stress. Right: Shear stress. TC Total Contact, TSB Total Surface Bearing,
HS Hydrostatic. Max Separate: at site for maximum with the Separate set. Max
Combined: at site for maximum with the Combined set.

Table 6 Relative change of strains for comparison Combined to Separate set

Socket TC TSB HS

Shear Shear Shear

Tissue  Site AMP strain AMP strain AMP strain

Skin Max Separate -15% 33% 10% -14% 1% -196%
Max

Combined -250% 33% 10% -14% 1% -196%

Max both -40% 33% 10% -14% 1% -196%

Fat Max Separate -55% 37% -17% 12% 23% 78%
Max

Combined -69% 39% -23% -57% -36% 28%

Max both -64% 39% -23% -1% 0% 202%

Muscle  Max Separate 74% 54% 62% 61% 89% 103%
Max

Combined 21% 11% 35% 51% -10%  -15900%

Max both 47% 31% 61% 60% 78% 81%

Fasciae  Max Separate -10% -47% -60% -29% 23% -45%
Max

Combined -12833% -1360% -9070% -4409% -1511% 1250%

Max both -223% -164% -215% -107% -152% 46%

Vessel =~ Max Separate -12% -32% -44% 79% -34% 120%
Max

Combined -172% -417% -44% 93% -874% -1310%

Max both -66% -253% -44% 86% -89% -253%

Note: TC: total contact, TSB total surface bearing, HS hydrostatic. AMP Absolute
maximum principal
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Figure 24 Relative change of strains per sites of maxima. Separate set as reference.
Upper panels display full ranges, lower panels show limited ranges. An increase
with Combined set is displayed by positive change in percent. Left: Strain Absolute
Maximum Principal, AMP. Right: Shear strain. TC Total Contact, TSB Total Surface
Bearing, HS Hydrostatic. Max Separate: at site for maximum with the Separate set.
Max Combined: at site for maximum with the Combined set.

4.1.2. Comparisons of contact pressures

The computed skin-socket interface contact pressure changed in magnitude
per material set used, and by site of maximum by socket condition (Figure
25). The relative change of maximum contact pressures increased with the
Combined set in all socket conditions, by 134%, 58% and 37% for TC, TSB
and HC respectively. The distribution of contact pressures at the skin-socket
interfaces in the six conditions are displayed in Figure 25.
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Figure 25 Contact pressure distribution [Pa] at skin-socket interface with three
socket designs and two material sets, Separate and Combined set. The magnitude
of the contact pressure is represented by the line and its distance from the grey limb
model. TC Total contact, TSB Total surface bearing and HS Hydrostatic. The spikes
at lateral/posterior region were excluded from comparison, as they are singular
nodal values due to border definition.
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4.2. Studyll

Study II addressed the research questions RQ 2 and 3 demonstrated with one
subject without pathology:
RQ 2. How could individual-specific internal soft tissue deformation be
measured in separate tissues in vivo under established health condition?
With focus on indentation induced mechanical deformation in relaxed tissues
of the posterior lower leg in an individual subject while including health
condition and soft tissue assessment

RQ 3. What are the individual-specific deformations of human in vivo soft
tissue such as skin, muscles, fat, connective tissues, and vessels?

With focus on the measures developed in RQ2, and obtained from the
relaxed tissues of the posterior lower leg in a subject without pathology

The data collection techniques in this study were controlled indentation in
MR, a questionnaire for self-reported health and a clinical assessment
protocol. Tissue types and layers on meso level were identified in the
transverse plane of the relaxed lower leg.

The outcome measures of the case study were subject-specific deformations
of identified soft tissues in terms of displacements, stretch ratio 4, Jacobian
determinant /, local deformation gradient determinant det F and external
reaction force-displacement data. Individual specific numerical results are
provided.

The subject-specific health conditions were studied in terms of self-reported
health, functional status and clinical measures of soft tissue status. These are
here presented prior to the deformation results to provide insights of the
subject’s health conditions and soft tissue status related to the tissue response,
as suggested in Figure 9 framework for PI development.

4.2.1. Subject specific health conditions

The subject was a 27 years old male, height 189 c¢m, weight 86 kg and BMI
of 24. Self-reported health by RAND36 was in respective domain scored PF
100, RP 100, BP 70, GH 65, VT 50, SF 75, RE 67, MH 60. The subject
reported no immune system related diseases, inflammation nor sensory
defects, no diabetes of any type and was not smoking. Subject reported the
skin to be moderate irritable if exposed to wear.
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Neuromuscular function of the lower extremities was good bilaterally, with
full range of motion, muscular strength of M5 and sensation of S4 on the
Medical research council (MRC) scale. Subject was physically active and
exercising at least three times per week.

The circumferential measure of the left leg at the site of indenter application
was 380 mm, the depth (anterior-posterior) 110 mm and width (medio-lateral)
120 mm. Volume was normal. The skin of the lower leg was without remarks.
Lower leg soft tissues were also evaluated by manual palpation in terms of
thickness, structural aspects, and elasticity/plasticity. Each tissue type was
considered normal in relation to age and BMI. Details of tissue conditions is
presented in Table 7. Skin temperature at the site for indenter was at baseline
30.2°C.

Table 7 Results palpation of lower leg soft tissues

Tissue I: II: III: Iv: V:
Thickness  Firmness Flaccid Elasticity  Plasticity

Skin Normal Compact Moderate

Subcutaneous  Thinn Rich of

fat fat

Muscle Normal Muscular Moderate

Relaxed

Muscle Normal Muscular Moderate

Contracted

Tendons, Normal Compact Moderate

ligaments

Forefoot pads ~ Normal Compact Moderate

Heel pad Normal Compact Moderate

Other

Note: Application Il or I11, IV or V. Levels: I: Thinn / Normal / Thick, II: Compact / Muscular
/ Oedema / Stiff, 111: Atrophic / Rich of fat / Paralytic, IV: Low resistance / Moderate
resistance / High resistance, V: Small elongation or compression / Moderate / Large.

Blood circulation evaluated by skin coloration, pulses and skin temperature
was consider normal. The blood pressure was varying during the test at
repeated measures from baseline to 2 hours after offloading, displayed in
Figure 26 (test sequence described in Appendix IV). The brachial pressure and
the ABPI were respectively 138/75 mmHg and 1.0 at baseline, 122/59 mmHg
and 1.13 just before indenter was applied, and 140/80 mmHg and 1.04 when
measured after MR with load still applied. Brachial blood pressure data 5
minutes after off-loading was missing, while the ankle pressure decreased to
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125 mmHg. The last brachial blood pressure was 118/72 mmHg 2h after off-
loading.

160
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100
80 * + gl X Arm Systole
60 + T + Arm Diastole
40
20

0
0 1 2 3 4 5 6 7
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X
X

A Ankle Systole

Blood pressure [mmH

Figure 26 Blood pressure data in supine position. Systole in arm and ankle, and
diastole in arm. Sample points: 1. Baseline. 2. Preload, in position before MRI. 3.
Loaded, after MRI. 4. Post load 5 minutes. 5. Post load 15 minutes. 6. Post load 60
minutes. 7. Post load 2 hours. Data from arm at point 4 were by mistake not
obtained.

4.2.2. Deformation measures from image analyses

The indentation site was identified at 52% of tibial length from the proximal
end of tibia. The angles of the x- and y-axes of the indenter corresponded to
the DICOM coordinate system, however in the opposite direction of the y-
axis. The angle between the lateral side of the tibia bone and the y-axis in
transversal plane was 36.5° for the non-loaded condition and 4 degrees less in
the loaded condition. The analyses on the subject identified 5 soft tissue types
on meso level with 14 separate layers. Tissue geometries were identified, see
examples in Figure 27.

Displacement

The tissues posterior to tibia were displaced by the indenter, most in y-
direction and slightly in x-direction, thus additional reference points along
parallel y-axes were defined (Figure 28). There were mostly larger
displacements in superficial layers than in deep layers. The tissue layers
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posterior to the Tibia bone moved 3 to 22.6 mm due to the indentation, the
posterior skin surface the most. The tissue specific displacement measures in
the y direction are displayed in Table 8.

ANTERIOR

Skin )
Tbialis posterior _ Plaster shell

o Subcutaneus fat
muscle o Tibia, cortical

Crural fascia

Bone marro

Tendon withir > Tibialjs anterior
muscle ! . musc!

Soleus miuscle

p Fascia Ipte
Gastrocnemius : N membrahe
g

muscle, edial

Peroneps

muscle

|
i

Fibula, cqrtical bone

Soleus muscle
Fascia
Gastrocnemius
muscle, lateral
head Subcutaneus fat
POSTERIOR

Figure 27 Examples of identified tissues in MR image of no-loaded condition at the
level of indentation. MR image had y-axis positive direction downwards, towards
posterior side.
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POSTERIOR

Figure 28 Corresponding MR images with identified tissue reference points as red

dots in circles. The local coordinate system is displayed by orange line for x-axis,
green line for y-axis, intersecting at the defined origin. Left: Non-loaded. Right:
Loaded, indenter applied. Additional points medial and lateral to the y-axis are

displayed, along parallel y(x(n)) axes.

Table 8 Displacement of posterior border of tissues posterior to the Tibial bone

Tissue superficial to deep. Displacement [mm] Displacement [mm]

at posterior border At y(0) through centre of at y(n)
TIM

Skin posterior -21.0 -22.6%

Fat posterior -20.6 -21.9%*

Fascia posterior to. -18.7 -20.3*

Gastrocnemius

Gastrocnemius lateralis, lateral -18.7 -20.3*

aspect

Fascia posterior to Soleus -19.5

Soleus -19.5

Lateral artery posterior inner wall -4.6%%*

Lateral artery anterior inner wall -2.3%*

Lateral vein posterior inner wall -6.2%%*

Lateral vein anterior inner wall -3.9%%*

Tibialis posterior -3.2

Tendon internal of tibialis -0.7

posterior

Note: y(0) when x=0, * medial to y(0)-axis with y-axis through the mid conjunction of the
fascia-branch in the Soleus muscle, ** lateral artery at x(n) lateral to y(0), *** lateral vein
x(n) medial to y(0), see Figure 28. Negative values due on the image coordinate system.
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Stretch ratio

The stretch ratio along the y-direction, A(y), varied by tissue type from 0.38
to 1.26. The skin, fat and muscles stretch ratio varied with their respective
position in relation to the applied indenter and were more compressed closer
to the indenter, Figure 29. The stretch ratio for the posterior compound of soft
tissue, from skin surface to tibial bone, was 0.77. Large deformation strain
measures in one dimension, based on Equations (2)-(4), were compared for
the tissues with notable stretch and grouped per tissue type in Table 9.

Stretch ratio A()) per tissue layer
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Tendon intramuscl TibPos
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Figure 29 Stretch ratio in y, per tissue layer with y(0) at the centre of TIM indenter,
y(n) at secondary positions x(n) (see Figure 28 and Table 8). From left to right:
tissue layer in the position order from anterior to posterior in Figure 28.
* double layers of connective tissue due to indentation, difficult to identify
separately.
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Table 9 Strain measures in y-direction per tissue

Tissue layer A E e

Skin posterior 0.85 -0.14 -0.19
Skin posterior * 0.77 -0.20 -0.34
Fat anterior 0.83 -0.16 -0.23
Fat posterior 0.74 -0.23 -0.41
Fat posterior * 0.8 -0.18 -0.28
Tibialis posterior 0.89 -0.10 -0.13
Soleus 0.68 -0.27 -0.58
Gastrocnemius lateral head * 0.38 -0.43 -2.96
Vessel deep, lateral vein * 0.73 -0.23 -0.44
Vessel deep, lateral artery * 0.67 -0.28 -0.61
Connective tissues, posterior to deep vessels 0.95 -0.05 -0.05
Bulk Skin posterior to tibia posterior 0.77 -0.20 -0.34
Bulk Skin posterior to tibia posterior * 0.76 -0.21 -0.37
Total cross section 0.83 -0.16 -0.23

Note: A: stretch ratio, E: Green & StVenant Strain, e: Almansi finite strain. Included tissues
with A #1 *along a parallel y-axis, y(x(n)), see Figure 28

Area and volume

The cross-sectional area was 116 cm? and 108 ¢m? in non-loaded and loaded
condition respectively and the slice thickness 4 mm. The Jacobian determinant
/, volume ratio (eq.14), was 0.931; the compound of the leg at that level was
compressed 6.9% by the applied indentation.

Local deformation was evaluated in a muscle region close to the indenter, at
the lateral head of muscle gastrocnemius (Figure 30). The deformation by the
Jacobian determinant /#£¥ (eq.30) computed for the local test-element centroid
was 0.204 which means that the element was in its centre compressed 79.6%.

Figure 30 The local bilinear test-element’s defined nodes are marked white. A Non-
loaded condition. B Loaded condition. The y-axis through the local origo displayed
by green line, and the point in fascia for determination of direction of the medial
nodes of the element is also displayed for reference.
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4.2.3. Force-displacement by TIM

The TIM device measured force and displacement and the indenter could be
locked in position. TIM could be separated in two sections to dismount the
electronics and magnetic components, with the indenter locked in position to
be MR compatible. The developed body supports, frame for TIM fixture and
leg fixation provided same body position in non-loaded and loaded situation.
The set-up, TIM measures and MR protocol provided documentation of the
non-loaded and loaded tissue conditions of mechanical nature. The
displacement of the indenter at the locked position was 19.6 mm with an
applied force of 27 N.

The individual specific friction coefficient u,, for the indenter material/skin
interface was 0.54 for this subject at the site of indentation.
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4.3. Geometry model from MR data in Study Il

The MR images in Study Il were also processed to build an individual-specific
geometry model for future finite element analyses. Skin, subcutaneous fat,
fascia, septum, separate muscles, intramuscular tendons, large vessels, and
cortical bones were identified, and separate regions defined in Mimics
Research 20.0 (Figure 31, A). The tissue regions, segments, were first defined
by windowing functions, and then adjusted manually on each slice. The
muscles were segmented using the muscle segmentation module in Mimics
and then adjusted manually. From these segmentations, specific files of the
3D surfaces were created in the 3-Matic module and imported to the ANSA
pre-processor software (BETA CAE Systems, Switzerland). In ANSA was
preparatory work of the tissue segments’ surfaces started (Figure 31, B) in
order to create FEA models for future material parameter optimization and
validation to the experimental findings, according to the larger research

project, see Figure 14.

Figure 31 Digital 3D model from MR images: A Segmentation of tissues in Mimics
20.0 (Materialise, Belgium), top slice displayed, B: Surface model in ANSA (BETA
CAE Systems, Switzerland) from STL-files created in 3-Matic (Materialise,
Belgium).
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5.Discussion

This research investigated several aspects of soft tissue deformation related to
pressure injuries in Figure 9. Soft tissue deformation was studied on human
anatomy in several layers and tissue types in the transverse plane in both
studies. The research combined disciplines to explore human tissue behaviour
from different perspectives. This chapter discuss the studies with respect to
the research questions while incorporating methodological aspects.
Generalizations are not possible at this stage due to the novelty of the methods
and the limited sample. Future implications to the industrial product
realisation process are then elaborated upon.

5.1. Influence of differentiated tissue representation in
FEA

Understanding of the influence of different model representations is important
for interpretation of results from FEA simulations and clinical applications.
How the tissue differentiation in a leg model would influence the outcome was
thus of interest, RQ1. The simulation study (study 1) addressed the effect of
differentiation of 4 and 5 soft tissue types respectively, in a lower limb cross
section model, by variation of fasciae and muscle properties.

5.1.1. Influence on stresses, strains and contact pressures

The limb model represented more layers of different tissue types than many
previous FEA studies of the lower extremity [11, 12, 62-65, 74, 75, 101, 110,
120] and defined tissue layers similar to those of Rohan et al [124]. The
distribution and magnitudes of stresses and strains changed with the alternate
muscle and fascia properties (Figure 20, Figure 21, Appendix V). The relative
change varied over both tissue types and applied load conditions. The
difference in resulting stresses, strains and contact pressures between the two
used material sets were considerable, in several cases exceeding a hundred
percent relative change and in a couple of cases even thousands of percent
relative change comparing the same site (Table 5, Table 6, Figure 22, Figure
23, Figure 24). The stress was higher in fascia in the Separate set, than when
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muscle and fascia had combined properties (Figure 20 and Appendix V).
When muscle and fascia had same material property, this combined property
was stiffer than the muscle property and softer than the fascia property (Table
2, Figure 13). Thus, the fascia property was stiffer in Separate set, which could
explain the increase in stresses and decrease in strains in this tissue. With the
separate set, the muscle tissue property was less stiff than in the combined set,
which explains the strain behaviour with larger muscle strains in Separate set
conditions than in the Combined set conditions.

The overall largest strains were found with the separate material set in the HS
socket design, at the lateral head of gastrocnemius muscle, by 49% and 84%
muscle principal and shear strain respectively (Figure 21 and Appendix V). In
contrast, with the same socket load but with combined fascia-muscle material
the principal and shear strains reached maxima of 10% and 16% respectively
in muscle regions but at other sites. For the combined set highest strains in
muscle tissue were 16% and 31% respectively, with the TC socket.
Surrounding tissues were also affected by the change in properties of muscle
and fascia. For example, the distributions in Figure 20 show that fat responded
with higher effective stress all around in the HS condition with the Combined
set, compared to the Separate set where smaller localised areas showed higher
levels of stress.

The geometries of the differentiated limb tissues and the sockets in the FE
models were asymmetric (Figure 11, Figure 12) which may contribute to the
diverse changes. The thin fascia divides muscles and vessel-nerve tracks into
different shaped pockets (Figure 1). However, in the model the tissue layer
regions were intact with constant mesh through all simulations. With the
separate properties of muscle and fascia tissues (Separate set) the fascia
represented a relatively small portion of the limb cross sectional area, while
the muscle regions had larger area. The dividing effect was apparent in the
results with the Separate set and diminished with the Combined set.

The contact pressures between the sockets and skin surface were also
influenced by the muscle-fascia representation. Thus, these choices of model
representation influenced through the depth of the leg cross-section. However,
whether the simulations represented an over- or underestimation of tissue’s
stresses, strains and contact pressures were not evaluated. That should be
important to study in future verifications of simulation models for patient-
specific-modelling.
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The amount of relative changes showed that it did matter to represent fascia
tissues separated from muscle tissues, there were notable differences. Thus,
the hypothesis was supported.

5.1.2. Discussion of the simulation model

Model in two dimensions (2D)

The transverse 2D plane, the cross section of the leg, was used for the model
of loading effects on different structures. In this plane several tissue types and
layers can be identified and studied, through the whole depth of the leg. The
assumption of isotropic materials complies better with the transverse plane
than the longitudinal plane due to the structure and directions of fibres and
cell layers [13]. The 2D case is less demanding on modelling and
computational resources, and was deemed enough for the purpose of study 1.
However, a 3D model with relevant geometries and material properties would
be an improvement for the future.

Geometry and material property
The geometrical model of the lower leg was based on an anatomical

illustration by Netter [17], and the tissue properties were obtained from
literature based on experiments (Table 2). Hence, neither the geometry nor the
material properties were from one individual person. Since the study
addressed whether it mattered to have separate fascia and muscle tissues in the
model, a standard geometry from literature with clearly defined structures - a
generic anatomical model - was considered sufficient. Such an anatomy
illustration demonstrates the configuration of tissues with defined structures
and regions. However, individual variation of geometries and material
properties exists in reality [13].

The material data for compression in transversal direction was used based on
the loading situation chosen. Since compression data for the Ogden model for
human skin and fat were not found, these properties were obtained from
studies on pig (Table 2, [137, 141, 142]). To what extent these non-human
material data influenced the results have not been investigated here, however,
skin, fat, vessel and bone material properties were kept constant during the
simulations.

Regarding the fascia and muscle material properties a calibration test was
developed to determine the data for the combined fascia-muscle-material
(Figure 13). The calibration test demonstrated that if fascia was given the
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muscle tissue property, as if fascia was ignored, the response for the
compound was softer than with the defined two sets. Hence, fascia was
accounted for in both of them, either as a separate tissue or in combination
with muscle tissue, as displayed to the right in Figure 13. The model with five
tissue types (skin, fat, muscle-fascia, vessels, bones) were considered the
simplified model, with the Combined set. Moreover, a few studies comparing
effects using different material properties in a FE model of human leg have
been found [62, 74, 75], but none done with these tissue layers.

Elements and mesh
A diversity of element types are found in the biomechanical FE studies

(chapter 2.6.2, Appendix I). Comments on element and mesh choices seem to
be rare in biomechanical FEA (chapter 2.6.2, [109]) despite their influence on
the solving process and results [104].

Figure 32 Example evaluation maximum effective stress found at nodes in elements
with small-angled corners. Numbers in the elements indicate nodal identities.
Example from fat region in TC Combined set condition. CAE Software Abaqus 6.14-
3/Standard (Dassault Systémes).

The chosen elements in Study I were of continuum type, accounted for plane
strain, were second order using quadratic interpolation, reduced integration,
and hybrid (to deal with incompressible behaviour), which introduced
variables into the solution of the problem to handle different aspects [104,
136]. The mesh was refined with smaller elements in regions with thin or small
defined tissue layers and consisted of at least two rows of elements. The tissue
layer regions had constant mesh through all simulations, for differentiation.
When the limb model was loaded by the geometries of sockets, some elements
were distorted with resulting small corner angles. This was accounted for
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when analysing the results and identifying the magnitude levels: peaks were
identified, assessed and ignored if only situated at very small corner angles.
The limits for the colour-coded scale of the outcome were adjusted to display
at least 5 nodes to determine the maximum or minimum level of that measure.
An example for such situation is given in Figure 32 from fat with the
Combined set in the TC condition when effective stress was analysed. The
grey colour in the image indicates area above the set limit.

Boundary conditions
The tibia was fixed while fibula could move, to correspond to clinical findings

in amputees [143, 144]. No longitudinal or dynamic cycling load, as during
standing or walking, were applied. Only geometrical constrains by the three
socket shapes were applied as loading conditions. These socket concepts were
chosen as clinically relevant applications for the FE simulation. However, in
the clinical situation the socket shapes are individual-based and depends also
on the socket concept and the CPO’s judgement of modifications for that
individual. Thus, socket geometries will vary within a chosen socket concept
category even for the same individual prosthesis user. The main reason for
choosing these three socket shapes and only the geometry as loading
generation was to keep the simulation less complicated and reduce the risk of
concurrent influence from different sources.

The contact condition of friction in the model between skin surface and PET-
G socket inner surface was applied, obtained from literature [ 145]. The contact
was solved by iterative computations to reject overclosure. The contact
pressure was computed in the solving process, and not defined and applied as
known boundary conditions. This feature of the study showed that the contact
pressure is a consequence of the load on those interacting materials and should
not be defined in advance.

Comparisons

The differences in stresses, strains and contact pressures due to the two ways
of representation of tissues was of interest. Thus, the comparison was
investigated by the relative change of maxima, per tissue and per site of the
maximum value for that tissue under the applied loading condition. The
separate material set was used as reference. There was no golden standard
simulation to refer to, outcomes would vary with simulation models, and no
standard model has been established. Repeated simulations with same
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conditions will replicate the results, and is thus not applicable for repeated
measures comparisons. Comparisons using means of values for several tissue
types would be in conflict with the purpose of the study, and was thus not
applied. Using means of relative change per tissue type could be an option,
but here it was only three pairs per tissue type and outcome measure, thus too
small a base for means comparison. Moreover, for mechanical reasons, the
peak values are of interest when evaluating effects by simulations, for risk
analyses and optimization purposes and not overall means. Hence, in this
study the peak values (i.e. maxima of stresses, strains and contact pressures)
were compared per tissue type and site of this peak value.

The material representation was in focus for this study. Thus, comparisons of
socket designs based on these simulations were not of interest, nor clinically
relevant.

5.2. Process for measuring individual-specific soft
tissue deformation in separate tissue layers in
vivo under established health conditions

Individual-specific tissue health status, morphology and deformation
measures are important for material behaviour and tissue damage
investigation. The developed case study included several of the dimensions in
the framework regarding pressure injury development by Coleman et al [3].
Study II demonstrated a process to measure soft tissue deformations due to
indentation under established health conditions in one subject (illustrated by
the red box in Figure 14). The process obtained subject-specific health
conditions, strain data for 14 layers of 5 tissue types in the lower leg, and
volume changes of the transverse compound and in specific muscle tissues.
The strain was determined by stretch ratio, 4, a relative measure of the material
behaviour in a selected direction. Volume change as measured by the
determinant of deformation gradient investigates compressibility of the
defined region. The developed process is discussed below divided in data
collection techniques and developed data analyses for individual-specific
results.
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5.2.1. Data collection techniques

Tissue geometries by magnetic resonance images

Magnetic resonance imaging requires expensive equipment and special
operating skills, which are resource demanding. However, the quality of the
MR images is better than ultrasound images and MR does not expose the body
to radiation as CT does [103]. We collaborated with a clinic providing a MR
tunnel scanner for full body in prone positions. The determined body position
was developed to enable leg scans of participants with different physical
conditions e.g. transtibial amputation, muscle weakness or paresis, to facilitate
a consistent position. The transverse plane of the leg tissues was in focus,
however, the MR scan provided sagittal and frontal plane image sets that here
were used for identification purposes. These three planes (example in Figure
33) built the base for the 3D digital model with different tissue layers in Figure
31.

The resolution of MR images and the obtained intensities from different tissue
types influenced the identification of tissue borders and specific reference
points to use. When a voxel contains more than one type of tissues, the
emissions from these influence the intensity, called the partial volume effect
[103]. In this study the voxel size was 0.7813x0.7813x4.0 mm®. Thin layers,
such as connective tissues surrounding muscles, were difficult to detect, while
fasciae and septum were thicker and easier to differentiate. The image quality
by smaller voxels, could be increased by thinner slices or smaller FOV.
However, thinner slices require longer scan time, and smaller FOV would
exclude the opposite leg which here was used for tissue identification
purposes. Portnoy et al [102] used FOV for single leg with voxel size
0.1x0.1x4.0 mm?, while Sengeh et al had image resolution of 256 and voxel
size of 1.18x1.15x1.00 mm? [11]. Both studies identified fewer tissue layers
than was done in Study II. Moerman et a/ had FOV of 12.0 cm for the upper
arm case with a voxel size of 0.94x0.94x2.0 mm? [96]. Thus, Sengeh ef al and
Moerman et al obtained thinner slices but larger pixels than our case study.
For improvement of future identification of tissue borders with the here
presented set up and same MR equipment, the FOV could be smaller,
excluding the opposite leg, and the slice thickness reduced to 2 or 3 mm
however kept within the comfortable scanning duration for the subject. This
should refine the voxel size and decrease the partial volume effect.
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Other aspects of the image quality were the illumination and contrasts. The
captured images had uneven illumination probably due to the distance
between the leg, the MR table and body coil covering the lower legs. This
caused further difficulties of identifying tissue types and borders. The uneven
illumination problem was addressed during the analysing process as described
in chapter 3.4.7. Radiologists were consulted during the tissue identification
process to verify analyses and for benchmarking.

Figure 33 Example MR ddta of the loaded conglition in three planes. Images
analysed in Mimics Research 20.0 (Materialise, Leuven, Belgium).

Force and displacement measurement by TIM

The TIM instrument and fixation equipment were developed for this study.
The shape of the TIM indenter tip was designed by the author, CPO, based on
clinical experience and estimations of diverse subjects’ comfort in relation to
the load to be applied (force and time). The axial asymmetric indenter with
radius 10 mm and length 70 mm was larger and the applied force higher than
in most of the studies listed in Appendix I, but the estimated contact pressure
lower. Frauziols ef al used a larger radius of the cylinder, (radius of 15 mm,
length 50 mm), and applied it along the longitudinal axis of the leg [62], while
in Study II the TIM indenter was applied along the transverse plane. A larger
radius might reduce the stretch of the skin in tangential direction. This effect
was assumed neglectable in the chosen plane and range of x-positions used.

Force was chosen as the determining factor for the indentation, based on the
pressure-time loading recommendation by Gefen [29]. The force sensor was
calibrated by a certifying body before mounted in TIM. The displacement of
the indenter was recorded by the linear potentiometer. After TIM was
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assembled and connected to the in-house developed data processing program
TIM was only calibrated for the load registration. Displacement should have
been calibrated simultaneously. The load was calibrated on site before data
collection with the subject. The indenter position for skin contact was visually
determined during the data collection, and that displacement was held constant
for a period of time before the progression of displacement to the defined force
limit. Friction in the internal piston of TIM restricted the free reverse
movement of the indenter but was considered not influencing the on-loading
process.

Applying a reconditioning protocol when loading tissues has been proposed
by for instance Huang et a/ [10] and Silver-Thorn [69], in contrast to the
earlier study by Vannah & Childress [84]. The exclusion of preconditioning
protocol in Study II was a conscious choice, since the intervention with one
indentation run was deemed essential at the time. Preconditioning may also be
considered in the future with a device with more sensitive off-loading
capability, especially if viscoelastic properties should be studied.

The friction coefficient at the skin-indenter interface was collected for
information of loading conditions and for further future analyses of the contact
conditions.

The assembled TIM instrument should be calibrated for both load and
displacements at each data collection occasion. Calibration weights were
developed and used, but no displacement calibration device.

Improvements for more sensitive off-loading and relaxation data could
provide additional features of TIM.

The TIM fixation frame together with individual plaster shells may be possible
to apply on both lower and upper limbs. The TIM may also be attached to
other frames and applied on other body segments, hence capture tissue
deformation due to indentation on different body regions.

Indentation during MR

The design of TIM and the fixation frame were compatible with MR and
enabled data collection of multilayer tissue geometries under fixed known
load. The loadcell and potentiometer could be separated from the fixation
frame after the indenter was locked in the decided position (Figure 15, Figure
16, Figure 17). However, on-loading and off-loading during MR were not
possible with current design.
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In order to keep the body position consistent in non-loaded and loaded
condition, the body position was defined and support equipment developed.
The soft tissue of the leg was only affected by the TIM indenter and the
anterior plaster shell. Thus, posterior tissue had space to change shape and was
only partially confined. With the supporting cushions, stabilizing plaster shell
and foot support, the tissues of interest could be relaxed during the whole
scanning procedure. Muscles in relaxed and activated states were expected to
respond differently to indentation, as experienced in clinical practice of
muscle palpation. However, it would be tiresome for the subject to keep
muscle contraction during the time of indentation and the second MR scan.
Additionally, for future data collection with subjects with pathological
conditions including amputation, the muscle contraction state would be
difficult to obtain. Hence, the relaxed state was chosen.

Health measures and clinical assessment

Health conditions and risk assessment of the individual susceptibility to
pressure injury is a major part of pressure injury prevention [3, 6]. Possibilities
for comparisons between studies depend on which subjects tested, source of
experimental data, instrumentation and measures used. Information on the
participating subjects’ soft tissue conditions are not described in such detail in
previous studies of tissue properties (Appendix I). The main information
reported has been age, gender and the health conditions described as healthy,
abled bodied, physically active, with diagnosis as diabetes (not defining which
type of diabetes) and if amputation was caused by trauma or vascular disease.
Participants in the indentation studies in Appendix I had no reported skin
problems. The health items reported were not consistent, thus they limit the
comparisons between studies. In consequence, demographic data and health
conditions were included in Study II, obtained by the questionnaire and
clinical assessment protocol. They addressed aspects corresponding to the PI
framework by Coleman et al [3] including the blood pressure data and the
prosthetics and orthotics clinical field. Since individual-specific aspects
influence the tissue load-tolerance [3] it was important to include individual-
specific health and tissue conditions to know under which situation the
deformation data were obtained. The intention was a protocol which could
cover different health and tissue conditions.

However, assessment methods for the conditions of soft tissues seem to vary
between professions and within prosthetics and orthotics clinical practice. No
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golden standard exists [5]. Experts in the field argue for a multidisciplinary
approach to handle patients with vascular disease in risk of amputation and
collaboration in assessments of the conditions in the lower limbs [160]. The
clinical assessment protocol constructed for this study intended to address soft
tissue conditions of the leg in more detail than the ISO 8548-2 [8] reflects,
with available tools commonly used in prosthetics and orthotics clinics
(chapter 3.4.3 and Appendix II). Tissue consistency was assessed by palpation
and subjectively estimating types of soft tissues’ thickness and properties as
compact, loose, elastic and plastic, since palpation is a subjective technique
commonly used within orthopaedics [4]. The protocol was pilot tested by two
CPO on two subjects with polyneuropathy and post-polio respectively.

The protocol included brachial and ankle blood pressure monitoring which
required movements of the foot for cuff application. Consequently, the leg
was moved between MR scans. The body positioning equipment was designed
to account for movements between MR scans.

The questionnaire (Appendix III) for self-reported health included the
validated RAND-36 and a part of the validated OPUS questionnaires as well
as Swede-Amp items and new constructed items (Table 4). There was no
validated instrument available covering the content we wanted to include in
relation to the PI framework. The questionnaire was tested for content and
face validity with individuals with and without pathologies and with CPOs
and was found sound. More aspects of the individual’s conditions related
tissue conditions and PI development were included with the clinical
assessment protocol and the questionnaire, than previous assessment methods
[5, 8, 160].

The questionnaire and the clinical assessment protocol included many items
and were primarily designed for research. The novelty of the tissue property
descriptions require objective verification. In order to investigate the validity
and reliability of the assessment protocol and questionnaire, further studies
designed for that purpose are required.

5.2.2. Analyses of data

Deformation

The deformation measures, based on tissue displacements due to indentation,
were explored on the compound tissues and on specific tissue layers and
regions, through the leg, thus on macro and meso level. The chosen items
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measured how deformable and compressible the tissues were in the defined
direction at these sites with the applied load in this individual subject.

In previous indentation studies different indenters, applied force, deformation
measures and material properties were reported, which made it difficult to
compare results between studies (chapter 2.5 and Appendix I). To address this
limitation, the developed analyses of tissue deformation in Study II were
performed on both full compound level and on tissue layer levels. Tissue
layers’ displacements (Table 8), stretch ratio (4), and equivalents of two strain
measures (Table 9) were included, and may be used as reference measures.
We chose to analyse the stretch ratio as the main measure since this is a
relative measure of the tissue layer’s deformation, and can be applied in
different material models and strain measures (chapters 2.3 and 2.4). The
stretch ratio per tissue layer requires medical images of the undeformed and
deformed state, with indentation applied during the image capture. The
equipment and protocol we developed for the study provided such conditions.
However, the stretch ratio as such is not commonly reported in studies that
used the indentation method, hence limits the between-study comparisons to
date.

The volume and area changes were also analysed for compressibility. The
computed volume ratio /on compound, the deformation gradient F and the
Jacobian determinants (/ and /£* ) on a local region, based on the physical
displacement measures in MR images, were measures not found in the
reviewed studies of deformation in chapter 2.3. With these measures the right
and left Cauchy-Green deformation tensors can be computed for the local
element based on F and determination of the Green-StVenant and Almansi
strain tensors respectively, see eq. (9) and (10). However, the application of
FEM by the element at a defined local region and related reference points
presented an approximation of the deformation at that selected region. The
smaller the test-element is, the more accurate the computed F, / and /F£M will
be. The technique could in principle be applied to any region of interest. In
this work the technique was described and demonstrated in muscle tissue on a
bilinear element that was quite large in comparison with FE analysis applied
in simulations on the lower leg muscle tissue in transverse plane [117, 120,
124] including in study I. Thus, the test-element should need to be considered
and adjusted to similar sizes and shapes when comparing results between the
presented technique and FE computations in a FEA simulation software. The
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MR image resolution influenced the possibilities to define reference points for
the local element, hence the element size was chosen of practical reasons.
The soft tissues’ deformation was assessed in the transverse plane for this
study. The asymmetric indenter shape made it possible to obtain stretch ratios
in y-direction at several x-positions.

We used two states (non-loaded and loaded) for the deformation measures,
and not stepwise loading-displacement-measurements nor exploring the
viscoelastic behaviour due to constraints in the instrumentation and the
participant’s comfort. The two-state analysis limited the results to a linear
assumption of the relationship. Stepwise loading with tissue geometries
documented at several steps should give more data for analyses of tissue
deformation and may detect nonlinearity [69, 84]. With the developed set-up
and instruments, this should have required longer time in the fixed body
position and in MR which may have caused the participant discomfort. Based
on comfort, the time restrictions for static load and provided MR scans, the
chosen set-up was judged sufficient for analyses in this study.

The evaluation of individual tissue’s displacements, thickness change and
compressibility by volume change due to deformation based on indentation
and MR images was considered straight forward.

Health conditions and clinical status of subject

Validated instruments were part of the questionnaire and clinical assessment,
and those items analysed accordingly. The RAND-36 was analysed to provide
possibilities of comparisons to larger populations. Blood pressure data and
ABPI were analysed for general condition, for assessment of circulation status
in the lower limb and for monitoring during the indentation test including for
safety reasons.

It was not established in Study II if the new tissue descriptors reflected the
tissue conditions more accurate than that standard items did.

Study II was a case study with one healthy subject. The results described the
subject and the individual-specific health conditions at this stage, hence not
analysed further. Generalisations based on this study were not possible.
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5.3. Individual-specific soft tissue deformation
measured in separate tissue layers in vivo under
established health conditions

5.3.1. Deformations

The applied force of 27N for the locked indentation duration was below the
computed safety level of 30N based on Gefen [28, 29]. Displacement data
from TIM were missing from the initial phase of the on-loading process, and
indenter position at the contact skin-indenter not captured. Thus, displacement
by TIM in study II was not used for deformation measures. The individual-
specific force-displacement-time data from TIM were not further analysed,
due to the scope of study.

The tissue deformations for this subject under the current conditions (load 27N
and displacement 21 mm), showed that the compound of soft tissues was
compressed.

The skin, fat and muscle tissues were most affected by the indentation, with A
between 0.38 - 0.89 and large strains (Green/StVenant strain £>10%, Almansi
strain e >13%), and thus the large deformation theory should be used when
modelling them. Strain in the connective tissues were small (Figure 29) with
Aclose to 1 and down to 0.95 corresponding to -5% in £ and e (Table 9).
Hence, soft tissue deformation measures were provided, and individual-
specific soft tissue reference data reported for one healthy subject. However,
studies with several subjects and loading conditions are needed to investigate
and explore the parameters and their variation between individuals with their
respective health conditions. However, compressibility should be addressed
when material representations are considered in FE simulations for this
subject’s tissues at this site.

The strain measured by Stecco et al [35] of 27% strain for dead human leg
fasciae was obtained from tensile tests. However, compressive tests and
tensile tests are not providing the same properties [59]. The assumption of
incompressible connective tissues is supported for the current conditions and
subject by the results from study II.

The age, gender and bodyweight of the subject as well as the site of the
indentation in study II corresponded to subjects and indentation site in the
study by Vannah et al [84]. The displacement of the posterior calf tissue
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compound corresponded to the 21.2 mm reported by Vannah et al [84].
However, they used a smaller indenter which imply a larger contact pressure
on the skin surface than the TIM indenter with larger area would cause.
Moreover, the displacement measurements with TIM were not calibrated;
hence the quality of that data was not assured but reported, and the data were
not used for further analyses.

Displacements of individual-specific tissue borders were determined in the y-
direction, however also sometimes noted in the x-direction. Thus, the
secondary reference points along parallel y-directions at different x-positions
were identified to document tissues of interest (Figure 28). The x-direction
deformation was included in the FEM numerical results for the local element
in the muscle gastrocnemius lateral head (Figure 19, equation 30 and Figure
30). These displacements and sliding effects may be explained by the structure
of layers that should be able to move independently, such as muscles, tendons,
vessels and nerves, and the asymmetric shape of tissues and bones. Muscles
can slide with respect to surroundings, due to their protective layers of
connective tissues and the interstitial fluid between those layers. This is a
function that facilitate muscles to contract, relax, and work independently of
the adjacent tissues. The tibial and fibular bones act as counter force to the
indenter force but are not parallel to the indenter surface, thus may contribute
to the sliding effect on tissue layers.

For this subject in the defined position the angle between the lateral side of
the tibia bone and the y-axis in transversal plane was 4° less in the loaded
condition than for the non-loaded condition. When analysing the MR images,
and photo documentation from the data collection, it was discovered that the
plaster shell had moved distally 16 mm. This change in position of the plaster
shell as well as the tibia rotation may have occurred when the ankle blood
pressure data was measured, since the foot was lifted to apply the cuff.
However, the corresponding images of non-loaded and loaded conditions
were selected based on the distance from the tibial proximal end. Hence, the
longitudinal corresponding position was found. The rotation and sliding of
tissues might have been influenced, but the changed angle of tibia by 4° was
deemed small, with little effect on the y-direction.

These kinds of rotations and sliding of tissues were not reported in the
previous indentation-in-MR studies (Appendix I). The possibility to identify
such tissue rotation and sliding in both y- and x-directions should be beneficial
for further analysis of tissue behaviour due to loading.
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5.3.2. Health measures and clinical findings

The subject was healthy, physically active, and had no Pl-related conditions.
The tissues at the site of indentation had normal and healthy conditions
according to the items assessed (Table 7). The new tissue descriptors were
applied, however each descripting term was not applicable for each tissue
type. The blood pressure was within normal range [161]. This confirmed the
selection of a subject from the population with no pathology.

The blood pressure and ABPI varied during the experiment (Figure 26). The
participant had the ankles in approximately the same height above the floor as
the heart when the first set was taken. Thus, the ABPI at baseline should be 1
for a normal healthy person [161], which it was. However, when blood
pressure was taken with the legs in defined positions for MR scans, the ankles
were above heart level, and lower ankle systole pressure than arm systole
could be expected. The ankle systole pressure showed approximately the same
level though. Additionally, the brachial systole was missing just after the off-
loading, and the ankle systole not captured during the recovery period. Thus,
the ABPI could not be evaluated at these sample times. The blood pressure
seemed to decrease during the relaxing period after the MR and indentation
was finished. The variation noted in the obtained blood pressure data may be
due to many reasons including to the whole situation with possible
psychological effects as well. Thus, the effect of the indentation on the blood
pressure couldn’t be evaluated for this case. Further investigations in such
conditions and with several subjects should be required for exploration of
influence of indentation on blood pressure.
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5.4. Contribution

Different aspects of this research have been discussed in relation to the
research questions in the previous sections of this chapter. An effort to
summarize the contributions is made below and in Figure 34.

This research used a multi-disciplinary approach that addressed mechanical
and health related aspects of tissue deformation. Instruments, techniques and
protocols that addressed several aspects of the framework by Coleman et al
[3] were developed. Both primary key factors and risk factors for PI were
addressed (Figure 9). This approach has not been found elsewhere.

During the review of previous studies it was found that FEA applied to human
musculo-skeletal system used simplified models, both regarding material
properties and geometries. However, comparisons with different material
properties or models for the same geometries and boundary conditions were
not found. The leg model in Study I considered 6 tissue types in their
respective anatomical regions which was an improvement from previously
reported studies. Study I showed the importance of distinguishing between
tissue layers, and that the internal mechanical conditions clearly changed
depending on how muscle and fascia layers were represented. The results
support the choice to represent fascia separately done by Rohan et al [124].
Study I gave insights regarding the importance of tissue layers in FEA
modelling, which then influenced the level of tissue layer detail in Study II.
The identification and determination of deformation measures of
differentiated tissue layers and types were thus relevant and performed in
Study II. Techniques for investigation of mechanical deformation in several
specific tissue layers at a site in the live human leg were developed and
demonstrated for feasibility on one healthy subject. The protocol for the
individual specific health conditions included general health and soft tissue
conditions at superficial and deep tissue levels. New soft tissue descriptors for
the clinical assessment were developed and demonstrated. The clinical
assessment protocol did not reveal how the soft tissues responded to loads,
however the TIM indentation during MR with the analyses of mechanical
deformations did.
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Figure 34 Schematic overview of contributions by primary and secondary levels,
from study I and II. FEA: finite element analysis, TIM: Tissue Indenter Measurement,
PI: pressure injury

This thesis is to my knowledge the first to report on individual specific
deformation measures for the identified 14 tissue layers and 5 soft tissue types
(skin, subcutaneous fat, fasciae, muscles and deep blood vessels), and
including health conditions to this extent. It is also new to report deformation
with these different strain measures simultaneously. Deformation was
measured by stretch ratio, volume ratio and deformation gradient and
determinant from displacements of tissues obtained by indentation during
MR. For this subject (a healthy male of age 27), the skin, fat, muscles and
deep blood vessels were compressed, but connective tissue in fascia and
tendons were not. The volume change investigated on compound level and the
amount of deformation in the lateral head of gastrocnemius showed
compressibility. Thus, the multidisciplinary approach addressed more aspects
than was found in other studies of the material properties of soft tissues in
living humans.

However, it is not possible to draw generalisations to other situations or
subjects. Further studies with representative samples including several
subjects and evaluations of techniques used are needed.
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5.5. Implications

5.5.1. Tissue configurations in FE simulations

The large relative changes in outcomes between the two used material sets in
the FEA in Study I highlight the importance of a model’s configuration and
careful interpretations of the simulation outcomes. Interpretations could be
over- and under-estimations depending on the model used, since FEA results
depend on the simulation model’s geometries, material properties and
boundary conditions [104]. Increased differentiation of soft tissues could be
part of developments of representative models of soft tissues applied to
individual-specific simulations for clinical purposes. Study I imply that it
matters to differentiate fascia tissues from muscle tissues.

The use of a standardised geometrical model, such as the anatomical
illustration used in Study I, could provide a base for comparisons of material
representations, as a reference model.

Moreover, verification and validation of computer simulations in
biomechanics need further attention [14]. When individual-specific tissue
properties are determined by FEA or individual-specific tissue loading effects
are studied, that individual’s geometries and properties of tissue types are
important. Thus, an individual-specific FE model with differentiated tissue
types of skin, subcutaneous fat, fascia, muscle and vessels in their respective
layers could be used.

5.5.2. Individual specific tissue deformation in vivo

Further research on material properties of live human tissues under different
health conditions are needed for investigations of tissue tolerance to loads.
Investigations of material properties and material model representation for the
individual case are needed. It should be of benefit to develop more reference
data and guidelines for use of material models for simulation of different
human related conditions, as well as for refinement, validation and
verification of representative simulation models.

The demonstrated protocol with TIM during MR and tissue layer-specific
deformations seems promising for these purposes. The presented measures
might be used for assessment of material behaviour, for comparisons of
measurement methods and to verify numerical models and individual specific
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simulations with FEA. Material models could then be evaluated, e.g.
estimations of difference between models that assume incompressible tissues
and material models that account for compressibility.

With several subjects could data be analysed and compared more, according
to the type of data and the research questions of interest. Comparisons between
the mechanical properties obtained by the measures from indentation and the
clinical assessment results from several subjects with different health
conditions would further explore aspects of these issues and evaluate validity
of the methods.

The asymmetric indenter shape may also provide possibilities for studies in
sagittal and frontal plane (Figure 33), i.e. investigation of anisotropic
behaviour. The indenter is also possible to position in longitudinal direction,
as done by Frauziols ef al [62]. That could provide deformation measures in a
selection of stacked slices.

The contact area of the indenter may be calculated from medical images with
good resolution and contact pressure from TIM computed.

5.5.3. Product realization process

This research is related to the product realization process and the product
development process as presented in chapter 2.7. With knowledge of
individual specific conditions and tissue damage mechanisms, it should be
possible to predict and reduce tissue damage and optimize the product-tissue
interaction. The technique for deformation measures of soft tissues presented
here could be implemented in product development processes in the future.
When soft tissue material parameters have been determined for the individual,
these could be implemented in material models and simulations using FEA to
predict behaviour during external loading conditions. The FEA models would
represent soft tissue on meso level with diverse layers and types. Individual-
specific stresses and strains could be analysed in the different layers of soft
tissues exposed to different loads, geometries and materials.

Investigating user conditions and interaction between user and product, here
included in the questionnaire and clinical assessment protocol, are related to
the human factors during the design phase [132] as part of the product
development, e.g. design concept generation. With more data from several
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individuals with diverse health conditions and body configurations, this might
be applied to mass produced products as well as individual specific, unique
products.

During the design phase it is not only the interaction with the soft tissues of
the user and the durability of the product that is of interest, but also the
manufacturability [132]. Different materials, components and assemblies can
be evaluated by computer simulations based on realistic tissue deformation
data of the user group. Other aspects of manufacturability are quality,
flexibility, lead times and production cost [131, 132] which influence the
choice of concept and production strategies. Knowledge of living soft tissue
behaviour should be of benefit in evaluations, verifications of methods and
testing of products.

Implementation of this research to develop the clinical prosthetic/orthotic
process might be possible and is here suggested in Figure 35. My vision is that
this research in the future will contribute to a diagnostic protocol for
prosthetists and orthotists, by clinical assessment of the patient's status of
defined important tissue parameters, evaluate the risk level of tissue damage
and take relevant action.

Problem and Need Concept
" Treatment plan .
analysis evaluation

Initial Tissue
parameter collection
& assessment

Research & Need for
Evidence Based optimisa-
Practice tion by
simulation

Product Manufacturing/
specifications Production

High risk
of tissue
damage?

Specific geometry

(MR) |, A | ]
Specific properties Simulations

(TIM, BM)

Enhanced Tissue
parameter
evaluation

Follow-up
Evaluation

Figure 35 Algorithm of Clinical process incorporating assessment of tissue
properties and suggested steps addressing soft tissue parameters based on current
research. MRI: magnetic resonance imaging, TIM: tissue indentation measurement,
BM: biomarkers, FEA: finite element analysis

Consider the process illustrated in Figure 35. During the problem and user
need analysis, the tissue status, health condition and biomechanical situation

97



is evaluated. The tissue deformation parameters should be assessed. If an
individual specific FEM simulation is needed for additional risk assessment
or for product design decisions, the algorithm steps required and simulations
for optimizations of material models and product should be performed. If the
risk level is low, the extensive investigation with MR and FEA simulation is
not needed, and the process could continue along the shorter path. In this way
the identified soft tissue status and material parameters with the aim to
reducing the incidence of soft tissue damage, e.g. PI, DTI and user discomfort,
also will have impact on resource use in the product realization process.
Improved knowledge of risk for soft tissue damage and simulations should
require fewer produced prototypes, test devices/products, to hopefully reduce
need for adjustments of the product at use e.g. shape changes due to
discomfort, and lead to fewer iterations to reach a good product for the user.
This may require less time/appointments/visit to the prosthetic/orthotic clinic
for adjustments and increase time of use of the product, which might be more
effective for the user in terms of health, social activities, economical cost,
energy consumption etc. Hence, this relates to the three pillars of
sustainability: environmental, social, and economical sustainability [162].
Knowledge gathered by clinical experience and simulations could be merged,
and influence decision making in the whole product realization process.
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6.Concluding remarks

Based on the used generic anatomical model for FEA simulation,
differentiation of skin, fat, muscle, fascia, vessels and bones tissue layers with
related material properties influenced the FEA results. The various relative
changes demonstrated that it mattered how the muscle and fascia were
represented. FE models should be differentiated by tissue types, geometries
and material properties and the results interpreted considering the model
representation. Applying the same anatomical geometries, a standard model,
when comparing and evaluating different material models should be possible.
Further research on representative models and the refinements of them as well
as reference data of material properties for live humans are needed.

The experiment demonstrated that it was possible to analyse transverse
deformations in individual live leg tissue layers of skin, fat, fascia, separate
muscles and vessels when applying indentation during MR, under established
health conditions.

Assessing individual specific deformation of leg tissues could include several
factors related to pressure injury development;

e the mechanical boundary conditions by magnitude of compression
force applied and interface friction,

e individual-specific response to load in specified tissue layers’
geometries, deformation measures as displacements, stretch ratio and
volume change on compound level and within a tissue region,

e risk factors for pressure injuries by physical health and pathologies
related to PI, mobility, skin status, circulation and sensory ability.

The deformation investigation for one healthy male under the current
conditions of indentation showed that

e the different soft tissue types of the leg cross section, except for
connective tissues, were compressible on meso and macro level,

e large deformation theory should be applied for simulations of the
layers of the tissues skin, fat, muscle and vessels compressed in this
particular leg.
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Several deformation measures based on displacements of tissue layers could
be obtained. With these relative measures, comparisons between studies
should be improved. Hence, the contribution of data by the selected measures
to a reference data set should be possible, and future comparisons between
studies may be improved. The individual-specific outcomes of these
deformation measures could be applied in material models and simulations for
the individual-specific conditions.

The combined results suggest that the mechanical deformation of the human
lower leg soft tissues should be investigated per tissue types and layers and
represented by separate material behaviour instead of combined types and
layers.

Multidisciplinary collaborations seem beneficial for this field of research.

100



7.Future work

This research has shown some progress in methods for investigation of tissue
deformation. During the process of this research questions were raised as well
as insights of shortcomings, need for better understanding and more
investigations. The potential for development is large, and below are
suggestions for future work.

Develop the method and protocol

With high medical image resolutions in future data collections, the accuracy
of tissue layer identification and displacement measures could be increased.
Further investigations of medical images for deformation measures in all three
dimensions are needed in order to address anisotropy.

Data collection could be extended by preconditioning, stepwise loading and
off-loading for better understanding of tissue behaviour.

The indenter equipment TIM could be further developed to obtain time-
dependent deformation measures.

For clinical purposes the questionnaire and the clinical assessment protocol
should be tested for validity and reliability.

Furthermore, repeated measures on the same subject over time in longitudinal
studies could be of interest for within-subject variation.

More macro and meso level data from live humans

Investigations of individual specific deformation in several subjects with
matching and with different health conditions are needed. Variation between
participants, tissue type and site could be investigated for deeper
understanding of live human tissue deformation on macro and meso level.
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Determine individual specific material properties and material models
Further research is needed with focus on material properties and models.
Verification and validation of individual specific simulation models and
material properties are needed. A simulation model was here initiated based
on study II, see chapter 4.3.

Which material models to choose in specified simulations are not yet
determined, and no golden standard exist. Thus, research comparing different
material model’s effects and prediction ability of the behaviour in the
individual specific case is needed.

Investigations of soft tissue damage and risk levels

Provoking loading of tissues and mechanical and biological responses should
be combined for investigations of tissue damage. Different types of tissue
investigations may be needed to study the micro-level response to identify
tissue damage and risk levels.
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Sammanfattning

Forstéelse for deformation av ménsklig vévnad &r viktig for prevention och
minskning av vdvnadsskador fran belastning av externa produkter, t.ex. for
trycksarsprevention. Experimentella data for médnskliga vivnaders mekaniska
materialegenskaper ar begransade. Dessutom verkar vdvnaders tolerans mot
belastning bero pa individ-specifika forutsdttningar och forhéllanden,
inklusive hélsotillstdind. Prediktering av mekaniskt vdvnadsbeteende med
hjélp av finita element (FE) modeller finns, men dessa simuleringar anviander
forenklade modeller och materialrepresentationer. Det dr oklart hur
forenklingarna paverkar resultaten. Strategier for att undersdka ménskliga
vivnaders reaktion péd belastningar behdver forbattras for 6kad forstielse av
viavnadsdeformation.

Denna avhandling syftar till att undersoka aspekter av deformation i ménsklig
mjukdelsvivnad i nedre extremiteten nédr de utsdtts for extern belastning.
Avhandlingen fokuserar pé védvnadsrepresentation i FE-simulering och
individspecifik deformation av levande védvnad under kénda hélsotillstand.
For att undersdka paverkan av olika representationer av vidvnader i FE
simulering utformades en strategi med en generisk flerskiktmodell av ett
underben. Tva materialuppsittningar anvéndes, dar hud, fett, kérl och ben
representerades separat medan fascia och muskelvdvnader hade separata eller
kombinerade materialegenskaper. Belastningssituationer med tre olika
protesgeometrier anviandes och jamforelser av resultaten med de tvé olika
materialuppsittningarna  analyserades. Den relativa fordndringen i
resulterande spanningar, tojningar och kontaktkrafter var betydande mellan de
tva sdtten att representera viavnaderna, oavsett belastningssituation. Saledes
var modellen kénslig for hur muskel- och fascia-vdvnader var representerade.
En experimentell strategi for att undersoka deformation i mjukdelsvavnader i
underbenet hos en person med specifikt hélsotillstind utvecklades och
demonstrerades i en fallstudie. Ett instrument for vivnadsbelastning (tissue
indentation measurement, TIM) designades sa att mekanisk deformation
kunde fangas i magnetisk resonanstomografi (MR). Ett frageformulér och ett
kliniskt beddmningsprotokoll omfattade hilsotillstind relaterade till
trycksarsutveckling. De undersokta deformationsmatten var forskjutning och
tojning per vidvnadsskikt, volymforindring med volymkvot respektive
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deformationsgradient och dess determinant i ett definierat element i ett
muskelomrade. Individspecifika resultat for en frisk man visade att skikten av
hud, fett, muskler och kérl komprimerades och hade stora tojningar, medan
bindvéavskikten var inkompressibla och hade sma tdjningar.

Dessa resultat tyder pa att deformation av mjukdelsvdvnader i underben hos
ménniskor bor undersdkas pad vidvnadsnivd per vévnadstyp och per
vévnadsskikt, och representeras med separata materialbeteenden i modeller,
istéllet for sammanslagna vévnadstyper och skikt.

Detta arbete har relevans for utdkning av materialdata for méanskliga vivnader
hos personer med olika hélsotillstind och for verifiering och validering av
simuleringsmodeller.
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I.  Material parameters from indentation studies on

human leg

Table 10 Indentation studies and material parameters

Reference, Tissue Material model, measures Parameters
comment
Vannah & Posterior Nonlinear Hysteresis; constant across
Childress, 1996 calf, Force-displacement; hysteresis rest times 5-60 s,
[84] compound nonlinear curve, with Parabolic fit Force peak 7N, Displacement
Experimental, of tissues 2nd order polynomial regression, mean 21.2mm on relaxed
indentation, Relaxed vs fitting to onloading curve calf, 18.25 mm at mild
FEA mild FEA simulation to obtain C exertion.
2 females, 5 exertion parameters, using James-Green- Stress relaxation <10%,
males Simpson and assuming I3 =1, Stiffness (slope of force-
M=A, =1 = % displacement, df/du): 0.519
N/mm relaxed, 0.769 N/mm
at mild exertion.
C10: 2.6 kPa , coy =% 0.64
kPa , c;4: 5.7 kPa
Silver-Thorn Calf, Nonlinear, standard viscoelastic T, = M /‘u1 time constant at
1999, [69], compound model. constant strain,
Experiment, of tissues, 3 order polynomial, regression to Relaxation: 29-82%
indentation. posterior data. amputees, 87-96%
5 trans-tibial Force, displacement, time nonamputees
amputees, 5 Cyclic loading, rate-controlled, Equilibrate ( 7, )in approx.
non-amputees different loading rates. 60s.
f(t) force relaxation response, d(t) Maximum tolerated d : 4.2 —
creep response, d displacement 11.8 mm amputees, 6.6 - 10.5
E = u, relaxed elastic modulus mm nonamputees
Hi, 11
Toniik & Silver-  Calf, Simulation model of the site and C;: 0.01-700 kPa
Thorn, 2003, compound indenter, Tissue thickness from C,: 0.01-2350 kPa
[71] of tissues, image data C5: 0.01 kPa—250 MPa
FE Simulation 9-11 Nonlinear, elastic, incompressible,
based on sites/limb Homogenous, isotropic
indentation Simulated cyclic loading, obtain

experiment of 7
amputees from
[69]

tissue stiffness
James-Green-Simpson strain energy
model, reduced

Cio = Cyp; = C; small strains

Ci1 = Gy = C, approximated tissue

stiffness at higher strains

C3o = C; approximated tissue
stiffness at higher strains

Manual iterative optimization,
minimize error for reaction force.

Continue next page
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Reference, Tissue Material model, measures Parameters
comment
Avril et al 2010 Calf Large deformations, nonlinear. leo : 4.5 kPa, (2-7 kPa)
[120] Fat/Skin Homogenous, Compressible, va: 106 kPa (71.3-140
Experiment, hyperelastic. KkPa)
compression Calf Neo-Hookean strain energy - 11.2 kPa (9.4-12.9 kPa)
sock function

. . Muscles K/ :69.5 kPa (61-78 kPa)
FE simulation C1fo: m k! Kl m
1 female Optimization by Nelder-Mead

and minimizing difference

Frauziols et al Calf, Neo-Hookean, Hyper-elastic CH ;2 kPa (from [163])
2016 [62] Superficial J¢ elastic volume ratio, I; 1% D, :22.5 MPa™! (from [163])
Experiment, soft tissues invariant of the isochoric
indentation, deformation
Ultrasound, Force, Displacement
FE simulation Calf, A. Neo-Hookean cH :0.5-2.11 kPa
1 female, 3 Deep soft Hyper-elastic D, : 28 MPa™! (from [163])
male tissues below  B. 2" order-reduced polynomial,

Displacement
30mm

crural fascia

hyper-elastic
(from Abaqus User Manual
v.6.9)

CheeP: 0.19-0.82 kPa, CoeeP
:0.24-2.61 kPa

D, 28 MPa’! (from [163]),
D, 28 MPa™' (from [163])

Calf, Neo-Hookean, CH ;100 kPa from [86]
Fascia cruris Hyper-elastic D, :22.5 MPa’! (from [163])
Sengeh et al. Calf Nonlinear, elastic, hyperelastic by ~ Bulk modulus x= 100xC
2016 [11] Internal soft 2™ order Ogden, nearly C :5.20 kPa
Experiment, tissues as one,  incompressible. m:4.78
indentation, except Cio= Cyo=C, y:3.47MPa,7:0.34s
MRI for non- skin/fat layer. my=m,=m
loaded Calf sheary, 1 Bulk modulus k= 100xC
geometry. Skin/fat Bulk modulus k C :5.22kPa
FE simulation. Viscoelastic portion by quasi- m:4.79

1 subject, trans-
tibial amputee

linear viscoelastic theory (QLV)
Force-time-displacement, 18
sites.

Optimization of parameters for
one site, applied to 14 other in FE

y:3.57TMPa, 7:0.32s

Continue next page
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Reference, Tissue Material model, measures Parameters

comment

Then et al , Muscle Elastic, nonlinear, hyperelastic, 1y:0.103 X102 MPa -
2007 [63], Posterior- isotropic 0.145 x10° MPa
Experiment, lateral gluteal ~ Cauchy stress tensor, S, g 1.32 ay: -
indentation, region Ogden for slightly incompressible  183.60

MRI. materials combined. D, :19.50 MPa! D, :
FE simulation 1, =T, i=(12.3) 166.32 MPa’!

1 subject Uo» @o, Dy, Ko, v (values obtained from table

Skin-Fat layer

Incremental displacement,
loading- unloading

1 in [63] and rounded off)

1y:0.118x102 MPa uy:

Posterior- Thickness of each layer at each 0.644x107 MPa
lateral gluteal  increment, Displacement of each @y : -0.11 a; -
region layer. 0.32
Optimization of material D, :1691 MPa! D, :
parameters per tissue type 4.77 MPa’!
(values obtained from table
1 in [63] and rounded off)
Linder-Ganz et Muscle, Nonlinear, incompressible, Uo = 8.5 kPa from porcine
al, 2007 [64] Gluteus Neo-Hookean by Ogden 1* order [164]
Experiment, flat and excluding the last term 0. =32 19 kPa
indentation, Viscoelastic by Prony series =74 1+7%
sitting, open- expansion but without transient
MRI, FE Fat-skin response Uo = 31.9kPa from [165]
simulation Tissues thickness at non-weight 0. =18 +4 kPa
6 healthy (3 bearing, weight bearing £ =46 +7%

female, 3 male)

Thickness change Ad = d, — d, ,
Mean Ad = 13 + 2 mm
External interface pressures at
weight bearing

Peak pressure: 17 + 4 kPa

FEA:

Cauchy maximum principal
compressive stress g,

Cauchy maximum principal
compressive strain &,

Continue next page
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Reference, Tissue Material model, measures Parameters
comment
Linder-Ganz et Muscle, Same material models as in [64] Healthy subjects Ad =
al,2008 [72] Gluteus Same measures for thickness and 21 +£3mm
Experiment, flat interface pressures Paraplegics: Ad = 11 +
indentation, Lying, sitting. 10 mm
sitting, lying, FEA: Sitting H: &, 74+7%, &
open-MRI, FEA Maximum principal compressive 75+7%, & 91£17%
6 healthy (from stress and strain, o, &, Sitting P: e, 88+6%, &,
[64] (3 females) Maximum principal tensile stress 235+48%, &5 128+23%
6 paraplegics (2~ Fat-skin and strain, o, & Healthy subjects Ad =
females) Maximum shear stress and strain, 13 4+ 4 mm
O & Paraplegics: Ad = 14 +
9 mm
Sitting H: &, 46+7%, &,
31+5%, &5 42+11%
Sitting P: . 57+16%, &,
88+36%, &5 61£19%
Al-Dirini et al Muscle, Deformation Dy median (range): (i) 18.8
2015 [76], gluteus De=T,-T,. mm (29.9-30.2) , (pf) 16.6
Experiment, flat ~ maximus T: thickness, 1: undeformed, 2: mm (-9.7-12.0), (df) 24.3
indentation, (GM) deformed mm (15.4-29.8)
MRI. Straingyerage= (T1 —T2) / Ty Straingyerage, median (range):
6 subjects. (1) 38.1% (14.6%) , (pf)
Sites: below ischium (i), proximal ~ 26.6% (32.85)
Fat-skin femur (pf), distal femur (df), Dy median (range): (i) 0.4
mm (-2.1-3.9),
(pf) 2.7mm (-8.3-8.7), (df) -
Straingyerge , median (range):
(1) 11.8% (31.2%),
(pf) 25.2% (53.4%)
Inter Dy median (range): (pf) 8.9

muscular fat
(IMF)

mm (-8.7-53.7), (i) -, (df) -
Strain,yerage median (range):
(pf) 32.4% (58.4%)

Continue next page
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Reference, Tissue Material model, measures Parameters

comment

Al-Dirini et al Thigh Hyper elastic, isotropic, Um: 1907.4 Pa

2016 [12] Muscles, 28 Ogden, 1* order. O 4.6

FE simulation, separately Elastic deformation determinantJ  Dy,: 19.4987 MPa™! (from
1 male from modelled Nearly incompressible, D from table 5.3 p.196 in [9])
[76] [9] based on uy and v. Maximum Straincompressive

Long term shear moduli pt
Estimations of Strainompressives

Fat, Straingear

subcutaneous  Optimization of parameters

Inter
muscular fat
(IMF)

41%
Maximum Strainge, 110%

pe 1166.7 Pa

ar 16.2

Di: 16.912 MPa™ (from table
5.3 p.196 in [9])

Maximum Straifcompressive
20%

Maximum Strainge., 58%

Hime: 1166.7 Pa

Qimf: 16.2

Dt -

Maximum Straincompressive
21%

Maximum Strainge, 62%
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Study Il Clinical assessment protocol

Forskningsprotokoll
Klinisk underss kning

Ortopedteknisk undersokmn.g av deltagares mjukdelar i underben,

rigeformuliret bil.5 ull E

(vidareoavecklad fran 150 8548-201) och |2, 3)) Delar av anamnes finns 1

, Dnr 2015/397-11.

Datum:

a. Vikt:

b. Langd:

Kodnr:

1.Diagnos:

Har inte nigon diagnos (]

2. Amputationsorsak:

3.Nuvarande
ortopedtekniskt
hjilpmedel:

Inkl. interface material.

Sida:
Vinster O
Héger O

Foto av
hjilpmedel

4. Foto av underben & fot,
bilateralt.
Statiskt stiende + avlastat.

Frontal:
Anterior
Posterior

Sagittal:
Medial
Lateral

Dorsal: Plantar:

MATT:

5. a) Distans ledspringa-TIM
position [mm]

b) Cirkularmatt [mm] Vid TIM-
position

c) Diameter vid TIM-position:
AP [ M-L [mm]

Vinster benfot

Hager benfot

a)

b)

o} A-P:
M-L:

6. Stumplingd (sl): Tibias langd
ledspringa - distal inde. [mm)]
Normaliserad 1l % av andra sidans dbalingd,
beriknas vid daa-analys. Normal ubaalingd:
ledspringa — modiala malleol disiala up.
‘opumal sk 1j3=sl<2/3 av andra sxdans ubia
liinpad, Ko =l: <13, Ling =l =23

SKELETT

Vinster

Héger

7. Benprominenser; notera om
anatomiska prominenser avviker frin
normalutseende, eller andra sidans.
Ua/Vilka avviker?

Kan i figur I

MUSKELSTYRKA underbenets settre muskelgnipper.
Marmellt vest, Mo-Mj5 [Medical Research Council JOxford scale | [4]

ROM Ua qumn :mmsrlcmn.g} Om onormalt

ange ungf grader
Kni flexion 12
Kni extension g 13
Plantarflexion 10 4
Dorsalflexion 11 15
MOTION, TRANING Typ Hur ofta

Version zo1yo505-S.Kallin.
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Forskningsprotokoll

PEOPLE |z i

" Figure I. Mark place and distribution, with numbers related to questions.

Loft Dorsal Plantar
I i .
[ ) S

| | |

1 ]

¥ [

) _

\ | | I.-'

I'. | | |

Plantar Dorsal
Right

[ e
A .
]
|

r L
| | '
\
o
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Forskningsprotokoll
Klinisk underss kning

MJUKDELAR mitir relasive normal BMI)

16. Palpativ Konsistens (beskrivn egenskaper) hos respektive strukturer/ vivnader (muskler i
avslappnat (A) resp. kontraherat (K) tillstind)

Beskrivande ord:

Tiocklek [T): Tunn (Ttu [ Normal [TN})/ Tjock (Tt)
Fast (F): Kompakt (FK) Muskulss (FMu) / Odem (FO) [ Stumt (FSt)
Lés (L): Atrofisk (LAY] Fettrik (LFr) /Paralytisk [LP).
Elastisk, (t6jning itergir) (E): Ligt motstind (EL)/ Tydligt motstind (ET)/ Stort motstind (ESt)
Plastisk (t6ining bestar) (P): Liten téjning (P1), Moderat tifjning (PM), Stor téjning (PS)

Tjocklek (T}:

Fast (F):

Los (L):

Elastisk (E):

Plastisk (P):

a) hud

b) underhudsfett,

c) muskler i A

d) muskler i K

€) senor,
ligament

f) trampdynor

framfot

g) hilkudde

h) annat (ange).

i) Standard
Flabby: Indurated: se
frklaringar lingst
bak.

Vii: Normal/ Flabby/ Indurated

Ha: Normal/ Flabby/ Indurated

r7. Mingd; Mer (+)/ "Normal” (N) /

Mindre (-
[subjekiiv, jmit m normal BMI)

Va

Ha

18. Stump-form:
Cylindrisk (C), Konisk (K),
Bulligfutbuktande (B)

Dwef: C: Omkrees knd=inde +/- 1om, K2 kni=inde, B

kni<inde

Ha

Klinisk Inspektion HUD (inkl. cirkulation)

Faktor; Beskrivning: ringa in
lamplig. (cirkulation [5])

Vinster ben/fot

Higer ben/fot

Beskrivning

Plats

Beskrivning

Plats

19. Hudfirg (cirkulation);
rodnad/normalbliaktig/ vit

rodnad/normal/
blaaktig vt

rodnad/normalf
blaaktig vit

20. Kapilliriterfyllnad
(cirkulation); Nedsatt, >2sek
/ Normal | Okad

Nedsatt, »2sek |
Normal | Okad

Nedsatt, =2sek |
Normal | Okad

21. Puls (cirkulation);
Palpabel, ej palpabel. (1/o)
af 2. darsalis pedis fmipr prox, dors), B
amertor el fdors, Tk

) a.etbialis posierior (post medtaly
rmalipadon }

a) ifo
b) 1jo
c) 1fo

a) 1fo
b) 1jo
c)1fo

Version 2o170505-5.Kallin.
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Forskningsprotokoll
Klinisk underss kning

Forts Inspektion HUD. Beskrivning | Plats Beskrivning Plats

22. Temperatur [*C] Prox Ant tib Prox Ant tib

(cirkulation); Mitn laser. . Proxposttb, | Prox post tib,

Prox ant, post tib, Dist ant, Dist Ant tib Dist Ant tib

post tib, TIM-placering, MTP3 Dist post tib, Dist post tib,

dorsal, plantar. TIM-plac, TIM-plac,
MTP3 dors. MTP3 dors.
MTP3 plant. MTP3 plant.

23. Fuktighet; fuktig/normal/ fuktig/normal/

fuktig/normal/torr torr torr

24. Beharing + 0 - + 0 -

Okad /Normal/Reducerad

(+fof)

25. Férhirdnader Callus 1o 1o

Finns/saknas (1/o)

| figur I. = exklusionskrierie PEO!
I. Rodnad i huden som varit
Fvar mer @n 1 minur gfter art

Hidlpmedlet tagits bort

FLE o1

26. Sir a) se listade nedan enl beskrivn i bil. 5, sekdion F; r 1-10, 12-14. Dokumentera geometrisk storlek i

2. Skavsdar utan blasa

3. Skrubbsar, skrubbmirke

4. Blasa

J. FPrickar, rida smd utsiag

6. Inflammerad harsdek

dr genom huden, yiigt *

5. 547 genom huden med iy
muskehvivnad ¥

10, Vatskandes dppet a7 (var,
sarvitska) ¥

I Eksem *

13 Infektion #

14, Blimirke ¥

26.b. PU kategori

277. Hudsprickor,
Sjilvsprickor i hud 1fo.
Markeras i figur I.

28. Arr a) lakt [ oldkt* a) lakt [ olakt*
a) lakt [ oldkt* b) adherent / b) adherent f
b) adherent / mobilt mobilt mobilt
2g. Odem

Version 2o0170505-5. Kallin.
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Forskningsprotokoll
Klinisk underss kning

Kinsel: [4, 5] Viinster Hager

30. Ytlig kinsel; a) DPr, a) DP1,
Monofilament; 1o0g, MTP1, MTP1,
beréring 1: kiinner, o: MTPs MTPs
kiinner inte (patologiskt).

a) DP1, MTP1, MTPs, b) b)

b) Dermatom [4]: Prox Ant,

M+L: Lg, Ly, Post: S2/81

TIM-nivi. Fot: 51 lat +

plant, L5 dorsalt+med, L4

dist. medialt.

31. Ipswich touch test fot 3 3 1
[6, 7] rarenkise Neuropai-ese 4 6 4 2 5 2
Neuropati: kiinner inte =2 6 v H 5

avde 6
of1 pd 1-6. o: kiinner inte

32. Djup kinsel;
a)Vibration {med stimgaffel)
fib huvud + lat+med mallecl
b)Ledpositionsuppfatining
Normal: < +/- 10°, Nedsatt:
>15°

a) fib: huvud  lat malleol
tib: med. Malleol

b) Normal ~ Nedsatt

a) fib: huvud  lat malleol
tib: med. Malleol

b) Normal ~ Nedsatt

33. Skyddskinsel/ Vasst Trubbigt Vasst Trubbigt
smirtkinsel

sarskilja vasst resp iubligr same Varmt Kallt Varmt Kallt
varmi e o)1

SMARTA

34. Forekomst: Nej: N. Ja: [ Ja  Nej Ja Neg

nr 35-46

35. Karaktiristika
Boskriviung enlig BPI-SF [8-10] och
Vardhandboken |11

Molande (M}, H X
‘Tryckande (1), Brinnande (X},
Bulunde (B), tlande ), Suckande ()
wript S5}

36. Utbredning
Markeras med symboler (25) 1 fgur 1
Moteras Iven Djup (1) eller ydig [¥)

37. Hur allvarlig/intensitet
Numerisk: 0-10 {ingen - virsm

1ankhara)

38. Duration hur linge
TilE: Sekj min
Langwvarig: vm/ dagj vecka

39. Frekvens, periodicitet
Ensuaka ullfillen, Arerkommande,
Regelbundes foregelbundes

n/sck, /min jum jdag jwecka

4o0. Niir, vilka situationer
Friien

Version 20170505-S.Kallin.
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Forskningsprotokoll
Klinisk underss kning

41 Spontan smarta

42. Omhet

43. Smirtsamt neurom

44. Fantomsmiirta

45. Smirta efter triining/
aktivitet

46. Annat

FRIKTION HUD/TIM
47. Digital dynamometer
Medelvirde av 5 test/vikt:
so0 [g]

Kommentarer:

UTRUSTNING:
Kamera , Manhand, [mm], Skjmaiw, jmm), Termometer; lser, Mol R
Reflexhammare; kallfvarmu, wassairubing, eve reflexer, Dynanomeer, I-nhl.unsl.ln: \flimr.

Filzilay: adjecuve A nonmedical wrm referming 10 2 body region with a pauciy in muoscle wne or

ussne resifience and an excess of adipose dssue. Flabby i wyploally used a8 2 cuphemism for

overweaghe and for having a lack of exercise.

Anduraied Hardened, usually nsed with reforence o sofi deswes becoming exiremely firm bue no s hard 2 bone. Induraed;
induraed oedema woody Abrosis of soft iesues, secondary o leng-sanding pathology

Cedema ype Canse

Unilmeral Winhin the limb, Local, e.g. as the resub of local rrauma, inflammarion or infecion, Regiomal, g as the
result of proxtmal Bmb wrauma, mflammason, infEcion of venous compromiss

Bilmeral Sysiemic disease (e.g. hean disease, renal dysfuncion, mass, Tung om)

Fluing Sysiemic disease (e.g. hean disease; hypenension; venous compromise)

Indurared f

non-pling Long-sundimg oedema jeg marked venous ¢ sl et b i i 1]

Musirated Dicvonary of Podiarry and Fom Science by Jean Mooney, 2004
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. Forskningsprotokoll
P E O P L E , . Klinisk underss kning

L2

Standardizavion, LO£, 450 S5y8-2 Prossferics and onhotics - Limb deficiendes - Pare 2: Method of
describing lower limb ampuacion suimps. 1903, Internarional Organisarion for Standardizarion:
Genéve, Swirzerland.

Merriman's assessynent of the fower fimb 3. ed.. ed. Assessment of the lower limb, ed. B. Yates and
LM. Merriman. 2oo8, Edinburgh. New York: Elsevier.

Merriman, LM. and W. Turner, Assessment of the Jower iimb. 2nd ed. zo02: Churchill
McRae, R, Climical ordropeedic exanmmagon 6. ed.. ed. 201, Edinburgh, New York: Churchill
Livingstone/ Elsevier.

Available from:
L7553Bgstans

Rayman, G., ex al.. The fpswich Toud Test: 2 simple and novel medhod o identify inpadents with
diaberes ae sk of foor iweeraeon. Diabees Care, 2011 34(7): po 1507-8.

Sharma, 5., ex al., The fpswich Touch Tese: 3 simple and novel method o screen padenes with diabees
ar home for increased risk of foor wicerador:. Diaber Med, 2014. 31(g): p. 1100-3.

Zelman, D.C., exal., Vafidarion of 3 Modiffed Version of the Brief Pain Invemory for Painfid Diabesc
Perplieral Newropaelyy: Journal of Pain and Symprom Management, 2005. 29(4): p. 401-410.

Mendoza, T., et al., Reliability and validity of 2 modiffed Brief Fain fnventory shore G in padents with
astegardims. European Journal of Pain, 2006. 10(4): p. 353361

Erdemnoglu, AK. and R. Ko, Brief Pain Inventory score idenvifying and disarminanng neuropathic and
nodicepave pain. Ana Neurologica Scandinavica, 2013

Bramtberg, AL [digital] 2008, 2016 2016—03—23, Available

Fors, P. Ii; werse Di s [web page] zory [dred 2015-12-15 2016-04-13];
| fwrww diabetesi en sefinmeheCy06As 12 -fRCYIB6ners3CdeAsT-

smartaSmartska

from: hip:/ fwrw. vardhandboken. e Texier [Smartskatming-av-aki-och-posiperativ-
smarey/Smanskanningsinstument/.
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Study Il Questionnaire

P Eo P E Prevention of Pressure Acers and Deep Tisnee
I Ingury by Dypstmization s¢ Body Tight Extersal
Suppars

Kodnummer: Datum:
1Kén: Kvinna o Man o 2 Alder: 3 Kroppslangd:

Frageformular

cm 4 Kroppsvikt: kg

Om du undrar éver ndgot om fragorna, prata med kontakipersonen, se information sist i formuldret.

DELI
A. Hilsa och funktion i vardagen
Utmarkt Mycket God
god
1. T allmanhet, skulle du siga din hilsa ar: o o o
Mycket Nagot Ungefar
bittre bittre densamma
2. Jimfort med for ett ar sedan. hur o o o
skulle du beddma din halsa nu?
Faljande frigor handlar om aktiviteter du kan tinkas igna dig 4t en vanlig dag
Begriinsar din nuvarande hilsa dig i dessa aktiviteter? Om ja, hur mycket?

Ja, nycket
begransad
3. Fysiskt anstriingande aktiviteter, t.ex. 16pning, lyfta tunga O
foremal, delta i anstringande idrotter
4. Mattligt anstriingande aktiviteter, t.ex. flytta ett bord, o
dammsuga. promenera eller cykla
5. Lyfta eller bara matkassar O
6. Ga upp for flera trappor o
7. Ga upp for en trappa o
8. Boja dig eller ga ner pa kni o
9. Ga mer in ett par kilometer o
10. Ga flera kvarter (flera hundra meter) o
11. Ga ett kvarter (hundra meter) o
12. Bada/duscha eller kii pa dig o

Nigorlunda Dalig

o a
Nagot Mycket
sdmre simre

o a

Ta, lite Nej. inte alls
begrinsad begransad

o
o

oooooooao
Oooooooao

Under de senaste 4 veckorna, har du haft nigot av foljande problem med dift arbete eller andra vanliga dagliga

aktiviteter pa grund av din fysiska hiilsa?

13. Dragit ner p tiden du fignat it arbete eller andra aktiviteter

14. Fatt mindre gjort fin du skulle vilja

15. Begransats i vissa arbetsuppgifter eller andra aktiviteter

16. Haft svart att utfora arbete eller andra aktiviteter (f.ex. det krivdes mer
.-

&'
2
oooog

Ooooao

Under de senaste 4 veckorna, har du haft nigot av foljande problem med ditt arbete eller andra vanliga dagliga
aktiviteter pa grund av kiinslomissiga problem (t.ex. att du kant dig nere eller orolig)?

17. Dragit ner pa tiden du Agnat it arbete eller andra aktiviteter
18. Fatt mindre gjort in du skulle vilja
19 Utfort arbete eller andra aktiviteter mindre noggrant in vanligt

2015-10-16.
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Frevention of Pressure cers and Deep Tisae Frégeformular
PEOPLE s

Intealls Lite grand Mattligt Ganska Extremt
mycket  mycket
20. Under de senaste 4 veckorna. i vilken o =] o o o
omfattning har din fysiska hilsa eller
kansloméssiga problem stort dina vanliga sociala
aktiviteter med fanilj. slikt, vanner, grannar eller
foreningar efc. ?
Ingen Mycketlant Lat  Mattlig Svir  Mycket svir
21. Hur mycket fysisk smarta har du haft o O O =} o o
under de senaste 4 veckorna?
Inte  Litegrand  Matiligt  Ganska Extremt
alls mycket nrycket
22. Under de senaste 4 veckorna, hur o o o o
nnycket har smérta stort ditt vanliga arbete
(giller bade arbete utanfor hemmet och
hushillsarbete)?
Faljande fragor handlar om hur du kinner dig och hur det varit under de senaste 4 veckorna.

Ange det svar som stammer bast med hur du kint dig.
Hela  Storsta Enstor Enviss Enliten Ingetav

Hur miycket av tiden under de tiden delenav delav del av del av tiden
senaste 4 veckorna... tiden tiden tiden tiden
23. Har du kant dig pigg? o o o o o o
24. Har du kant dig mycket nervos? o o o o o o
25. Har du kint dig 53 nere att ingenting o o o o o o
kunnat muntra upp dig?
26. Har du kant dig lngn och harmonisk? o o o o o o
27. Har du kant dig energisk? o o o o o o
28. Har du kant dig dyster och ledsen? o o o o o o
29. Har du kant dig utsliten? o o o o o o
30. Har du kant dig Iycklig? o o =] o o o
31. Har du kant dig trétt? o o o o o o
Hela  Storsta Envissdel Enliten  Ingetav
tiden  delenav av tiden del av tiden
tiden tiden
32. Under de senaste 4 veckorna, hur o o o o o

nrycket av tiden har din fysiska hélsa
eller kinslomissiga problem stért dina
sociala aktiviteter (som aft traffa vinner,

slakfingar etc.)?
Stimmer  Stimmer Vetinte Stimmer Stimmer inte
Hur vil stimmer foljande in pa dig? helt ganska bra ganska alls
i
33. Jag verkar ha nigot lifttare att bli sjuk o o o o o
an andra manniskor
34. Jag ir lika frisk som andra jag kinner o o o o o
35. Jag tror min hilsa kommer forsamras o ] o o o
36. Min hilsa 3r utmarkt. o o o o o
2015-10-15. Sid.2
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P E o P E Frevention of Pressure Ucers and Deep Tissae Frageformular
I nury by Upaimizonion ¢ Esdy Tight External
Suppans

B. Frigor om sjukdomar, infektioner och nigra andra hilsotillstind

Har du haft nagon av foljande sjukdomar Ney Ja 1-5ggr 6-10ggr Flergor Kan g
eller infektioner under det senaste aret? besvara antal
Om ja, ungefir hur ménga ganger?
1. Vanlig forkylning

2. Halsfluss

3. Maginfluensa

4. Vanlig influensa

5. Oroninflammation

6. Lunginflammation

7. Hjamhinneinflammation

8. Infektion som kravt antibiotika
(penicillin)

9. Borelia (fistingburen infektion) o o o o
10. Annan speciell infektion, i sa fall vad?

O0o0DO0DDoODooao
ooooooaoaon
Ooooooooan
ooooooaoaon

oooooooaon
UUUUUUUU@

o
8]

11. Annan speciell infektion, i s fall vad?

Du sjalv Foraldrar Systrar/ Broder | Mor-/Far-foraldrar
Har du eller nagon i din niira Hur
skikt nagon/eller flera av lange?
foljande sjukdomar? (Antal Vet gj/ Vet gj/ Vetej/
(Svarsalternativ-Nej, Ja, Vet Nej Ja an) Nej Ja osiker | Nej Ja osiker | Nej Ja  osdker
ej/Osciker)
12. Hyirtsjukdom o o o o o o o =1 o o O
13. Karlsjukdom o
14. Bamndiabetes (diabetes typ o o o o o o o o o o o
1) som kriiver
insulinbehandling
15. Aldersdiabetes (diabetes o o o o o o o o o o u]
typ 2) som inte kriiver
insulinbehandling
16. Aldersdiabetes (diabetes o o o o o o o =1 o o O
typ 2) som kriiver
insulinbehandling
17 Allergi (hosnuva, eksem. o o o o o o o o o o o
pélsdjur etc)

u]
o
a
a
a
a
u]
o
u]
a

21. Glutenintolerans

22, Struma

23. Inflammatorisk
tarmsjukdom (Chrons
sjukdom, Ulcerds colif)

24. Amnan sjukdom som infe
nammnts ovan? Vad? (Skriv
REr): o o o o o o o o (= o o o

oooaon
oooao
Ooooao
oooaon
oooao
oooaon
oooao
Ooooao
oooaon
oooao
oooaon
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I Frevention of Pressure (fcers and Deep Tissse FrégeformuIAr
PEOPLE[z==m==

C. Andra omstindigheter
Nej Lite  Mitiligt Mycket Vetej
1. Har du Litt for att £i bliméirken? o o o o o
2. Har du Kiinslig hud pa annat sitt an beskrivet i tidigare
frigor? (t.ex. latt for att fa skoskav, hudirritation av o o o o o
mérkningar 1 klader, utslag)
Beskriv ur det yitrar sim . e
3 Har du fordndrad kinsel i underben eller fotter? = = = R
4. Upplevs som nedsatt kansel? o o o o o
5. Upplevs som dkad kinsel? o a =} o o
6. Upplevs som domningar? o o o o o
7. Upplevs som pirmingar? o o o o o
8. Upplevs som kyla? o =] o o o
9. Upplevs som kuddkansla? o o =1 o o
10. Om annat, beskriv med egna ord: o o o o o
— e dumgm ...... e e =
a a
12 Om Ja i fraga 11, vilka mediciner? Ange namm och om mdjligt vilken méngd och styrka (t ex Bufren
800mg, 1 tablidag)
Nej. har inte Nej, har slutat, inte Ja, Ja,
rokt/snusat alls rikt/snusat senaste aret. 14 ggr/minad  varje dag

13. Roker du? o o o o
14. Sousar du? o o o =]

2015-10-16. sid. 4
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Frevention af Pressure Ucers and Deep Tissae Frégeformular
PEOPLE| s

DELIL
D. Hjiilpmedel:
1. Anviinder du nigot ganghjilpmedel eller ortopedtekniskt Nej o Ja o
hjiilpmedel?
Om du svarat Nej, ga direlt till DEL IIL
Har du nigot/nigra av foljande JA Hur Linge har du haft just detta hjilpmedel?
hjiilpmedel? Vilkenfvilka sidor? | (om bade héger och vanster skriv H eller V till héger
om valt tidsalternativ)

Vinster Hoger Mindrednl 1-6 712 Meran 12
Ortopedtelmiskt hjilpmedel: ben ben minad min  min mén
2. Underbensprotes o 0 o o o o
3. Inlagg (fotortos) o o o o o o
4. Specialanpassade skor o o o O o o
5. Ankel-fot-ortos (underben och fot) u} o o o o o
6. Anmat. Nejo Jao Vad:
7 Nir fickdudin forsta protes eller  Vilket & och manad:
orfos? e
8. Om du dr amputerad, nir blev du det  Vilket ir och minad:
pi muwvarande amputationsniva? e

Hur linge har du haft just detta hjilpmedel?

Ganghjilpmedel: Inomhus Utomhus | Mindrednl  1-6 712 Meran12
9. En kipp/krycka o o o o o o
10. Tvi kippar/kryckor o o o o o o
11 Rollator o o o o o (=]
Annat forflyttningshjalpmedel:
12. Rullstol o o
13. Elrullstol o o
14. Annat (t.ex. stéd av person): (] o Vad:

Anvindning ortopedtekniskt hjilpmedel:
Hur ménga dagar per vecka
har du, normalt sett, pa dig ldag 2dagar 3dagar 4dagar 5dagar 6 dagar 7 dagar

ditt hjalpmedel?
15. Underbensprotes O o o o o o o
16. Inldgg (fotortos) o o o o o o o
17. Specialanpassade skor o o o o o o o
18. Ankel-fot-ortos (underben o o o o o o o
och fot)
Hur ménga timmar per dag har du 03 46 79 10-12 13-15  Meran 15
normalt sett ditt hjilpmedel pa dig? timmar timmar ftimmar  timmar timmar timmar
10. o o o o o o
20. Inlégg (fotortos) o o o o o o
21. Specialanpassade skor o o o o o o
22. Ankel-fot-ortos (underben o o =] o o o
och fot)

2015-10-16. 5id. 5
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Prevantian af Pressurs Ucers and teep Tissss Frageformular
PEOPLE s

E. Benen och fitternas funktionsstatus

Anvand skalan till hoger for att ange 1. Mycket latt Anvander du vanligen ditt
hur du utfor foljande aktiviteter: 1. Ganska latt ortopedtekniska

3. Ganska svart hjilpmede] nar du utfor

4. Myclet svart denna aktivitet?

5. Kang

EA = Ej aktuellt (gor det aldrig oavsett om
du kan eller ej)
1 2 3 4 5 EA Anvinder  Anvander
inte

1. Kliva i och ur badkar eller dusch o O =1 =1 o o o O
2. Kl pa underkroppen o o =] =] o o o o
3_Sitta sig pa och resa sig upp fran o O o o o o o O
toaletten
4. Komma upp fran golvet o o o o o o
5. Halla balansen i stiende (med o o (= (= o o o
stod)
6. Sta upp i en halvtimme (med stad) o o o o o a o
7. Staende plocka upp ett foremal o o o o o o o o
fran golvet
8. Resa sig upp frin en stol o o =] =] o o o o
9 Stigaiochurenbil o o o o o o o o
10. Ga inomhus o o a a o o o o
11. Ga utomhus pa ojimn mark o o o o o o o o
12. Ga utombus i daligt vider (tex o o =] =] o o o o
regn, snd, blist, halka)
13. Promenera i upp till tvi timmar o o o o o o o o
14. G uppfor brant ramp o o o o o o o o
15. Stiga pa och av rulltrappa o o o o o o o o
16. Ga uppfor en trappa med ledsting o o o o o o o o
17. Ga uppfor en trappa vtan ledsting o o o o o o o o
18. Springa 100-200 meter o o o o o a] o o
19. Gaende bira en tallrik med mat o o o o o o o o
20. Ta pé och av ortopedtekniskt o o o o o o o o
hjalpmedel
21. Stiupp i en tinme (tex ik o o o o o o = o
eller som askédare)
22. Gé i affirer en halv dag o o o o o o o
23 Stioch gi en halv arbetsdag (45 o o o o o o o o
timmar)
24. Sti och g en hel arbetsdag (3-9 o o =] =] o o o o
timmar)
25. Ga nerfor trappa utan ledsting o O =1 =1 o o o O
26. GA nerfor trappa med ledsting o o o o o o

2015-10-16. Sid. 6
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PEOPLE|=

Preventian ef Pressure cers and leep Tiasse
by Lptimization of Bady Tight Evtersal
Supparts

F. Besviir och smirta pga ortopedtekmiskt hjilpmedel

Frageformular

Ange med skalorna till héger du har Senaste 4 veckorna Senaste aret Obs! inte
haft respektive typ av besvar medriknat senaste 4 veckorna
Antal ginger Antal ginger
0, 1, 2-3, Fler ganger 0, 1, 2-3, Fler ganger
X Vet gj/ kan g svara 3 Vet gj/ kan ¢ svara
Hur minga ganger under den
angivna perioden har du haft
filjande besviir pi grund av
hyalpmedlet, eller i omradet som 0 1 23 Fler X | 0 1 23 Fler X
hjalpmedlet tacker:
1. Rodnad i huden som varit kvar mer o D o o o o o o o D
an 1 minut efter aft hjilpmedlet tagits
bort
2. Skavsar utan blisa o o o =] =] o o o o o
3. Skrubbsir, skrubbmzrke
4 Blasa o o o =] =] o o o o o
5. Prickar, rida smi utslag o o o o o o o o o o
6. Inflammerad hirsick o o o =] =] o o o o o
7. Sar genom huden, yiligt o o o o o o o o o o
8. Sar genom huden med synlig o o o o o o o o o o
muskelvivnad
9. Sar genom huden 3nda in till ben o O o o o o o O
10. Vitskande dppet sir (var, o o o o o o o o
sarvitska)
11. Firhirdnad o o o o o o o o o o
12. Eksem o o o =] =] o o o o o
13. Infektion o o o o o o o o o o
14. Blamérke o o o =] =] o o o o o
15. Kliande hud o o o o o o o o o o
16. Varm hud/vavnad o o o =] =] o o o o o
17. Vit hud o O o o o o o o o O
18. Blaaktig hud o o o =] =] o o o o o
19. Svullnad o O o =1 =1 o o o o O
20. Okad svettning o o o =] =] o o o o o
21 Om i huden o O o o o o o o o O
22. Smirta i huden o o o =] =] o o o o o
23. Om inne i vivnadema o o o o o o o o o o
24 Smirta inne 1 vivnaderna o o o =] =] o o o o o
25. Fantomsmirta (smérta 1 en del av o o o o o o o o o o
benet/foten som inte finns kvar efter
amputation)
Andra besviir? Ange vilka nedan och markera p motsvarande sitt till héger:
26. o o o o o o o o o o
27. o o o o o o o o o o

28. Vilka var de vanligaste orsakerna till de besvar du haft? Beskriv med egna ord for de besvir du
markerat och skrivit om ovan. (&x: nr 3 reaktion mot material, nr 19: varmt klimat )

2015-10-16.
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I Prevention of Pressure (Acers and Deep Tisse Frégeformular
PEOPLE ===

DELIIL

G. Frigor efter intryckningstest
Gradera eventuella besviir:  Inga besvdr/  Mycket Litta Mittlipa  Svira  Miycket

Nej Litta svira
Upplevde du besvar i vavnaderna
1. nar intryckning pagick? o o o o o o
2. direkt efter infryckningstest? o o o o o o
3. tva timmar efter = o o o o o
intryckningstest?
4. ett dygn efter intryckningstest? o o o o o o
5. tva dygn efter intryckningstest? o o o o o o
6. Hade du kvarvarande besvir mer o o o o o o
an tva dygen efter intryckningstest?
7. Beskriv eventuella besvir som
uppkommit 1 samband med
infryckningstest:
Anvéimd egna ord eller med beskrivningar
i denna sektion och/eller sektion F.

Ex. Rodnad direft efter intryckningstest,
Orm inne i vivnaderna (23) i 2 tim efter.

8. Kommentarer om studien och/eller
ytterligare information du vill ge:
Skriv har

Kontaktperson:
Sara Kallin Leg Ortopedingenjor, doktorand
Tekniska hogskolan, Hogskolan i Jonkoping tel. 036-10 12 74 sara kallin@ju.se

Forskningsansvarig:
Mana Fares)d, professor 1 biomedicinsk laboratonevetenskap
Hilsohdgskolan, Hogskolan i Jonkoping tel. 036-10 12 96 maria faresio@ju.se

2015-10-16. Sid. 8
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V. Study Il Data collection sequence

Table 11 Protocol for procedures Day 1

Action steps Agent
1 Check if exclusion criteria had arisen. CPO
2 Clinical assessment CPO

3 Friction measurements at Skin-Indenter interface. 5 measurements CPO
on untreated skin, at site for indentation.

4 Blood pressure, blood sample*. Baseline Nurse

5  Body position determined, and body support equipment adjusted CPO
accordingly on an examining table.

6  Making of the individual specific plaster shell with TIM fixating CPO
plate, on the chosen leg and subject in the determined body
position.

7  Plaster shell removed, subject raised and left position to relax fora CPO
minimum of 10 minutes

8  Body support equipment placed on the MR-transporter CPO
Subject returned into position, with the plaster shell and TIM
fixation frame applied. (Figure 16).

9  Blood pressure Nurse
10 MR scan, non-loaded. T1 axial, sagittal, STIR axial MR
techn

11 Outside MR room, base-plate distal end moved sideways, and TIM CPO
mounted to the frame.
TIM Indenter applied, loading data collected.
At tolerated load, displacement held constant 120 s to reach a
steady state of deformation [69, 70], indenter position locked.

12 TIM dismounted, base-plated returned in position CPO
13 MR scan, loaded. T1 axial, sagittal, STIR axial MR
techn
14 Transporter moved outside MR room CPO
Blood pressure in loaded condition Nurse
15 Outside MR room repeated mounting of TIM, CPO

Load sensor positioned in contact with locked indenter,
Indenter un-locked and retracted, unloading data collected.
TIM dismounted, fixation frame and plaster shell removed.
Inspection skin.

16  Blood pressure, blood sample*, 5 min after unloading Nurse
17 Blood pressure, 15 min after unloading Nurse
18 Clinical assessment, continued CPO
19  Blood pressure, blood sample*, 60 min after unloading Nurse
20  Questionnaire Subject
21 Blood pressure, blood sample*, 120 min after unloading Nurse
22 Clinical assessment, follow-up. CPO

Note: CPO certified prosthetist-orthotist, MR techn: radiology technician. *blood samples collected for
another study
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V. Study | Additional data

Table 12 Stress maxima, magnitudes per tissue and model condition

Stress Maxima

Conditions: Socket type, Material Set

[kPa] TC TSB HS
Tissue Stress Sep. Comb. Sep. Comb. Sep. Comb.
Skin Eff. 51.2 77.4 53.0 59.7 155.0 178.0
Shear 28.6 40.1 -23.2 26.8 -73.0 -68.5
Fat Eff. 27.5 322 12.8 15.2 35.0 12.5
Shear -10.8 16.16 -2.68 3.6 -40.0 6.9
Muscle Eff. 2.6 14.53 1.87 5.1 5.8 4.5
Shear -1.09 -7.62 -1.04 -2.76 -2.95 -2.27
Fascia Eff. 450.0 32.6 270.0 18.2 1120 25.0
Shear -190.0 -6.55 -140.0 -3.5 500.0 -5.0
Vessel Eff. 0.91 1.23 2.18 32 1.57 2.7
Shear 0.398 -0.6 0.69 1.26 -0.28 -0.9

Note : Numbers in bold: range for that tissue, regardless condition. Negative sign means opposite
direction. TC: Total Contact, TSB: total Surface Bearing, HS: Hydrostatic Socket. Sep.: Separate
material set, Comb.: Combined material set. Eff.: Effective stress, (von Mises). Shear: Shear stress.

Table 13 Strain Maxima Magnitudes per condition

Strain Maxima

Conditions: Socket type, Material Set

[%] TC TSB HS
Tissue Strain Sep. Comb. Sep. Comb. Sep. Comb.
Skin AMP -6.00 -8.4 6.3 6.91 -13.4 -13.2
Shear 11.90 15.77 -9.6 -10.95 24.1 -23.2
Fat AMP -26.20 -42.97 -21.1 -25.92 -40.1 -40.2
Shear 35.80 49.85 -29.5 -29.77 -43.5 443
Muscle AMP -31.60 -16.87 -24.5 -9.44 -49.5 -10.8
Shear -46.00 -31.72 -45.6 -18.04 -84.1 -16.0
Fascia AMP -7.10 -22.92 -5.7 -17.94 -11.5 -29.0
Shear -11.10 -29.34 -10.0 -20.74 18.5 27.0
Vessel AMP -10.70 -17.71 -21.9 -31.49 -19.6 -37
Shear 11.80 -18.1 19.2 35.66 -8.0 -28.2

Note Range limits per outcome and tissue type marked in bold (regardless condition), based on
absolute value. AMP: Absolute Maximum Principal. Negative values mean the strain is in opposite

direction to those with positive values

Table 14 Contact pressure Maximum Magnitude

Contact pressures

[kPa] Condition Socket type

Material set TC TSB HS
Separate 29.1 14.6 52.2
Combined 68.3 23.1 71.6

Note TC: Total Contact, TSB: Total Surface Bearing, HS: Hydrostatic Socket
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